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Shell growth rates of pteropod and heteropod molluscs and
aragonite production in the open ocean: Implications for the

marine carbonate system
by Victoria J. Fabryl,2

ABSTRACT
Shell calcification rates of four species of euthecosomatous pteropods and two species of

shelled heteropods were measured in short~term 45Ca uptake experiments. In subtropical,
temperate, and subarctic waters of the North Pacific Ocean and Atlantic Ocean, animals were
hand-collected by Scuba divers, captured with the use of a submersible and caught in plankton
nets. Shell growth rates of pteropods ranged from 1.1 to 7.8 ~g Ca deposited (mg Ca shell) -I h -I.

Heteropod growth rates ranged from 4.6 to 4.9 ~g Ca deposited (mg Ca shell) -I h-I.
. Aragonite production of shelled pteropods and heteropods at stations in the eastern Equatorial
Pacific, North Pacific Central Water and the Tongue of the Ocean, Bahamas, was estimated
using the instantaneous growth rate method. At all stations, pteropods were 3 to 9 times more
abundant than heteropods and constituted 65 to 96% of aragonite production. Estimates of
aragonite production ranged from 2.1 to 6.9 mg CaCO) m-2 d-I• Using weighted averages based
on two broad divisions of oceanic productivity, results were compared to reported aragonite
fluxes measured with sediment traps. The data indicate that a source of alkalinity other than the
dissolution of pteropod and heteropod aragonite is needed to supply the majority of a published
estimate of CaCO) dissolution in the water column of the North Pacific.

1. Introduction
Shelled pteropods (Opisthobranchia: Euthecosomata) and heteropods (Prosobranchia:

Mesogastropoda) are the principal pelagic producers of aragonite, a form of calcium
carbonate (CaC03) that is about 50% more soluble in seawater than calcite (Mucci,
1983), the CaC03 polymorph precipitated by foraminifera and coccolithophorids.
Unlike the calcite skeletons of foraminifera and coccolithophorids, all of the aragonite
shells produced by pteropods and heteropods in more than 98% of oceanic regions
dissolve while sinking through the water column or upon reaching the ocean floor
(Berger, 1978; Byrne et al., 1984). Dissolution of sinking aragonite tests has been
suggested as the source of unusual alkalinity maxima that occur at midwater depths in
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the North Pacific (Berner, 1977; Fiadeiro, 1980a, b; Betzer et al., 1984). Moreover,
because of the high solubility of aragonite compared to calcite, pteropod and heteropod
shells may be important in the first stages of oceanic neutralization of fossil fuel carbon
dioxide (C02) (Berner and Honjo, 1981; Whitfield, 1984).

Recent results of sediment trap studies suggest that aragonite constitutes a mini-
mum of 12% of total CaC03 flux (Berner and Honjo, 1981), and may exceed the calcite
flux of foraminifera by a factor of 5 (Betzer et al., 1984). However, sediment traps may
underestimate aragonite flux because of dissolution of aragonite when traps are
deployed in undersaturated waters (Berner and Honjo, 1981; Betzer et al., 1984),
which typically occur below 200-600 m in the North Pacific Ocean and 1000-3800 m
in the Atlantic Ocean (Li et al., 1969; Feely et al., 1984, 1988). Conversely, the
capture of live pteropods in traps deployed in the generally supersaturated waters of
the upper ocean can overestimate aragonite flux (Harbison and Gilmer, 1986). Thus,
the quantitative significance of aragonite in the CaC03 cycle remains unresolved.

Another method of assessing the importance of planktonic molluscs to the carbonate
system involves estimating their CaC03 production as shell growth. The secondary
production of pteropods and heteropods measured in terms of CaC03 is an estimate of
pelagic aragonite production. An unknown precentage of aragonite production is
regenerated in the upper water column through grazing or dissolution in waters
undersaturated with aragonite. Thus, total CaC03 production differs from the sinking
carbonate flux collected with sediment traps, which can be viewed as net production.

In this report, I present the first direct measurements of growth rates of shelled
pteropod and heteropod molluscs using short-term, 4SCa uptake experiments. Esti-
mates of oceanic aragonite production by pteropods and heteropods are calculated for
three sampling stations, and implications for the marine carbonate system are dis-
cussed.

2. Methods
a. Growth rates

Shell growth rates were measured for four species of euthecosomatous pteropods and
two species of heteropods collected from shallow depths (5 to 30 m) in the North
Pacific Ocean and the Atlantic Ocean, using 4SCa as an index of calcification.
Sampling dates, locations, and water temperatures are listed in Table 1. Animals were
hand-collected by Scuba divers, with the exception of the pteropod Cavolinia uncinata,
which was captured in collecting jars mounted to the front of the submersible, the
Johnson Sea-Link. Additionally, to test for differences in the calQjfication rates of
diver-collected pteropods versus net-collected pteropods, specimens of Clio pyrami-
data were collected concurrently by divers and with a I-m plankton net tow of short
duration.

All experimental chambers were I-liter, opaque, polyethylene jars. Prior to use, jars
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were rigorously cleaned (Fitzwater et al., 1982). One to 6 animals were captured in
each jar by divers, or transferred to jars from net or submersible collections. Jars were
immediately placed in a water bath maintained at the temperature at which the
animals were collected. To differentiate the isotopic exchange of 4SCa from the
biological uptake of4sCa, shells of animals collected in plankton tows and subsequently
frozen were also placed in jars and handled in the same manner as experimental
animals. These control shells were of the same size and species as those of experimental
animals. Animal tissues of control shells were either removed or had withdrawn deep
inside the shell, possibly exposing a greater shell surface area to incubation seawater
than the shells of living animals. 4sCaCI2 was added to each jar to obtain an initial
activity of 0.3 f.lCi ml-1

• At several intervals during each experiment, animals were
individually removed from jars, rinsed with ethanol, and dropped into a vial of ethanol
heated to 60°C.

In the laboratory, pteropods and heteropods were dried and weighed on a Cahn
electrobalance, Model 4600. Each shell was dissolved with 0.5 N Hel and the solution
was neutralized with 0.1 N NaOH. The remaining tissue was quantitatively rinsed
with deionized water and removed.

Two replicates of dissolved shell solution were analyzed for 4SCa activity using a
LKB-Wallac 1217 Rackbeta liquid scintillation counter. The 4SCa activity of each
shell at the termination of incubation was calculated using a decay constant of
4.2 x 10-3 disintegrations per day.

A third aliquot of dissolved shell solution was analyzed for total calcium concentra-
tion using a Varian Model 6 flame atomic absorption spectrophotometer. Potassium
chloride was added to samples, standards, and blanks to suppress ionic interferences,
and a nitrous oxide-acetylene flame was used for all analyses.

The amount of calcium deposited during each experiment was standardized to the
total calcium content of the shell and calculated from the equation:

(1)

where D is the calcium deposition in f.lg Ca deposited per mg Ca shell, Scpm and Cepm are
the counts per minute of the experimental shell and control shell, Ws and We are the
calcium content in mg of the experimental shell and control shell, [epm is the activity in
counts per minute of I ml of the incubation water at the start of the experiment, and K
is the concentration of calcium in seawater (412 f.lg Ca ml-I (Bruland, 1983)).

b. Production
To provide a preliminary assessment of the aragonite fraction of total pelagic CaC03

production, the aragonite production of shelled pteropods and heteropods in three
oceanic regions was estimated by the instantaneous growth rate method (reviewed in
Waters, 1977; Benke, 1984). Standing stocks of pteropods and heteropods were
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sampled at stations in the eastern Equatorial Pacific, the North Pacific Central Water,
and the Tongue of the Ocean, Bahamas, using quantitative, oblique plankton tows
from a maximum depth of 250 m to the surface. Collection stations for biomass
samples were sometimes different than sampling sites for growth experiments. Sam-
pling locations, depths, and dates are listed in Table 2. All tows were conducted with
nets of 73 ~m or 150 ~m mesh at night when pteropods and heteropods are concen-
trated in the upper water column (Wormuth, 1981; Seapy, 1987, 1988). Plankton
samples were preserved with 4% formalin in seawater buffered with sodium borate
(pH 8.2). Samples were divided with a Folsom plankton splitter to 112, 1/4or I/Sof the
original sample. Subsamples of at least 600 pteropods and heteropods were counted
under a microscope at 250x magnification. More than 100 individuals per station were
randomly chosen for shell weight determinations. Animal tissues inside shells were
digested in a solution (2: 1 by volume) of 0.1 N NaOH and 30% H202 at 50°C for
24-48 h. Empty shells were rinsed with ethanol, dried and weighed. The average
pteropod or heteropod shell weight was calculated and multiplied by the numerical
abundance of pteropods or heteropods in the sample to obtain the CaC03 biomass of
each group.

The aragonite production of pteropods and heteropods respectively was calculated
from the equation:

p= GB (2)

where P is the production (mg CaC03 m-2 d-1), G is the average instantaneous growth
rate (mg CaC03 deposited (mg CaC03 shell)-I d-1) calculated separately for ptero-
pods and heteropods from results of the 4SCa uptake experiments, and B is the CaC03

biomass (mg CaC03 m-2) of each group determined from plankton tows. Standard
errors for production estimates were calculated by propagating errors associated with
growth rates and, when determined from more than one plankton tow, carbonate
biomass (Bevington, 1969).

3. Results
a. Growth rates

Shell growth rates of the six pteropod and heteropod species ranged from 1.1 to
7.7 ~g Ca deposited (mg Ca shell)-I h-I (Table I). Animals collected for growth
experiments were small to medium-sized individuals, generally in the middle of the size
range of each species (van der Spoel, 1967, 1976); neither veligers nor large individuals
were used in experiments. Mean shell growth rates (± S.E.) measured for the four
pteropod species and two heteropod species were 4.8 ± 0.5 and 4.7 ± 0.4 ~g Ca
deposited (mg Ca shell)-l h-I, respectively (Table I, Figs. 1,2).

Isotopic exchange measured in control shells was subtracted from the total 4SCa
activity of experimental shells to obtain rates of shell deposition. During the first hour
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Figure I. Rate of calcium deposition in pteropod shells as measured by 45Cauptake. Each point
represents one animal. In all regressions, the coefficient was significantly different from zero
(P < 0.05, t test). (a) Clio pyramidata. Squares are diver-collected animals and pluses are
net-collected animals. (b) Cavolinia tridentata. (c) Cavolinia uncinata. (d) Creseis virgu/a
virgu/a.

of each experiment, isotopic exchange of 4SCa accounted for a substantial fraction of
the total radioactivity (24-70%). Exchange decreased to 1-13% of total radioactivity
in shells incubated for 6 hours or longer. Shell deposition rates are probably conserva-
tive because isotopic exchange rates determined from shells of dead animals were likely
overestimates, resulting from the larger surface area exposed in exchange shells
compared to those of living animals.

Comparison of diver-collected and net-collected specimens of Clio pyramidata
(Fig. la) reveals that the calcification rate of net-collected animals leveled off after
about 3 h, while calcification continued to increase linearly in diver-collected animals.

A plot of shell deposition rate versus time for the heteropod Carinaria japonica
revealed a decrease in calcification for animals incubated 24 hours, probably as a result
of stress from captivity and starvation. Thus, only animals in the first 12 hours of the
experiment were included in the determination of growth rate (Fig. 2a). Specimens of
Cavo/inia tridentata were also incubated for 24 hours, but no decrease in calcification
was noted under these laboratory conditions. The Carinaria specimens were much
larger, and may have been more physically confined than the Cavolinia tridentata
specImens.

Although one might expect smaller and presumably younger animals to calcify at a
faster rate than larger animals of the same species, the rate of shell deposition was
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Figure 2. Rate of calcium deposition in heteropod shells as measured by 4SCa uptake. Each point
represents one animal. In both regressions, the coefficient was significantly different from zero
(P < 0.05, t test). (a) Carinaria japonica. Because a plot of shell deposition versus time
indicated a decrease in calcification for animals incubated for 24 h, the points at 24 h were not
used to calculate the regression. (b) Atlanta sp. (R. R. Seapy, personal communication).

significantly correlated with shell weight in only one species, Creseis virgula virgula
(P < 0.05, t test). The logarithmic relationship between shell deposition and shell
weight was not significant (P > 0.05, t test) for any species.

b. Production

Abundance, CaC03 biomass and production for shelled pteropod and heteropod
populations in each of the three regions sampled are listed in Table 2. Pteropods were 3
to 9 times more abundant than heteropods. Heteropods accounted for a small fraction
(4-7%) of the aragonite production at the Bahamas and Equatorial Pacific sites, and
35% of aragonite production in the Central Pacific. Total aragonite production of
pteropods and heteropods ranged from 2.1 to 6.9 mg CaC03 m-2 d-1

• Aragonite
production was greatest at the Equatorial Pacific station and lowest in the Central
Pacific, consistent with patterns of primary production in these regions.
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4. Discussion
a. Growth rates

Shell growth rates measured in this study are the first direct measurements of
pteropod and heteropod growth. Shell deposition is related to the total weight growth,
although the relationship between shell weight and tissue weight is not necessarily
linear. For Clio pyramidata in the subarctic Pacific, for example, the logarithmic
relationship between shell weight and tissue weight is curvilinear (Fabry, 1989).
Because euthecosomatous pteropods do not produce feeding webs in the laboratory and
presumably do not feed, only short-term growth experiments, such as the 45Ca uptake
studies presented here, are possible. Shell deposition rates measured in this study are
probably conservative, owing to the stress associated with capture and confinement,
and because rates of isotopic exchange used in calculations may have been overesti-
mates. However, in the extreme and unlikely case that no isotopic exchange occurred in
shells of living animals, the average increase in growth rates would be only 14%.

Although plankton nets are convenient and easily collect large numbers of animals,
nets damage pteropods. Use of net-collected pteropods in growth experiments would
result in underestimated growth rates. Collection by Scuba divers provides undamaged
specimens, but frequently in this study, only a limited sample size was available.

Earlier workers estimated an increase in mean shell length or diameter of 0.1 to
0.3 mm per month in several pteropod species collected in time-series plankton samples
(Redfield, 1939; Kobayashi, 1974; Wells, 1976). However, because the relationship
between shell size and shell weight is not known for those species, the growth rates
expressed in terms of shell mass in this study cannot be readily compared with results
of previous work. Moreover, some pteropod species, including those in the genus
Cavolinia. do not continually increase shell length or width during development. As
adults, these species only increase the thickness of the shell wall (Be et al., 1972).
Therefore, linear dimensions are not reliable measures of shell growth for all pteropod
species.

b. Production
Estimates of daily aragonite production reported here are approximate for two

reasons. First, I assumed that the growth rate of pteropods and heteropods does not
vary with animal size. This assumption is supported by the observation that, within the
size range of animals used in 45Ca experiments, shell growth rate did not vary with shell
size in all but one pteropod species. Moreover, Wells (1976) found no significant
difference in the shell growth rates of small and large sizes of any of the four pteropod
species he examined. Secondly, pteropods and heteropods were treated as two groups in
production calculations, with no differentiation among species. Shell calcification rates
for the pteropod and heteropod species investigated were all of the same order of
magnitude, however, even though animals were collected from different oceanic
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regions and experiments were conducted at different water temperatures. Hence, use of
mean growth rates in production estimates is a reasonable approximation.

Pteropod abundances measured in this study are consistent with or higher than
densities reported for similar oceanic regions (eg., McGowan, 1960; Berger, 1971;
Wells, 1978; Wormuth, 1981), but are an order of magnitude less than swarm densities
that have occasionally been recorded (McGowan, 1967; Sakthivel and Haridas, 1974;
Wormuth, 1981). No data on heteropod abundances in my sampling regions are
available for comparison.

Turnover time, defined as the length of time required to replace the biomass of the
population (reviewed in Benke, 1984), can be calculated from the ratio of biomass to
production. At the three stations sampled, turnover times range from 8.4 to 8.7 days for
pteropods and from 7.0 to 8.4 days for heteropods. These turnover times are consistent
with turnover times estimated for other zooplankton species at low and mid latitudes
(reviewed in Tranter, 1976).

Several sediment trap studies have estimated mass fluxes of aragonite at various
locations (Honjo, 1978; Berner and Honjo, 1981; Betzer et al., 1984). Sediment trap
values of aragonite flux will be less than total production if aragonite dissolves in the
water column above the sediment trap, either through biological transformations or in
waters undersaturated with respect to aragonite, or if aragonite collected in sediment
traps dissolves before the sample is recovered.

In Table 3, values in the literature of aragonite mass flux measured with sediment
traps are compared to aragonite production estimated from the secondary production
of pteropods and heteropods. To avoid possible inclusion of live pteropods, only flux
estimates from traps suspended below the typical vertical range of pteropods (upper
600 m) were used. Additionally, data from traps deployed high in the water column,
but below 600 m, were chosen over traps deployed in deep waters in an effort to reduce
the amount of aragonite lost through dissolution in the water column.

Although the data base is small, general estimates of aragonite production and flux
can be obtained by weighting the measurements according to regional productivity.
The three oceanic provinces recognized by Ryther (1969) were condensed to two
divisions: (i) open ocean, covering 90% of the ocean area, and (ii) coastal and upwelling
areas, composing the remaining 10% of the ocean surface. Seasonal variation was not
considered in the analysis. For the data sets in Table 3, the weighted average of
aragonite production (2.9 mg CaC03 m-2 d-I) exceeds the weighted average of
aragonite flux (2.4 mg CaC03 m-2 d-I) by a factor of 1.2. By comparison, the
unweighted average of these aragonite production values is 4.1 mg CaC03 m-2 d-I,

60% more than the unweighted average of aragonite flux estimates (2.6 mg CaC03
m-2d-I).

c. Aragonite production and the marine carbonate system.
Anomalous alkalinity maxima observed at intermediate depths in the North Pacific

have been attributed to the dissolution of pteropod aragonite in the water column
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(Berner, 1977; Betzer et al., 1984; Byrne et al., 1984). From examination of GEO-
SECS alkalinity data and an analysis of alkalinity distributions with a three-
dimensional model, Fiadeiro (1980a,b) estimated a mean CaCO) dissolution rate in the
North Pacific of 40 mg CaCO) m-2 d-1

, of which at least 35 mg CaCO) m-2 d-1 must
be evenly distributed throughout the water column. While dissolution of pteropod and
heteropod aragonite undoubtedly contributes to the excess alkalinity found at midwa-
ter depths in the North Pacific, these results indicate that the pteropod and heteropod
contribution of 2.9 mg CaCO) m-2 d-I is sufficient to account for only 8% of the
calculated rate of CaCO) dissolution.

It is important to recognize that the aragonite production values reported here are
instantaneous measurements, whereas calculated CaCO) dissolution rates are based on
processes that occur over several tens to hundreds of years. An indication of the
long-term variation of pteropod production may be obtained from the sediment trap
study of Almogi-Labin et al. (1988), which computed the numerical flux of pteropods
in a series of 19 samples collected over 4 years in the Sargasso Sea. During the 4-year
period of continuous sampling, the average flux of pteropods was 250 specimens
m-2 d-1

; the highest value measured was 3 times greater than the mean and the lowest
value was 0.3 of the mean. If the long-term variation of the aragonite production
measured here is similar to the range of pteropod fluxes reported by Almogi-Labin et
al. (1988), pteropod and heteropod aragonite production could constitute 3-30% of the
calculated rate of CaCO) dissolution in the North Pacific. Additional information on
the seasonal and interannual variations in pelagic aragonite production is needed, but
the current data indicate that a source of alkalinity other than pteropod dissolution is
required to supply the majority of the estimated CaCO) dissolution in the North
Pacific.

Although the alkalinity maxima in the North Pacific occur at depths where little
dissolution of calcite would be expected from consideration of the carbonate chemistry
of the water column, calcite could dissolve through biological transformations, as
suggested by Fiadeiro (l980b). Possible mechanisms include digestion in the guts of
animals and dissolution in oxygen-depleted zones that have been measured around and
within fecal pellets and marine snow particles (Alldredge and Cohen, 1987).
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