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ABSTRACT – This paper is the first contribution to the knowledge of pteropods in surficial sediments of
the entire western continental shelf of India. Both qualitative and quantitative analyses of pteropod
assemblages were carried out on 50 coarse fractions (>125 µm) of topmost portions of grab samples
recovered along 12 transects covering the inner shelf to the upper slope (30–200 m water depths). The
distribution of eight significant species was mapped. The resultant maps were correlated with the
bathymetric, hydrographic and aragonite preservation conditions in the investigated area. This study
reveals a bathymetric control over the distribution of Limacina inflata, Creseis acicula and Creseis
chierchiae across the shelf. Furthermore, a marked difference in vertical salinity gradient from south to
north along the shelf appears to have a profound influence on the abundance of these species. The
pteropod shells in sediments of the northern offshore region with anoxic bottom conditions are generally
well preserved, unlike the southern region, where oxygen concentration of the bottom water is relatively
high enough to cause dissolution or even elimination of many shells of the most susceptible pteropods
like C. acicula and C. chierchiae. The variation in the intensity of the oxygen minimum zone along the
western continental shelf of India has significant influence upon the distribution pattern of Clio convexa.
J. Micropalaeontol. 24(1): 39–54, May 2005.
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INTRODUCTION
Pteropods are widely distributed in oceans and marginal seas
but abundant in those shallow basins and along those continen-
tal margins with high temperature and salinity (Sverdrup et al.,
1942). They have been used extensively in the reconstruction of
Quaternary palaeoceanographic and palaeoclimatic history of
the Red Sea, the Gulf of Aden, the Gulf of Aqaba and the
Mediterranean Sea (Herman, 1968, 1971; Chen, 1969; Deuser
et al., 1976; Reiss et al., 1980; Almogi-Labin, 1982; Ivanova,
1982, 1985; Luz & Reiss, 1983; Winter et al., 1983; Almogi-
Labin et al., 1986, 1991, 1998). A knowledge of the regional
distribution pattern of recent pteropods and its correlation with
the physico-chemical conditions of the water column is essential
in order to investigate their potential as indicators of environ-
mental change. Several studies have been carried out on living,
as well as dead, pteropod assemblages in marginal seas to
understand the relationships between their distribution pattern
and environmental conditions (Rosenberg-Herman, 1965; Reiss
et al., 1980; Weikert, 1982; Almogi-Labin, 1984; Auras-
Schudnagies et al., 1989). Less effort has been directed towards
the investigation of Arabian Sea pteropod populations.
Sakthivel (1969, 1973a, b) made attempts to study living ptero-
pods of the Arabian Sea, the Bay of Bengal and the south-
western parts of the Indian Ocean. Auras-Schudnagies et al.
(1989) recorded the distribution of pteropods in water and
surface sediments of the northwestern Arabian Sea. These
studies on Arabian Sea pteropods were generally limited to
deeper regions. There is little knowledge available on the
distribution of pteropods in marginal sediments of the Arabian
Sea, where they occur in abundance. The continental margins
are the best areas for high-resolution palaeoenvironmental
studies (as the sedimentation rates are much higher than in the

open ocean). Additionally, pteropods constitute one of the main
biotic carbonate components in the shelf sediments of the west
coast of India. A preliminary investigation on recent pteropods
was made by Herman & Rosenberg (1969) and Herman (1971)
using ten dredge samples from the northern part of the western
continental shelf (between 17(N and 24(N Lat.). Recently,
Singh & Rajarama (1997) and Singh et al. (1998, 2001) studied
pteropod assemblages in a few core-top samples from a small
area of the southwestern shelf (between 11(N and 12(N Lat.).
Previous studies lacked adequate samples and large coverage
along the western continental shelf of India. The objectives of
this investigation are (1) to record the absolute abundance of
total pteropods and map the distribution of significant species
and (2) to document pattern variation in pteropod assemblages
in response to hydrographic and bathymetric conditions
along the entire western continental shelf of India. The pteropod
data generated in the present study can be used as an analogue
to deduce past changes based on the faunal variation in
sedimentary records.

PHYSIOGRAPHY AND OCEANOGRAPHIC SETTING
The western continental shelf of India (Fig. 1) covers an area of
about 310 000 km2 and stretches between 7(N and 24(N Lat.
(Rao & Wagle, 1997). The width of the shelf is greater in the
north, narrowing towards the south. The Saurashtra coast
(between 21(N and 22(N Lat.) has an average shelf width of
120 km. From Bombay to Ratnagiri, the shelf width is about
280 km. Further south, between Ratnagiri and Mangalore, the
average width lowers to 80 km. The depth of the shelf edge
along the western continental shelf varies between 90 m and
200 m (Ramsamy & Rao, 1980). The continental slope is steep in
the north and gentle in the south.
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The study area is influenced by both the southwestern and
northeastern monsoons. During the SW monsoon, sporadic
upwelling occurs in the eastern Arabian Sea off southwest India
(Wyrtki, 1971; Naidu et al., 1999). The NE monsoon results in a
weak upwelling in the northeastern Arabian Sea. The Arabian
Sea waters off the northwest Indian coast are more saline than
the surface waters off the southwestern coast. The coastal
surface currents move southward during the SW monsoon. The
North Equatorial Current (low-salinity water) sets in during the
NE monsoon and moves upward into the southeastern Arabian
Sea. The annual mean sea-surface salinity and temperature of
shelf-slope waters vary approximately between 34‰ and 36‰
and 28(C and 26(C, respectively, from south to north along the
coast (Fig. 2). A seasonal variation in salinity exists near the
southernmost part of India. In northern summer, salinities are
recorded between 34.5‰ and 35.5‰, but, in northern winter,
low salinity water (<33‰) extends from the Bay of Bengal up to
some distance off the west coast of India (Darbyshire, 1967;
Wyrtki, 1971). The southern region is characterized by a marked
vertical salinity gradient, whereas the difference between the
surface and subsurface salinities in northern waters is very low.
A low oxygen concentration occurs below 100 m, decreasing
rapidly downwards in the water column. The oxygen concen-
tration at 200 m depth is about 0.15 ml O2 l�1 in the south,
decreasing northward to <0.05 ml O2 l�1.

Sediment characteristics
Two major sedimentary units can be identified on the shelf. In
general, the inner shelf region is covered by fine sediments
(clayey silt), except for the southernmost part where coarse
sediments dominate. The outer shelf is covered by sand–silt–clay
and clay with silty clay. The shelf sediments comprise both
biogenic and non-biogenic elements. Biogenic skeletal debris
content increases towards the outer shelf–upper slope.
Foraminifera and pteropods are the dominant constituents of
the biogenic skeletal debris in the coarse fraction of the outer
shelf sediments. The inner shelf calcareous assemblages are
dominated by benthic foraminifera, remains of bryozoans,
pelecypods and gastropods. The minor components include
echinoids, sponge spicules and algal fragments. The outer shelf
sediments along the northern part of the west coast (north of
18(N Lat.) also consist of non-skeletal components (ooids,
grapestones, pelletoids and lithoclasts) (Hashimi & Nair, 1976).

MATERIAL AND METHODS
Fifty surficial sediment samples from the entire western conti-
nental shelf of India, along the twelve transects covering the

Fig. 1. Map of the sample locations. Bathymetric contours are shown in
metres.

Fig. 2. Annual mean sea-surface (A) salinity and (B) temperature in the
Arabian Sea (contoured using 1( � 1( digital data from Levitus (1982)).
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inner shelf to the upper slope (30 m to 200 m water depths), were
collected using a Smith–McIntyre grab sampler during the
FORV Sagar Sampada Cruise no. 162 in February–March 1998
(Fig. 1). The hydrographic parameters (temperature, salinity
and dissolved O2 (DO)) of surface and bottom waters were
measured at each sampling station (Table 1). The grab was
carefully operated so that negligible loss of surface sediment
took place. The surface sediment layer (1 cm thick) was scooped
off and kept for this study. About 15 g of dried material was
washed through a 63 µm screen and dried. Dry residue larger
than 63 µm was weighed and sieved through a 125 µm screen.
Census counts of pteropods were made on >125 µm fractions.
Large samples were split into suitable aliquots of approximately
250–300 pteropod specimens. Those samples containing a low
number of pteropod shells were used completely for counting.
The absolute abundance was estimated for 1 g dry sediment
(Table 2). The relative abundance of individual species was
also recorded as a percent of the total pteropod population
(Table 2). Distribution maps for abundant species were prepared
(Figs 3–14). Different contour intervals were selected for differ-
ent species to highlight meaningful distribution patterns, these
contours were extrapolated at some places where data were
insufficient. The taxonomy of Van der Spoel (1967) and Bé &
Gilmer (1977) was followed.

In order to obtain information on the preservation state of
pteropods, shell transparency (Byrne et al., 1984; Almogi-Labin
et al., 1986) and fragmentation (Gerhardt et al., 2000) were
studied in three of the most delicate abundant species, namely
Creseis chierchiae, C. acicula and Limacina inflata (Table 3).
Shells were grouped into two categories: (i) transparent –
indicating highest preservation; and (ii) opaque–white – reflect-
ing corrosion and dissolution. The percentage abundances of
damaged shells (at least 50% of the shell existing) in popula-
tions of these species were estimated to record the degree of
dissolution on susceptible pteropods. Although care was taken
to avoid mechanical damage of the shells during sample
preparation, the percentage of broken shells was estimated only
when at least twenty particles (whole and damaged) were
available.

RESULTS AND DISCUSSION
The distribution of pteropods is controlled primarily by the
upper water masses of the oceans (Sverdrup et al., 1942).
Previous studies on living pteropods reveal that the distribution
of pteropods in the water column is greatly influenced by the
variations in hydrographic conditions and diurnal vertical
migration in certain species (Chen & Bé, 1964; Van der Spoel,
1967; Bé & Gilmer, 1977; Wormuth, 1981; Almogi-Labin et al.,
1988). Because of their larger size and mass, pteropod tests have
a higher settling velocity, promoting deposition close to the
organism’s habitat (Vinogradov, 1961; Bathmann et al., 1991;
Jasper & Deuser, 1993; Kalberer et al., 1993). Investigations on
the population dynamics and distribution of modern pteropods
suggest conspicuous similarities between living assemblages and
the thanatocoenosis in surface sediments (Weikert, 1982, 1987;
Almogi-Labin, 1984; Auras-Schudnagies et al., 1989). Hence,
the parameters determining the abundance of these organisms in
modern sediments can be used to reconstruct more accurately
the past conditions from the fossil record.

A total of 24 179 pteropod individuals were picked from fifty
samples, identified and counted (Table 2). The pteropod
assemblages are characterized by low diversity and composed
of both epipelagic and mesopelagic forms. In total, 13 species
were identified (Plates 1 & 2). Limacina inflata (d’Orbigny), L.
trochiformis (d’Orbigny), Creseis chierchiae (Boas), C. acicula
(Rang), C. virgula (Rang) [forma virgula (Rang) and forma
conica Escholtz], Clio convexa (Boas), Cavolinia longirostris (de
Blainville) and Diacria quadridentata (de Blainville) together
form 99% of the pteropod population. Other rare species are
Diacria trispinosa (de Blainville), Clio pyramidata Linnaeus,
Cavolinia sp., Limacina bulimoides (d’Orbigny) and Styliola
subula (Quoy and Gaimard).

Preservation state of pteropod shells
Pteropod shells in sediment samples recovered from <100 m
depth are mostly intact and transparent, indicating good
preservation. However, the state of aragonite preservation in
sediments lying under oxygen-deficient waters (below 100 m
water depth) along the western continental shelf of India varies
significantly from south to north (Table 3). The preservation
records (transparent vs opaque-white shells, percentage of
broken shells) of three most delicate species determined at 100 m
and 200 m water depths reveal that C. acicula and C. chierchiae
are more easily dissolved than L. inflata. In most of the
examined samples, except those from the southernmost region,
>98% shells of L. inflata are found to be intact. Moreover, the
opaque-white shells comprise the major portion of the L. inflata
population, which suggests corrosion resulting in loss of shell
transparency. Aragonite dissolution leading to shell destruction
and fragmentation appears to be prominent on Creseis shells. In
general, a lower abundance of transparent shells of L. inflata
and a higher concentration of broken shells of Creseis in samples
at 200 m isobath is noted, as opposed to those at 100 m which
indicate poor aragonite preservation in deeper regions. A sig-
nificant number of damaged shells of Creseis (chierchiae and
acicula) recorded from the southern offshore region reflects the
severe affects of dissolution on these most delicate pteropods.
This may have even resulted in the elimination of many of these
shells from the sediments. This dissolution effect was also
noticed on the shells of L. inflata from the southern region, but
not up to the extent observed in Creseis. Creseis shells in
northern offshore sediments are mostly intact and many of them
are transparent, suggesting a better state of preservation.

Absolute pteropod abundance
The total distribution pattern of pteropods in surface sediments
along the western continental shelf of India is presented in
Figure 3. In general, the absolute abundance increases across
the shelf with the water depth. A significant increase in the
numerical abundance of pteropods is recorded from deepest
stations (200 m) of all the transects across the shelf-upper slope,
which varies from a minimum 310 specimens g�1 dry sediment
in the south (off Cape Comorin), to a maximum of 2985
specimens g�1 dry sediment in the north (off Dwarka) (Table 2).
Overall, the pattern of pteropod abundance at 200 m isobath
exhibits an increasing trend from 13(N northward (Table 2). At
shallower stations (<200 m depths), pteropod concentration is
conspicuously lower in the southern region as compared to the
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Table 1. Bathymetric and hydrographic details of sample locations.

Surface waters Bottom waters

St. no.
W.D
(m)

Latitude
((N)

Longitude
((E)

Temperature
((C)

Salinity
(‰)

DO
(ml l�1)

Temperature
((C)

Salinity
(‰)

DO
(ml l�1)

Cape Comorin
1 30 08.03.96 77.21.96 28.8560 33.7577 3.338 28.3498 33.7059 3.253
2 50 07.54.75 77.20.67 29.2859 33.9333 3.335 28.0659 33.7377 3.135
3 200 07.10.37 77.20.09 29.3643 33.9454 3.317 13.9202 35.0649 0.140
4 124 08.21.67 76.32.83 29.3101 34.0696 3.345 17.3581 35.0453 0.259
Quilon
5 100 08.54.53 76.01.86 29.4323 34.0261 3.261 22.4460 35.3259 1.450
6 200 08.54.70 75.58.56 29.4038 34.0261 3.446 13.5522 35.1305 0.244
Cochin
7 30 09.56.53 76.00.85 29.4342 34.0731 3.415 29.2883 34.0741 3.304
8 50 09.52.89 75.52.70 29.7820 34.0860 3.381 29.2023 34.5731 3.351
9 100 09.45.80 75.41.18 30.2135 34.1708 3.410 23.1199 35.5992 1.504
10 200 09.41.39 75.38.69 29.6788 33.9070 3.347 14.4042 35.1325 0.132
Calicut
11 50 11.19.50 75.21.28 29.0968 34.4171 3.369 29.0635 34.4759 3.069
12 100 11.17.75 74.56.85 29.1366 34.2924 3.411 27.4268 37.3080 1.701
13 200 11.18.97 74.51.83 29.1915 34.2913 3.442 12.9040 35.2095 0.153
Cannanore
14 100 11.44.97 74.40.81 29.0438 34.2932 3.327 27.7281 36.3091 2.920
15 75 11.48.92 74.52.78 28.9804 34.3069 3.412 29.0350 34.9961 2.984
16 50 11.56.14 75.00.86 28.9515 34.4664 3.401 29.1167 34.8345 3.103
17 30 11.59.11 75.05.09 29.0506 34.6964 3.237 29.0674 34.6989 3.169
Mangalore
18 50 12.49.20 74.32.49 29.1559 34.9699 2.064 29.1524 35.0965 3.109
19 100 12.44.14 74.14.02 29.1355 34.6260 3.313 26.7445 35.8112 2.056
20 200 12.43.89 74.6.45 29.0893 34.6291 3.364 13.7467 35.2730 0.035
Bhatkal
21 200 13.56.41 73.21.21 28.9613 35.3589 3.308 13.7829 35.3108 0.044
22 100 14.00.09 73.31.57 28.9228 35.2939 3.249 28.2306 36.0404 2.455
23 75 14.04.36 73.48.61 29.0976 35.2463 3.314 28.8045 35.8505 2.293
24 50 14.07.42 74.04.67 29.2113 35.3235 3.336 28.8248 35.3253 3.424
25 30 14.11.07 74.18.52 28.2621 34.7764 3.598 28.1588 35.0668 3.016
Goa
26 30 15.25.45 73.38.80 27.6829 35.3349 3.197 27.5022 35.3560 2.985
27 50 15.25.74 73.30.49 28.0642 35.4233 3.243 27.8213 35.3951 2.996
28 75 15.26.18 73.17.89 28.3857 35.4694 3.524 27.3715 35.7334 1.663
29 100 15.25.74 73.06.31 28.5772 35.5449 3.588 24.8409 35.8361 1.516
30 200 15.26.09 72.52.51 28.4106 35.5705 3.360 14.3237 35.4205 0.026
Ratnagiri
31 30 16.44.02 73.12.27 26.7219 35.2971 4.361 26.6679 35.4218 3.195
32 50 16.41.63 73.02.94 27.1936 35.4582 3.640 27.2328 35.5342 3.202
33 75 16.38.27 72.40.20 27.7906 35.6517 3.251 27.3089 35.7121 1.846
34 100 16.37.90 72.17.39 27.7580 35.6601 3.348 24.5502 35.9940 0.748
35 200 16.37.44 72.10.97 28.0919 35.7787 3.437 15.0585 35.4926 0.040
Bombay
36 30 18.00.04 72.47.01 25.7620 35.5538 3.618 25.7538 35.5529 3.388
37 50 17.59.52 72.21.70 26.5276 35.7257 3.589 26.4924 35.7392 3.354
38 95 17.59.98 71.50.42 27.1271 35.8619 3.489 26.2626 35.9620 2.067
39 90 17.59.44 71.14.29 26.7468 35.9057 3.319 25.8145 36.0626 1.981
40 85 19.20.16 70.47.35 25.7250 35.9639 3.622 24.9788 35.8384 3.305
41 80 20.00.02 70.47.65 25.5236 35.9642 3.755 25.3859 35.9506 3.354
42 51 20.26.05 70.48.03 23.7780 35.4609 3.789 23.6811 35.4657 3.359
43 30 20.34.05 70.44.69 23.4254 35.4117 3.692 23.3871 35.4020 3.464
Porbandar
44 100 21.09.02 69.00.64 24.7298 36.0845 3.776 24.1196 36.4641 2.936
45 50 21.24.75 69.18.83 23.9333 36.0942 3.967 23.5880 36.0442 3.595
46 30 21.34.62 69.28.75 24.0301 36.1128 3.687 24.0485 36.1146 3.592
Dwarka
47 30 22.14.51 68.53.48 22.6664 36.1150 3.596 22.6424 36.1214 3.561
48 50 22.09.68 68.38.24 23.2061 36.1212 3.734 22.7221 36.1921 3.573
49 100 22.00.72 68.09.74 24.7059 36.2772 3.815 23.6402 36.4419 3.097
50 200 21.56.99 67.57.69 24.4687 36.3695 3.672 16.9347 36.0626 0.030

Surface sediments were collected at 50 stations (on 12 transects) along the western continental shelf of India.
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northern part of the shelf. In a few samples from the middle
shelf between 16(N and 18(N, the numerical abundance of
pteropods is found to be relatively very high (Table 2).

The absolute abundance of pteropods in marine sediments is
related primarily to (i) the production of pteropods in the water
column, (ii) the depositional rate and the dissolution of shells on
the sea floor and (iii) the sediment accumulation rate (dilution
effect). The spatial difference in sedimentation rate can be one
of the probable factors influencing the abundance pattern of
pteropods in the investigation area. There are a few publications
reporting sedimentation rates along the western continental

margin of India (Borole, 1988; Rao & Wagle, 1997; Somayajulu
et al., 1999). The rate of sedimentation estimated in the northern
part (off Bombay) varies from 1.8–2.5 mm a�1 (at 50 m water
depth) to 0.24 mm a�1 (at 280 m water depth). It is about
2.2 mm a�1 off Dwarka (at 280 m water depth) and 2.6 mm a�1

off Porbandar (at 480 m water depth). Towards the south
(off Mangalore), the estimated rates are: 0.56–0.72 mm a�1

(between 35m and 40 m water depths) and 1.0 mm a�1 (at 370 m
water depth). The sedimentation rate is about 2.6 mm a�1 in the
offshore region of Cochin at 590 m water depth. The published
data broadly indicate higher sedimentation rates in the northern

Fig. 3. Absolute abundance of pteropods (>125 µm) per gram dry
sediment along the western continental shelf of India.

Fig. 4. Absolute abundance of Limacina inflata in surface sediments of
the western continental shelf of India.

Fig. 5. Distribution of relative abundance (%) of Limacina inflata in
surface sediments of the western continental shelf of India.

Fig. 6. Absolute abundance of Limacina trochiformis in surface
sediments of the western continental shelf of India.
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region, owing to a higher fluvial discharge from the larger rivers
than in the central and southern parts, where sediment discharge
is lesser to the shelf (Rao & Wagle, 1997). The faunal concen-
tration in sediments is expected to be relatively low in areas of
high accumulation rate, where dilution of autochthonous bio-
genic sediments by terrigenous sediments is high. However,
the total abundance of pteropods is found in this study to be
much higher in the north as compared to the southern region
with a low rate of sedimentation. Therefore, accumulation rate
does not appear to be the main factor governing north–south
pteropod distribution patterns in the study area. Species of

pteropods in these samples fall into the two major groups: meso-
pelagic (deeper-water dwellers) and epipelagic (shallow-water
dwellers). The quantitative pteropod data reflect that the relative
abundances of epipelagic and mesopelagic components in the
assemblage vary with the water depths across the shelf. All those
species recorded from <50 m depths are exclusively epipelagic,
whilst assemblages from >50 m depths comprise both meso-
pelagic and epipelagic species. The abundance of mesopelagic
pteropods increases with depth, which suggests that the vertical
depth habit of pteropods is an important factor controlling their
abundance pattern across the western continental shelf of India.

Fig. 7. Distribution of relative abundance (%) of Limacina trochiformis
in surface sediments of the western continental shelf of India.

Fig. 8. Absolute abundance of Creseis chierchiae in surface sediments of
the western continental shelf of India.

Fig. 9. Absolute abundance of Creseis acicula in surface sediments of the
western continental shelf of India.

Fig. 10. Absolute abundance of Creseis virgula in surface sediments of
the western continental shelf of India.
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Additionally, the population density of pteropods in surficial
sediments can be influenced by the influx of terrigenous clastics.
A lower pteropod concentration in shallow sediments (<50 m)
may be attributed to the dilution due to high terrigenous input
in near-shore areas. Beyond the inner shelf, only a minor influx
of terrigenous clastics takes place, hence, the dilution effect is
minimal in deeper regions (Nair & Hashimi, 1980). A decrease in
amounts of terrigenous/detrital material from the inner shelf to
the outer shelf–slope region could be an additional reason for
the increase in abundance of pteropods with water depth. A
small patch of high concentration of pteropods on the middle

shelf between Ratnagiri and Bombay may be related to the high
sediment accumulation in the region, during intense hydro-
dynamic condition manifested by the locally centred strong tidal
currents (Rao & Wagle, 1997).

Primary productivity is another probable factor which may
account for the differences in production of pteropods and their
concentration in sediments. Several studies have reported a
strong positive correlation between primary productivity and
pteropod production in the open oceans (Berner, 1977; Berner
& Honjo, 1981; Wormuth, 1981; Deuser, 1986; Almogi-Labin
et al., 1988). The eastern part of the Arabian Sea is known to be

Fig. 11. Distribution of relative abundance (%) of Creseis spp. (chierchiae
+ acicula) in surface sediments of the western continental shelf of India.

Fig. 12. Absolute abundance of Clio convexa in surface sediments of the
western continental shelf of India.

Fig. 13. Absolute abundance of Diacria quadridentata in surface
sediments of the western continental shelf of India.

Fig. 14. Absolute abundance of Cavolinia longirostris in surface
sediments of the western continental shelf of India.
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oligotrophic compared with the western and northern regions
(Ivanova et al., 2003). In oligotrophic parts of the Red Sea, some
pteropod species are found to be not associated directly with the
winter productivity (Almogi-Labin, 1984). A flux study carried
out by Schulz et al. (2002) does not indicate any significant
correlation between the pteropod abundance and primary
productivity in the northeastern Arabian Sea. In the investigated
area, annual primary productivity is very high (>1 gC m�2 d�1)
south of Cochin, as compared to the northern part of the west
coast (between off Bombay and off Dwarka: 0.25 gC m�2 d�1)
(Qasim, 1977). Productivity is moderate (0.25–0.75 gC m�2

d�1) on the shelf between off Bombay and off Cochin (Qasim,
1977), and the maximum abundance of total pteropods is
recorded in the northern region with low surface productivity.
However, pteropods occur in low numbers in offshore sediments
south of Cochin where primary productivity is high.Therefore,
additional factors other than productivity are responsible for the
general pattern of pteropod distribution on the shelf off the west
coast of India.

The annual surface water salinity in the study area varies
approximately between 34‰ in the south and 36‰ in the north
(Wyrtki, 1971). The majority of pteropod species encountered in
this investigation have a wide range of salinity tolerance, as they
are recorded frequently in high salinity waters of the Red Sea
(Weikert, 1987) and also in the south China Sea, where salinity
is as low as c. 30‰ (Rottman, 1980). Thus, it is unlikely that the
differences in absolute salinity of surface waters across, as well
as along, the shelf are responsible for such a large variation in
pteropod concentration as that observed between the southern
and northern parts of the western Indian shelf. Instead, a
prominent variation in the vertical (surface–subsurface water)
salinity gradient between southern and northern regions might

have influenced profoundly the abundance of pteropods in the
study area. In the northern part, a negligible difference in
salinity between the surface and 200 m depths might be favour-
able for most of the migratory pteropods. A high vertical
salinity gradient and, hence, a steep density profile with a sharp
halocline/pycnocline in the south could be an obstacle for
migratory pteropods. This might have led to an overall low
abundance of pteropods in the southern offshore region.

Aragonitic preservation considerably influences the pteropod
contents of the sediments. Although the investigated area is
above the Aragonite Compensation Depth (c. 400 m water
depth), pteropod shells in sediments along this shelf display
varying degrees of preservation. The pteropods are well pre-
served in shallow sediments at water depths <100 m. In deeper
sediments, the best aragonite preservation is recorded in the
northern region, while dissolution of the most delicate shells,
such as C. chierchiae and C. acicula, occurs in the southernmost
part, as evident by high numbers of damaged shells. It is sus-
pected that a significant number of high disolution-susceptible
species might have been completely dissolved, resulting in over-
all low concentration of total pteropods in the southern region.
Perhaps, better aragonite preservation is one of the major
factors for high pteropod content in sediments of the northern
offshore region. The pattern of pteropod abundance in shelf
sediments off the west coast of India appears to be governed
by a combination of factors, including bathymetry, salinity
gradient within the water column and the degree of aragonite
preservation.

Limacina inflata (d’ Orbigny, 1836)
L. inflata is the most abundant pteropod in the outer shelf–slope
sediments (>100 m) of the western continental margin of India,

Table 3. Relative abundance of transparent and opaque shells in Creseis (acicula and chierchiae) and Limacina inflata populations (only whole shells)
and percentage abundance of broken shells in total L. inflata and Creseis populations (broken + whole shells) at 200m and 100m isobaths along the
western continental shelf of India.

St. no. Latitude
((N)

% Creseis
(transparent shells)

% Creseis
(opaque-white shells)

% broken
Creseis shells

% L. inflata
(transparent shells)

% L. inflata
(opaque-white shells)

% broken
L. inflata shells

At 200m isobath
3 07.10.37 NIL 100.00 53.40 NIL 100.00 11.30
6 08.54.70 NIL 100.00 45.40 NIL 100.00 33.00
10 09.41.39 NIL 100.00 50.00 NIL 100.00 8.90
13 11.18.97 NIL 100.00 51.70 0.36 99.64 1.40
20 12.43.89 15.60 84.40 5.40 NIL 100.00 0.92
21 13.56.41 8.10 91.90 4.60 1.10 98.90 1.20
30 15.26.09 4.20 95.80 8.10 11.20 88.80 1.80
35 16.37.44 15.70 84.30 7.30 10.30 89.70 0.82
50 21.56.99 36.00 64.00 1.10 15.00 85.00 0.70

At 100m isobath
5 08.54.53 10.80 89.20 13.16 25.30 74.30 1.70
9 09.45.80 NIL 100.00 25.00 39.50 60.50 3.60
12 11.17.75 8.00 92.00 24.20 29.90 70.10 0.38
14 11.44.97 NIL 100.00 11.10 24.9 75.10 1.50
19 12.44.14 NIL 100.00 6.60 7.10 92.90 1.30
22 14.00.09 16.40 83.60 6.40 91.40 9.60 0.57
29 15.25.74 5.30 94.70 14.90 8.33 91.70 1.20
34 16.37.90 21.30 78.60 7.50 25.70 74.30 0.94
38 17.59.98 63.90 46.10 3.60 10.10 89.90 0.99
44 21.09.02 28.60 71.40 6.60 14.90 85.10 0.95
49 22.00.72 10.60 89.40 1.50 14.40 85.60 0.80

Note that Creseis acicula and C. chierchiae are more susceptible to dissolution than Limacina inflata.
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Explanation of Plate 1.
figs 1–3. Cavolinia longirostris (de Blainville): 1, apertural view, �100; 2, enlarged apertural view, �420; 3, embryonic part, �173. fig. 4. Cavolinia
gibbosa (d’Orbigny), embryonic part, �184. fig. 5. Clio convexa (Boas), �102. fig. 6. Styliola subula (Quoy & Gaimard), �102. figs 9, 10. Creseis
virgula (Rang) conica Escholtz: 9, �110; 10, �117. fig. 7. Creseis acicula (Rang), �104. fig. 8. Creseis virgula (Rang) virgula (Rang), �98.
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because it is a mesopelagic species. At shallow locations (<50 m
water depth) L. inflata is conspicuously absent, whilst at inter-
mediate depths between 50 m and 100 m, this species shows a

gradual increase in both its absolute number and relative
abundance with the bathymetry (Figs 4, 5). This observation is
in agreement with previous studies (Herman & Rosenberg, 1969;

Explanation of Plate 2.
figs 1–3. Creseis chierchiae (Boas): 1, �105; 2, �107; 3, �210. figs 4–6, 8. Diacria quadridentata (de Blainville): 4, lateral view, �95; 5, dorsal view,
�97; 6, enlarged view of dorsal surface, �170; 8, embryonic part, �110. fig. 7. Diacria trispinosa (de Blainville), �124. figs 9–10. Limacina inflata
(d’Orbigny): 9, umbilical view, �160; 10, apertural view, �175. fig. 11. Limacina trochiformis (d’Orbigny), apertural view, �175.
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Singh et al., 1998), which suggested a strong bathymetric control
on the distribution of L. inflata in shelf sediments off the west
coast of India.

A drastic increase in the abundance of L. inflata is noticed in
sediments at 200 m depths within the oxygen minimum zone
(OMZ) (Table 2). This species is known to proliferate in the
present-day OMZ, with a minimum concentration of c. 0.5 ml
O2 l�1 in the Red Sea (Weikert, 1982, 1987). Almogi-Labin et al.
(1991, 1998) opined that L. inflata and other mesopelagic
migratory species disappeared in the Red Sea in the past
when oxygen concentration decreased below 0.5 ml O2 l�1. The
western continental shelf of India is adjacent to a strong OMZ
characterized by much lower oxygen concentration compared
with the Red Sea. In the study area, the oxygen concentration
recorded at 200 m water depth varies between c. 0.2 ml O2 l�1 in
the south and <0.05 ml O2 l�1 in the north. High abundance of
L. inflata in deep water implies that a very low oxygen concen-
tration (below c. 0.5 ml O2 l�1) in overlying waters does not
limit the occurrence of this species. It is a fact that this migratory
species adopts a variable depth habitat during its growth stages
(veligers, juveniles and adults). Adults of L. inflata migrate much
deeper in the water column and, therefore, are more susceptible
to the low oxygen concentration in the OMZ. It should be noted
that the majority of L. inflata specimens belong to the juvenile–
veliger stages (<1000 µm). These smaller forms appear to be
restricted in their vertical migration, preferring to live in the
upper part of the water column (Almogi-Labin et al., 1988) and
so may not be affected much by the intensified OMZ.

The data indicate low concentration of L. inflata in sediments
off the southwest coast of India (south of 9(N), whereas at the
same water depths in the northern region it occurs in high-
abundance. As L. inflata is tolerant to a wide range of salinity,
evident by its common occurrence in the eastern Mediterranean
and the northern Red Sea (39–40‰) and the south China Sea
(32.75‰), the difference in surface water salinities between
northern and southern regions probably cannot explain the
distribution pattern of this species. Other potential reasons for
this distribution might be: (1) a marked halocline in the southern
region may be a barrier for this migratory species; (2) an almost
uniform salinity profile in the northern region might be condu-
cive for the proliferation of L. inflata; and (3) poor preservation
may also have contributed to a low concentration of L. inflata in
the southern region as compared with the north where aragonite
shells are better preserved.

Limacina trochiformis (d’ Orbigny, 1836)
L. trochiformis is an epipelagic taxon associated with the mixed
layer in the water column (Bé & Gilmer 1977; Wormuth, 1981;
Almogi-Labin et al., 1988). The recorded temperature range of
L. trochiformis in the western North Atlantic is 13.8–27.9(C and
the salinity range is 35.5–36‰ (Chen & Bé, 1964). Rottman
(1978, 1980) recorded this species from the Gulf of Thailand and
the south China Sea at a minimum salinity of 30.72‰ and a
maximum temperature of 30.47(C. Therefore, the abundance of
this species in surficial sediments of the western continental shelf
of India is probably not controlled by the water salinity and
temperature conditions. The pattern distribution demonstrates a
positive correlation between bathymetry and its absolute abun-
dance across the shelf (Fig. 6). The relative abundance of L.

trochiformis in shallow sediments (<100 m water depths) is also
found to be dictated by the bathymetry (Fig. 7). Frequency
drops in deeper sediments after reaching a maximum at around
100 m depth (Fig. 7). A low relative abundance of this taxon in
outer shelf–upper slope regions is probably related to a drastic
increase in contribution of L. inflata to pteropod population in
deeper locations. Within the outer shelf south of 13(N, L.
trochiformis shows its maximum numerical abundance in sedi-
ments off Cochin (Table 2), where a weak coastal upwelling
occurs during the summer monsoon (Naidu et al., 1999). This
suggests that this species thrives in upwelling conditions, which
has also been noted by Bé & Gilmer (1977) and Sakthivel (1969).
A moderate increase in total abundance of pteropods is noticed
in these locally centred upwelling regions.

Creseis chierchiae (Boas, 1886)
C. chierchiae is an epipelagic species occurring commonly with
L. trochiformis in the mixed layer. However, C. chierchiae has a
wider range (a minimum salinity of 29.92‰ and a maximum
temperature of 31.35(C) and tends to inhabit shallower con-
ditions than L. trochiformis (Frontier, 1963; Rottman, 1980).
This study demonstrates a bathymetric control on the distri-
bution of C. chierchiae across the shelf–upper slope off the west
coast of India (Fig. 8). Its frequent occurrence is recorded from
water depths greater than 50 m, with a maximum abundance at
200 m. A close relationship between abundance of this species
and bathymetric conditions has been documented previously in
the southern part of the western Indian shelf (Singh et al., 1998).
It is intriguing to note that the numerical abundance of C.
chierchiae at deeper stations is much higher in the northern
region as compared with the southern part (Fig. 8). C. chierchiae
is known to proliferate in low (Rottman, 1980), as well as high
salinity (Almogi-Labin et al., 1991) shallow waters. Therefore, a
south–north difference in surface salinity alone cannot explain
satisfactorily its abundance pattern along the shelf. Instead,
more stratified waters associated with the steep vertical salinity
gradient could be a plausible cause for the low abundance of this
taxon in the southern region, while high abundances in the
northern part may be attributed to the less stratified water
column.

As C. chierchiae is one of the most dissolution susceptible
species, preservation in sediments will obviously have a sig-
nificant influence on its abundance pattern. The record reflects
best preservation of Creseis (chierchiae and acicula) in the
north with anoxic bottom conditions. On the contrary, shells of
Creseis are poorly preserved in the southern part where oxygen
concentration is high enough (between 0.1 ml O2 l�1 and 1.0 ml
O2 l�1) to cause dissolution of these delicate species. Therefore,
high fragmentation or even complete elimination of many shells
of this most delicate taxon due to dissolution might be another
important factor causing its low concentration in the southern
region.

Creseis acicula (Rang, 1828)
C. acicula is another epipelagic species occurring commonly
along with C. chierchiae in the mixed layer of the water column.
This taxon is an important contributor to the Creseis population
in the shelf sediments off the west coast of India. C. acicula
occurs in sediments from the shallowest regions of the inner
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shelf (around 30 m water depth). Previous studies on living
pteropods suggest that this species prefers the shallowest depth
habitat amongst all epipelagic pteropods (Wormelle, 1962;
Frontier, 1973; Rottman, 1980).

The pattern distribution of C. acicula along the shelf is almost
similar to that of C. chierchiae, with higher concentrations in
outer shelf–slope sediments of the northern part of the western
continental margin (Fig. 9). The numerical abundance of this
taxon in the southern offshore regions is found to be very low.
C. acicula occurs abundantly in the Persian Gulf, the Red Sea
and the Mediterranean Sea (Herman, 1971; Almogi-Labin &
Reiss, 1977; Reiss et al., 1980). Van der Spoel (1967) recorded
salinity and temperature ranges of this taxon as 35.5–36.7‰ and
10–27.9(C, respectively. Sakthivel (1969) and Rottman (1980)
found abundant occurrences of this species, together with C.
chierchiae, in low salinity waters of the Bay of Bengal and the
south China Sea, respectively. Thus, C. acicula has tolerance to
a wide range of salinity (30–55‰). Therefore, it is unlikely that
surface water salinity is responsible for such a large-scale
variation in abundance of C. acicula between the south and the
north along the western continental shelf of India. Instead, it
appears to be related to the conspicuous differences in water
column stratification linked with the vertical salinity gradient
between the south and north. Additionally, as observed in the
case of C. chierchiae, a varying degree of aragonite preservation
along the shelf might have also influenced the abundance
patterns of C. acicula. Thus, plausible reasons for the very high
concentration of C. acicula in the northern region are a better
preservation potential in sediments and less stratified over-
lying waters. Conversely, its low abundance in the southern
offshore region might also be attributed to the very poor shell
preservation and presence of more stratified waters in the
area.

Creseis virgula (Rang, 1828)
C. virgula is the least abundant epipelagic pteropod in surficial
sediments of the western continental shelf of India. The distri-
bution map of C. virgula includes two subspecies, C. virgula
virgula (Rang, 1828) and C. virgula (Rang, 1828) conica
Escholtz, 1829. The total abundance of the species is higher in
the shelf edge to upper slope locations (Fig. 10). This taxon is at
its rarest in sediments less than 100 m water depth. Its most
frequent to abundant occurrence has been reported from the
Mediterranean Sea (Almogi-Labin & Reiss, 1977), equatorial
Pacific (Fager & McGowan, 1963), the Somali coast, the Bay of
Bengal and the Gulf of Oman (Sakthivel, 1969). In these regions,
C. virgula commonly occurs with C. acicula and both the species
show an almost identical distribution pattern. In contrast to
other epipelagic pteropods (C. acicula, C. chierchiae and L.
trochiformis), the reason for its rare occurrence in the study area
is not clear, but may be associated with its adjustment to
ecological limitations in the mixed layer. C. virgula is known to
have preference for strong illumination (Stubbings, 1938), also a
wide range of variation in the temperature (7–31(C) and salinity
(34.95–36.68‰) between subspecies has been recorded by
Williams (1972) and Chen & Bé (1964). Rottman (1978, 1980)
recorded a maximum occurrence of C. virgula virgula and C.
virgula conica in less saline waters (30.72‰) of the south China
and Java seas within the depth range 51–100 m.

Earlier studies on pteropod assemblages in surficial sediments
from certain parts of the western continental shelf off India
suggested a bathymetric control on relative abundance of
Creseis spp. (Herman & Rosenberg, 1969; Singh et al., 1998). An
attempt is made here to record the relationship between bathy-
metry and variation in relative abundance of Creseis spp.
in pteropod populations across the entire western Indian shelf
(Fig. 11). To attain more meaningful results, only two more
common shallow-water dweller Creseis species (acicula and
chierchiae) were considered, omitting C. virgula, which is more
characteristic of the open sea, commonly occurring in sediments
deeper than 100 m. The data reveal a converse relationship
between bathymetry and percent frequency variations across the
shelf (Fig. 11). However, the range of variation in relative
abundance of Creseis spp. across the shelf is different from south
to north, which might be related to varying hydrographic
conditions and the preservation state of aragonite in shelf
sediments along the west coast of India.

Clio convexa (Boas, 1886)
C. convexa is a mesopelagic, migratory species and it is very rare
in the inner shelf sediments, but exhibits a high abundance in
deeper regions greater than 100 m water depth (Fig. 12). The
near absence of C. convexa in shallow locations may be related
to its depth habitat, whilst the high relative abundance of C.
convexa (c. 14%) is recorded at 100 m and 200 m depths in
southern offshore region, but it becomes very low in outer
shelf–slope sediments of the northernmost part of the west
coast (Table 2). This species is reported to live in Red Sea waters
with a salinity range of 38.5–40.5‰ (Hemleben et al., 1996;
Almogi-Labin et al., 1998). C. convexa also occurs abundantly
in the south China Sea at a minimum salinity of 32.7‰
(Rottman, 1980). The available data on the salinity range of C.
convexa suggest that the surface salinity of offshore waters,
which varies between 33‰ and 36‰ in the study area, cannot
explain the distribution pattern of this species. Almogi-Labin
et al. (1991) observed a close relationship between abundance of
the mesopelagic (migratory) pteropods and oxygen-depleted
environment associated with the OMZ in the Red Sea. Accord-
ing to Weikert (1982, 1987) C. convexa migrates deeper down to
the OMZ. This species disappears from the Red Sea when the
OMZ becomes more intensified and more extended vertically
(Almogi-Labin et al., 1998). In the study area, a pronounced
OMZ develops below 100 m, where the oxygen content de-
creases rapidly. The subsurface oxygen concentration within the
OMZ is lowest in the north and highest in the south (Table 1).
Therefore, variation in the strength of the OMZ might be a
factor controlling the abundance pattern of this species. In the
northern offshore region, where the OMZ is more enhanced,
C. convexa occurs in low numbers. Its abundance increases in
the relatively weaker OMZ of the southern offshore region. It is
worth recording the effect of intensified OMZ on the occurrence
of another mesopelagic (migratory) species, Styliola subula. This
species is characteristically absent in the investigation area,
except for a single record of a single specimen from the south off

Cape Comorin. A near-total absence of S. subula in the ptero-
pod population might be related to the unique subsurface OMZ
prevailing in the area, as suggested by Sakthivel (1973b).
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Diacria quadridentata (de Blainville, 1821) and Cavolinia
longirostris (de Blainville, 1821)
D. quadridentata occurs infrequently in the shelf sediments off

the west coast of India. This species is known to be more
stenothermic than other Diacria species (Bé & Gilmer, 1977).
With respect to depth habitat, this species was reported to
occupy both shallow and deep waters. According to Stubbings
(1938), D. quadridentata exhibits diurnal vertical migration, with
a mean night level at 700 m in the Arabian Sea. However,
Wormelle (1962) recorded this species from shallower depths
in the North Atlantic. Rottman (1978, 1980) considered this
species as less indicative of oceanic conditions than the typical
mesopelagic pteropods, such as Limacina inflata, Clio convexa
and Styliola subula.

In the study area, D. quadridentata is conspicuously absent in
the sediments of the southernmost offshore region, lying below
low salinity waters (Fig. 13), and shows a maximum concen-
tration at 200 m. Only a few individuals (<3 specimens g�1) of
this species are recovered from 30 m to 100 m water depths
between 9(N and 12(N, while in the northern part the number
is slightly higher (Table 2). According to Williams (1972) the
temperature and salinity ranges of D. quadridentata are 19.0(C
to 25.5(C and 35.7‰ to 36.25‰, respectively. The surface
salinity at which this species was found in the Gulf of Thailand
was always greater than 32‰ and it was absent in the shallow,
low salinity regions (Rottman, 1980). Rottman (1978) also
recorded a positive correlation between abundance of D.
quadridentata and salinity, which suggests that this species is less
tolerant to low salinity environments. In the southern offshore
region of the study area, the surface salinity drops to c. 32‰
(Wyrtki, 1971) during the NE monsoon season due to inflow of
the low salinity waters from the Bay of Bengal. Therefore, the
presence of low salinity waters may be a plausible cause for a
total absence of this species in the sediments off Cape Comorin
and Trivandrum.

The distribution pattern of Cavolinia longirostris in sediments
off the west coast of India is almost similar to that of D.
quadridentata (Fig. 14). A common occurrence of C. longirostris
in the tropical Indian Ocean was reported previously by
Sakthivel (1969). Van der Spoel (1967) observed a temperature
range of 17.4–27.8(C and a salinity range of 36.2–36.83‰ for
this species. Salinity could be a factor controlling the abundance
pattern of C. longirostris in the investigation area. Moreover,
low surface water salinity conditions alone cannot be invoked as
a reason for the total absence of this species from the southern-
most part of the western continental shelf of India; for example,
this species has been reported from the low salinity waters of the
Bay of Bengal (Sakthivel, 1969) and the Gulf of Thailand
(Rottman, 1978).

CONCLUSIONS
Pteropod assemblages of 50 surficial sediment samples covering
the entire shelf were analysed both qualitatively and quantita-
tively and the distribution of eight significant species was
mapped. The assemblages are characterized by low diversity and
composed of both epipelagic and mesopelagic forms. Most of
the species encountered are known to have a wide range of
salinity tolerance. The preservation state of pteropod shells is
found to be better in the north compared with the south. In the

southern region, dissolution causes substantial damage, or even
elimination of many shells of susceptible species.

The faunal pattern shows that the absolute abundance of
pteropods in surficial sediments increases across the shelf with
bathymetry and along the shelf the abundance is much higher in
the north than compared with the south. Of the mesopelagic
(migratory) pteropods, Limacina inflata is the most abundant
taxon. There is good bathymetric control on its relative and
absolute abundances between 50 m and 100 m depths. The
north–south variation in the vertical salinity gradient also
appears to have significant influence on the abundance pattern
of L. inflata. Clio convexa is another important mesopelagic
(migratory) species, showing its maximum occurrence in deeper
regions greater than 100 m water depth. Its relative abundance is
found to be higher in the southernmost offshore region where
the OMZ is relatively weaker than the northern part. Diacria
quadridentata and Cavolinia longirostris are not so frequent in
shelf sediments. L. trochiformis is the most abundant epipelagic
species in shelf sediments and there is a positive correlation
between the bathymetry and its numerical abundance across the
shelf. A moderate increase in its abundance in areas of coastal
upwelling suggests a preference for upwelling conditions. Other
epipelagic species, C. chierchiae and C. acicula, are the main
contributors to the Creseis population. This study demonstrates
a significant negative rank correlation between their relative
abundances and water depths. Their high abundances in the
north are probably attributed to the presence of less stratified
waters and better shell preservation, whilst a low abundance of
these species in the south may be related to the more stratified
water column and poor preservation condition. Overall, this
study reveals that the distribution patterns of pteropods in shelf
sediments off the west coast of India are governed by a combi-
nation of factors mainly related to bathymetry, hydrography
and aragonite preservation condition.
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