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Abstract

The present study describes some aspects of the distribution and biology of Tibia delicatula (Nevill), a gastropod belonging
to the family Strombidae. This species has been found in large numbers in the upper oxygen minimum zone (OMZ) of the
Oman margin, and has also been collected from the OMZ of the Pakistan margin. The highest abundance of adult specimens in
the Oman OMZ was found between 300 and 450 m. Numbers dropped rapidly below 450 m, to zero below 500 m depth.
Similarly dense populations were not observed in the Pakistan OMZ. Multiple regression with oxygen concentration and depth
indicates that depth (and its related variables) is the main factor explaining the variation in abundance of 7. delicatula. The
populations from the Oman and Pakistan OMZs were dominated by juveniles. This suggests a unimodal size structure with
evidence of a marked recruitment event. Basic reproductive aspects were analysed. All specimens had a penis and sperm
groove. The gonad wall consisted of reticular tissue that might be used for nutrient storage or as an irrigation system. Only
vitellogenic oocytes were present. The large oocyte sizes observed (200-300 um) suggest a lecithotrophic larval development.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Tibia delicatula (Nevill, 1881) is a gastropod spe-

. ) L cies that belongs to the family Strombidae. The shell
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Fig. 1. Tibia delicatula. (top) External shell morphology of an adult
specimen showing denticles on the outer lip, and (bottom) a juvenile
specimen with a thin outer lip lacking the denticles.

has been reported previously throughout the northern
Indian Ocean at depths ranging from ~180 to 320 m
(e.g. Woodmason and Alcock, 1891; Melvill and
Standen, 1905; Subba Rao, 1977), the basic aspects
of its ecology and biology are unknown. Recent stud-
ies in this area have either not reported the presence of
this species (Levin et al., 2000), or have found very
few individuals at shallower locations (150 m) (Oli-
ver, 2001).

Oliver (2001) indicated the unusual presence of
this species at 150 m in the oxygen minimum zone
(OMZ) of the Oman Margin in the Arabian Sea.
OMZs are characterised by oxygen concentrations
below 0.5 ml 1™' and usually occur from near the
surface to 1500 m depth. OMZs are formed in areas
where there is a high primary productivity in the
surface layers and poor water circulation (Rogers,
2000; Levin, 2003). In such areas, the biological
degradation of sinking organic matter results in oxy-
gen depletion. Such areas of oxygen minima develop
in the eastern Pacific, NW Pacific margin, Philip-
pines area, Bay of Bengal, Arabian Sea and SW
Africa beneath the Benguela current (Rogers, 2000;
Levin, 2003). In the northern Arabian Sea, there is a
persistent OMZ between 50 and 1000 m (Pfannkuche
and Lochte, 2000). This OMZ extends from the
Oman margin to southern India (Levin et al., 2000)
and has been considered to play an important role in
the global carbon and biogeochemical fluxes (Owens
et al., 1991; Gage et al., 2000).

The north Arabian Sea OMZ impinges on the
continental margin, resulting in benthic areas of
very low oxygen concentrations. The ecosystems
that develop on these OMZs are subjected to strong
vertical gradients in physical and biological para-
meters, but are still poorly understood. However,
they play an important role in global biogeochemical
fluxes through coupling of the deep-sea benthos with
the upper ocean (Gage et al., 2000; Levin et al.,
2000), as well as in the generation of deep-sea bio-
diversity, speciation and gene flow (Rogers, 2000). In
general, species diversity, richness and evenness in
the macrobenthic communities are lower within the
OMZ than beneath it, while dominance is higher in
the OMZ (Levin et al., 2000). Annelids account for
90% or more of macrofauna in muddy OMZ sedi-
ments, whereas echinoderms, crustaceans and mol-
luscs are less abundant (Levin, 2003).

The deep Arabian Sea has been the focus of a
number of programmes that investigated several
aspects of the biogeochemical, geophysical and bio-
logical processes and interactions in the area, from the
upper ocean to the abyssal benthos. These studies
have mainly concentrated in the Oman margin
(Gage et al., 2000; Pfannkuche and Lochte, 2000;
Jacobs, 2003) and the Pakistan margin (Cowie et al.,
1999; Bett, 2004a,b; Cowie, 2004a,b). The present
study describes some aspects of the distribution and
biology of the gastropod 7. delicatula collected in the
OMZ of the Oman and Pakistan margins.

2. Material and methods

The samples and photographic data analysed in this
paper were collected during a series of cruises to the
Oman and Pakistan margins. The Oman margin was
surveyed during November — December 2002 as part of
the Scheherezade II project (Jacobs, 2003). The Paki-
stan margin was surveyed between March and October
2003 during four cruises as part of a large research
programme focusing on the benthic biogeochemistry
of the margin (Bett, 2004a,b; Cowie, 2004a,b).

Tibia delicatula was collected with an Agassiz
trawl within the OMZ of the Oman margin (400—
500 m depth) and the Pakistan margin (132—-134 m
depth) (Table 1). Samples were fixed in 5% borax-
buffered formaldehyde in seawater and stored in 80%
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Table 1

Cruise and station data for samples of 7Tibia delicatula collected with Agassiz trawls in the Oman and Pakistan margins

Cruise Station Date Latitude (start-end) Longitude (start-end) Depth Tibia delicatula sampled
CD143 55760#1 03/11/2002 23° 2347 N 58”5940 E 400-500 m Large catch

Oman 23°23.86 N 5875927 E

CD150 56075#1 12/09/2003 23°17.10 N 66° 4398 E 133-134 m 1 adult and 1 young (dead)
Pakistan 23° 1691 N 66° 4322 E

CD151 56101#25 23/09/2003 23° 1632 N 66° 4437 E 133-134 m 16 juveniles (4 dead)
Pakistan

methylated spirit. Trawling was complemented with 3. Results

video footage obtained during SHRIMP (Seafloor
High Resolution Imaging Platform) deployments in
the Oman margin and WASP (Wide Angle Survey
Photography) deployments in the Pakistan margin.

Population structure diagrams were constructed for
samples collected with the Agassiz trawl. For each
specimen, the body length (from apex to aperture) and
body width (maximum width) were measured to the
nearest 0.01 mm. Body length data was grouped in 13
mm size classes (following criteria from Sokal and
Rohlf, 1995) and the size distribution for each popu-
lation (Oman and Pakistan) was plotted.

SHRIMP images were analysed to calculate the
abundance of both live and dead specimens of 7. deli-
catula in the Oman margin. During the SHRIMP de-
ployment, a photographic image was taken every 12 s,
starting at 300 m depth and finishing at 530 m. A
second SHRIMP deployment was conducted down to
880 m depth. The number of live and dead 7. delicatula
was recorded from each image (7 m?), and the abun-
dance calculated as number of specimens per 10 m?.
The abundance data obtained from the SHRIMP run
were grouped every 50 frames, equivalent to 6 m depth
increments and analysed in relation to oxygen concen-
tration (mean values from CTD data grouped into 6 m
classes) and depth. Forward stepwise regression anal-
ysis was performed to test the variation of this species
abundance with oxygen concentration and depth. Ox-
ygen concentration and depth data were log;o (x+1)-
transformed to meet requirements for parametric tests
(homogeneity of variances, normal distribution). F-to-
enter was set at 0.10, and F'-to-remove was set at 0.00.

For reproductive studies, specimens were pro-
cessed for histology. Sections were cut at 7 pm and
stained with haematoxylin and eosin. Gonads were
analysed by image analysis using the Rainbow Run-
ner and SigmaScan Pro 4 software.

3.1. Distribution and population structure

The SHRIMP survey conducted off the coast of
Muscat (Oman margin) in 2002 indicated large
numbers of the gastropod Tibia delicatula between
300 and 450 m of depth. The distribution of 7.
delicatula was very patchy, with specimens present
between 300 and 500 m depth. The mean abundance
of adult specimens between 300 and 450 m depth
was 3.3+0.3 individuals per 10 m’. From 450 to
500 m depth, abundances dropped to almost zero,
and below 500 m T delicatula disappeared. The
distribution of dead specimens followed a similar
patchy pattern, with an important accumulation of
dead adults between 410 and 420 m. However, note
that the results obtained from the SHRIMP survey
underestimated the abundances of 7. delicatula, since
only adult individuals could be identified on the
images.

The regression analysis showed that depth and
oxygen explained 77.5% of variance in abundance
of T delicatula adults (*=0.774; F,0=135.52;
P<0.001). Depth explained most of the variance
(*=0.67; t(79)=—7.38; P<0.001), whereas oxygen
concentration only explained 10.5% (1*=0.104;
t(79)=6.04; P<0.001). Abundance was negatively
correlated with depth, but positively with oxygen
concentration (Fig. 2A, B). Number of individuals
decreased with increasing depth with peaks of abun-
dance at 318 and 390 m (Fig. 2A). Although the
relationship between oxygen concentration and num-
ber of individuals was not strong, oxygen concentra-
tions higher than 0.19 ml 1! led to increasing
abundance with peaks at ~0.22 ml 1! O, (Fig. 2B).

The Agassiz deployment between 400 and 500 m
depth (O, levels ranging from 0.20 ml 1~ ' at 400 m to
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Fig. 2. Mean abundance (£ SD) of adult 7ibia delicatula from the
Oman OMZ. (A) Variation with depth. (B) variation with oxygen
concentration.

0.15 ml 1" at 500 m) targeted the population of
abundant gastropods observed on SHRIMP footage.
In the catch, most large specimens were empty shells,
while the live animals were of a smaller size. A total
of 1043 live individuals (~1.15 ind m~?) collected
with the Agassiz trawl in the Oman margin were
counted and measured. Body length varied between
10 and 73 mm. The size distribution of the population
was unimodal, with most of the specimens (67%) in
the 10-23 mm size class. These small specimens had
no denticles in their outer lip and their shells were
thin, which defines them as juveniles (Woodmason

and Alcock, 1891). The high proportion of juveniles
indicates a marked recruitment of juveniles (Fig. 3).

In the Pakistan margin, the WASP video footage
did not show evidence of populations of 7. delicatula
(B. Bett, pers. comm., 2004) and only 18 specimens
were collected with the Agassiz trawl at ~134 m
(0,=0.11 ml 17", including 1 recently dead adult
(according to the shell), 12 live juveniles and 5 re-
cently dead juveniles (Table 1). Although this sample
was too small for population structure analysis, the
general trend was similar to that found in the Oman
sample, with 17 small specimens (10-23 mm) out of
18 (Fig. 3).

3.2. Reproductive patterns

All specimens analysed had a penis and sperm
groove. Microscopic studies showed that none of the
specimens in the small size classes (size <49 mm) had
mature gonads. Of the 7 large specimens (62—75 mm)
available, only 3 had developed ovaries and no testes
were found in any of the animals studied, allowing
only for a preliminary description of the oogenesis
and egg size.

The ovary wall consists of reticular tissue that
might be used for nutrients storage or as an irriga-
tion system adapted to low environmental oxygen
conditions. In the three females with mature gonads,

100
= Oman, n=1043
80 - —= Pakistan, n=18

60
40
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Fig. 3. Population structure (calculated from Agassiz trawl catches)
of Tibia delicatula from the Oman OMZ at ~500 m depth (black
bars) and the Pakistan OMZ at ~134 m depth (grey bars). n, number
of specimens measured.
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Fig. 4. Light histology of apical body end of 7ibia delicatula from the Oman OMZ. (A, B) Mature female with developed ovary. (C, D)
Specimen with no gonad development; dg, digestive gland; gw, gonad wall; rt, reticular tissue; vo, vitellogenic oocytes.

only vitellogenic oocytes were present (Fig. 4). In
one of the females, 82% of the oocytes measured
between 150-250 pum (Fig. 5A). In the other two
females, over 90% of the oocytes measured between
50-150 pm (Fig. 5B, C). The maximum oocyte
sizes were 296 pum, 182.0 um and 169.2 pum for
each female.
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4. Discussion
4.1. Distribution and population structure
The high abundance of Tibia delicatula observed

and sampled in a region of low oxygen in the Oman
margin was quite surprising. Molluscs are, in general,

o
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Fig. 5. Oocyte-size distribution of three mature females of Zibia delicatula from the Oman OMZ.
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less sensitive than other invertebrates to low oxygen
concentrations (Gray et al., 2002), but they are
thought to be rare in low-oxygen environments be-
cause the associated low pH affects shell maintenance
(Levin et al., 2000). Nevertheless, this species pre-
sented some features that can be interpreted as adapta-
tions to low oxygen environments. For example, T
delicatula had a very bright pink colour that suggests
the presence of haemoglobin with high affinity for
oxygen. Morphological aspects such as presence of
large gills (no endosymbionts were found in TEM
microphotographs) or large body size could be related
to a higher efficiency of oxygen uptake (Levin, 2003).
For example, several polychaete species show increas-
ing body size with decreasing oxygen within oxygen
minimum zones. Also nematode body size can be
exceptionally large within OMZs. However, it is un-
clear whether this trend is related to oxygen or to food
availability, which varies inversely with oxygen
(Levin, 2003). Moreover, the denticles on the outer
lip could be interpreted as an effective adaptation to
cope with sloppy OMZ mud (see Levin, 2003).

The bathymetric range of 7. delicatula is difficult
to assess, since specimens previously recorded came
from shallower depths than the specimens observed in
this study. In the present study, individuals collected
or observed with photographic gear ranged from 132
to 474 m. In the Oman margin, T delicatula was
found at depths where oxygen concentrations ranged
from ~0.16 ml 17! to 0.26 ml 17!, whereas in the
Pakistan margin, where populations were scarce, 0x-
ygen concentration was only ~0.11 ml I~ '. The mul-
tiple regression of abundance with depth and oxygen
concentration indicated that the main factor explaining
variation of adult abundance was depth. Therefore, we
suggest that while 7. delicatula seems to be well
adapted to the low oxygen levels found in the upper
OMZ, the lower limit to its distribution is dependent
on depth. Moreover, its distribution within the OMZ
might be conditioned, to a certain degree, by oxygen
levels, with higher abundances in areas with oxygen
concentration greater than 0.16 ml 1~

The spatial and temporal fluctuations of the OMZ
(Creasey et al., 2000; Rogers, 2000) could result in
variations in the population boundaries for 7. delica-
tula in relation with changes in oxygen concentrations
in the environment. Although oxygen-stressed com-
munities seem to lack the structural heterogeneity of

oxygenated systems (Levin, 2003), variability in the
vertical distribution of sediment biochemical proper-
ties can affect macrofaunal distributions within
OMZs. Thus, the heterogeneity observed in the dis-
tribution of 7. delicatula within the OMZ might be
modulated by trophic processes as well as sulphide
and oxygen concentrations (see Levin, 2003). If the
OMZ fluctuates spatially and temporally, the popula-
tions of 7. delicatula that are normally found where
oxygen levels are greater than approximately 0.16 mg
ml~" might experience periods of more severe hyp-
oxia (e.g. populations in the Pakistan margin), result-
ing in local extinctions. The potential local extinction
of a population caused by variations in the severity
and depth of the OMZ has been suggested also for the
galatheid crab Munidopsis scobina from the Oman
OMZ at 900 m and 1000 m depth (Creasey et al.,
2000).

Inter-annual variability in the strength of climatic
events such as seasonal monsoons in the Arabian Sea
(Barber et al., 2001; Reichart et al., 2002) might also
play an important role in shaping the intensity of
effects from year to year (Levin, 2003). For example,
a previous cruise to the Oman area in October —
November 1994 did not report high abundances of
T. delicatula (Oliver, 2001). Also, there is evidence
that inter-annual variability in the quantity and quality
of organic matter supply can lead to longer-term and
persistent changes in seafloor communities (Billett et
al., 2001), affecting all aspects of community structure
such as abundance, biomass and taxon composition.

The population structure of 7. delicatula from
Oman and Pakistan showed significant patterns,
with juveniles dominating each population. Species
inhabiting OMZ areas have been reported to exhibit
population segregation (Creasey et al., 1997). For
example, in populations of the spider crab Encepha-
loides armstrongi from the Arabian Sea the juveniles
develop above the OMZ, while the adults are found
within the area of oxygen minimum (Creasey et al.,
1997). Moreover, this species shows sex-specific dis-
persal behaviour and it seems that the adults may need
to move out of the OMZ for reproduction. Diverse
species show vertical and/or ontogenetic migrations
(Levin, 2003) inhabiting different oxygen zones dur-
ing different developmental stages. For example,
Orchomene obtusus, a scavenging amphipod,
migrates into the anoxic zone to avoid predators and
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exploit abundant food, while some species of crabs
move out of the oxygen-minimum zone for reproduc-
tion (Rogers, 2000). Although the results from this
study have to be interpreted with caution, the popu-
lation structure of 7. delicatula observed could re-
spond to several factors such as seasonality in
reproduction, periodic recruitment events (e.g. Nils-
son and Skold, 1996; Phil et al., 1991), population
segregation (Creasey et al., 1997, 2000; Rogers, 2000)
and/or reflect variations in food supply and interspe-
cific competition with depth (Creasey et al., 2000;
Rogers, 2000).

4.2. Reproductive patterns

In the three females available, the oocytes were all
at the same stage of development and there were no
previtellogenic oocytes, suggesting that a single co-
hort of oocytes grows, matures and is spawned at any
single time. But because of the small sample size,
these results are only preliminary and do not allow
further interpretation.

The large oocyte sizes observed (200-300 pm)
suggest a lecithotrophic larval development. Leci-
thotrophy is the dominant larval type exhibited by
deep-sea invertebrates (Young, 2003) and is often
associated with adaptations to stable, low-energy
environments such as the deep sea or polar waters
(Sanders, 1979; Clarke and Gorny, 1992; Eckelbarger
and Walting, 1995; Ramirez-Llodra, 2002; Young,
2003). Although lecithotrophic development is com-
monly found in deep-sea molluscs (Scheltema, 1994),
there is evidence now that planktotrophy might be the
predominant larval development within deep-sea gas-
tropods, in particular in species-rich families such as
Turridae and Epitoniidae (see for review Colman et
al., 1986; Rex and Warén, 1982; Scheltema, 1994;
Bouchet and Warén, 1994). Bouchet and Warén
(1994) reviewed the larval types and dispersal poten-
tial of deep-sea gastropods, concluding that mode of
development in deep-sea snails reflects phylogeneti-
cally constraints.

The lack of males in the samples analysed is
interesting. Warén and Bouchet (1990) studied the
reproduction of laubierinid gastropods based on only
six mature adults collected at abyssal depths from the
Atlantic and Indian oceans. All six adults were fe-
male, but a recently settled larva that exhibited mature

testes and a male reproductive system was also found.
These authors suggested that the Laubierinidae might
be protandrous hermaphrodites with neotenic males
reaching sexual maturity just before metamorphosis.
T. delicatula could also be a protandric hermaphro-
dite, where the male stage develops in very early
phases. Alternatively, the population could exhibit
differential reproductive migration. This behavioural
segregation has been observed in the spider crab
Encephaloides armstrongi from the OMZ in the
Oman margin (see above, Creasey et al., 1997) and
in the hydrothermal vent crab Bythograea thermydron
(Perovich et al., 2003). In the case of Tibia delicatula,
however, results have to be interpreted with caution
until further samples are available.
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