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Abstract

Spawning of the deep-sea vesicomyid clam Calyptogena soyoae was shown to be ia:.ona by
short-term changes in water temperature. It was induced in situ by artificially increasing :.5
ambient water temperature using the submersible Shinkai 2000 off E»GcmEEw. Island in
Sagami Bay, Japan. Furthermore, we recorded in situ spawning events associated with natural
changes in temperature at a deep-sea observatory on 11 occasions over a boao.a of 1.5 v.n»nm.wn
the same site. The potential benefit of thermal regulation of reproduction in an otherwise
aperiodic, dark, and unstable environment suggests that this strategy may vn.noEEon for
reproduction, particularly near chemosynthetic communities. © 1998 Elsevier Science Ltd: All

rights reserved.

1. Introduction

Fertilization is critical for successful reproduction (Giese and Kanatani, 1987,
Himmelman, 1981), and many marine organisms have evolved strategies to maximize
this important step. For most broadcast spawners, fertilization occurs in the water
column after gametes are released by both sexes, and the rate of fertilization (percent-
age fertilized) is enhanced by the synchronization of spawning (Ghiselin, Gmd.
Environmental factors, including bright sunlight, lunar period, phytoplankton, rain
storms, sunrise, sunset, temperature change, and wave action, are known to be
environmental cues for spawning of shallow-water animals (Galtsoff, 1932; Ghiselin,
1987; Giese and Kanatani, 1987; Loosanoff, 1937; Loosanoff and Davis, 1963; Young
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and Eckelbarger, 1994). In deep-sea habitats, environmental cues are less available,
and little information on spawning or the related effects of environmental cues exists °

(Young and Eckelbarger, 1994), Moreover, very few deep-sea animals have been
observed to spawn in situ, There are notable exceptions, such as the observation of
spawning behavior in the hydrothermal vent tubeworm, Riftia pach yptila, on the East
Pacific Rise (Van Dover, 1994).

Calyptogena soyoae is a conspicuous species at cold seeps in Sagami Bay, Japan,
forming aggregations of dozens to thousands of individuals (Hashimoto e al., 1989;
Okutani and Egawa, 1985). Like other vesicomyid clams, C. soyoae is thought to rely
on endosymbiotic oroBomEo:owEo bacteria for nutrition (Cavanaugh, 1983; Endow
and Ohta, 1990; Vetter, 1985). Such symbiosis likely decreases biological linkages to
seasonal sinking fluxes of organic debris, thereby decreasing further the number of
potential cues to reproduce. C. soyoae is a diecious, broadcast spawner with plank-
tonic larval stages.

The spawning behavior of C, Soyoae was observed in situ on 11 days between De-
cember 1993 and June 1995 (Momma et al,, 1995). Among all factors measured at the
benthic observatory, spawning activity was significantly correlated with water tem-
perature only. Spawning events were not related to seasonal or lunar periods, as has
been reported for other marine invertebrates (Young and Eckelbarger, 1994). The
initiation of each spawning event followed an increase in water temperature of greater

than 0.1°C in the preceding hour. Spawning did not, however, occur after each
temperature increase. Gametes {sperm and eggs) were easily distinguished on video
images from the observatory. Males spawned first during each event, and females
often spawned 10 min later.
In order to test the hypothesis that temperature increase would stimulate spawning,
an in situ heating experiment was performed on a vesicomyid clam bed.

2. Materials and methods

2.1. Animal collection

All the clams used for electron microscopic observations in this study were collected
in 1991 and 1996 during dives of the submersibie Shinkai 2000 from seep sites off

Hatsushima Island in Sagami Bay, Japan. Upon recovery, the clams were transferred. .
immediately to fresh, chilled {about 4°C) seawater.

2.2. Environmental datq set on natural spawning

During natura} spawning, observations, including video recordings of clam aggreg-
ations, pressure (i.e. tidal height), current speed and direction, water temperature and
salinity, underground thermal profiles and heat flux, and seismographic information,
were made using a deep-sea observatory at a depth of 1,174 m off Hatsushima Island
in Sagami Bay between December 1993 and June 1995 (Momma er al., 1994 and 1995).
Records on natural spawning and water temperature are shown in Table 1 and Fig. L.
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Fig. 1. Water temperature changes during natural spawning off Hatsushima Island in Sagami Bay. These
measurements were made at a long-term observatory off Hatsushima Island. Open squares and circles
represent male and female spawning, respectively.

2.4. Treatment for SEM observations

The particles present in the water collected from the heating device were prefixed in
2% formalin for 1 month at room temperature. After rinsing twice with the seawater,
post-fixation was carried out for 30 min with 1% OsO, in 0.1 M phosphate buffer
(pH 7.4) and 0.5 M NaCl at 0°C. After centrifugation, the precipitates were dehy-
drated, freeze-dried in 2-methyl-2-propanol, coated with platinum-paliadium and
observed using a HITACHT S-4100 scanning electron microscope.
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Fig. 2. Schematic diagram of the heating chamber for the in situ heating oxvanmwﬂ_“ w.“. MMN“MN&MM

maﬁ The heating chamber was composed of a polycarbonate dome that was " et i o
%wn_)ﬁﬁau halogen light (DEEPSEA POWER & LIGHT, SL-120/250) for heating, a han v_:_uu hat was
“_Mav:_up& by the mechanical arm of the submersible to collect heated Sviw.nw.nvul w%%.ﬁn“wru. ene bag
collection of seawater and a thermometer (RIGOSHA RMT, temperature range: .

2.5. Treatment for TEM observations

Small pieces of testes were prefixed with 2.5% glutaraldehyde in the v:n,o_.o”a M_&:M
(1% K,Cr,0,~KOH buffer (pH 7.4) containing o.mw.& NaCl) for w h at room %aavOnE
ature. After rinsing three times with the buffered mm_z.ﬁ post fixation Mcﬂm Mwn ed oul
for 1 h with 1% OsO, in the buffered saline at 0°C. Tissues were then dehy: ra cdand
embedded in Spurr resin. Ultra-thin sections of :.5 specimens som" MAWMHM.M 3w
uranyl acetate and lead citrate, and were observed using a HITACHI H- T:

sion electron microscope.

3. Resuits

Spawning commenced S min after heat was applied (Fig. 3) and SBmmwm:“-n”Mu%.
risen from 2.8 to 5°C. At least 5 individuals spawned AmoBo. nn_uomﬁn&&.. i:c ato ol
19 spawning events occurring during 70 min of observation. Spawning =< Mu ar
vidual continued for about 1 min forming a cloud of mmvwnmusw neutrally buoy: .
gametes. As in the natural spawning events, wnBEm. spawning followed Em_o mﬂwcwz_aw
In addition to spawning within the dome, mvwés_.:m.aoiu stream ocnm_wm nmwo_.w me
was also observed (within 50 cm of the device), within the flow of heated w

gametes.
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Fig. 3. Experi .
vsw:ﬁ& mev%mnumﬂi*ﬂw“ﬂ mperature change using the heating device deployed by the submersible
139°13.69°E, 1175 m de ~=va20<n5vn_, 25, _www off Hatsushima Island in Sagami Bay (34°59.99'N
The period wﬁtooc E.nwi_.,nm Aw_mg Mmﬁ_:ow and circles represent male and female spawning, Rmvoomﬁ_vu

in ine ti .
collection. icates the heating time. The shaded arca denotes the time of seawater

erMWMHH from the dome was coliected to verify the presence of gametes using a
b oo p ovon.znn by the Shinkai’s mechanical arm and a polyethylene collection
ag ater mwmin_aw of mmsﬁz males. Many spermatozoa were observed in the
M.Nn mm_ ammwmm rom Ew water using wmg (Fig. 4a). They were approximately of the same
:mnmau.mmmonvn_mﬂ” © Spermatozoa in the testes of C. soyoae seen under SEM and
electron microscopy (TE i i
observed in the srouitm py (TEM) observations (Fig. 4b, c). No ova were
rQMWMWMmMMM MQM{MRM was Emo collected as a control using the same device without
. inkai dive # 834 (30 November 1995)
: hin and treated as above. Collec-
~MM0«MM Mmﬂn within a bed of clams close to the site where the heating oxvnlagﬂ %Mm
p ©d. No gametes were observed under SEM in the control water

4. Discussion

S . L ..
o HNMH..N:”MM—W of spawning .cn:wsg Is a critical process to the reproductive success
y erwater organisms. Most of the cues used by shallow-water animals for
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Fig. 4 Spermatozoa of C. soyoae. (A), (B) Scanning electron micrographs: (A) Spermatozoan collected from
heated seawater; (B) Spermatozoan collected from clam testis. (C) Transmission electron micrograph

showing the spermatozoa in the testis of a clam. Scale bar, 1.5 um.

synchronizing spawning are not available to organisms living in continuously dark
and relatively stable habitats of the dcep sea (Young and Eckelbarger, 1994). Temper-
ature change, which stimulated spawning in this clam, was one of the few possibilities
for an environmental cue in the deep sea, and is also a known cue of shallow-water
bivalves (Galtsoff, 1932; Loosanoff, 1937). The cause of natural temperature increase
associated with spawning is not clear. Heat flow related to fluid seepage was cxcluded,
because the underground temperature did not change during natural spawning events.

The presence of gametes in the water column may act as a secondary cue for
spawning. Females released eggs only after males had begun spawning, which may
increase their reproductive success by maximizing release of energetically expensive
eges during periods when fertilization is more likely. Male spawning may also be
induced by the presence of gametes. A similar behavior has been recorded in some
species of shallow-water bivalves {Loosanoff and Davis, 1963). There is a possibility
that both sexes respond to temperature increase and that the male reaction is faster
than that of the female.

The influence of light on spawning cannot be excluded completely, becausc all
observations were made under lighted conditions. However, the possibility that light
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1s the immediate spawning cue can be excluded, because spawning was observed only
aoism‘:.nma from the chamber and not in well-lit locations upstream. Furthermore,
Spawning never occurred during unheated observatory experiments. Finally, since
m:s__mE does not penetrate to 1200 m depth, light cannot be an effective natural
spawning cue.

The possibility that the spawning cue is chemical cannot be excluded completely.
However, rates of chemical flow in seeps are thought to affect the underground
temperature (Nakanishi et al,, 1995), and there was no change of the underground
Hnavﬂmgnn around the natural spawning events.

Continuous spawning (i.e. no seasonal peak) by C. soyoae was consistent with the
HmK observations of their mature gonads. Gonad maturity was similar between
specmmens collected in August and November 1991, and July and September 1996
Gwa. not shown), which was also similar to that of other vesicomyid clam species
Srmvm:.nm the Japanese subduction zones and in East Pacific (Berg, 1985; Fiala-
Medioni and Le Pennec, 1989). The clams require much energy to keep mature
gametes throughout the year. Continuous spawning might be a reproductive strategy
of invertebrates from deep-sea chemosynthetic communities, because the activities of
the vent and seep systems are thought to be unstable and relatively short-lived (Fiala-
Medioni and Le Pennec, 1989; Tunnicliffe, 1991).

Hrn. apparent neutral buoyancy of gametes suggests that progeny are planktonic
and Qwﬁo_‘m.n far downstream, depending on current patterns. This may explain why
C. soyoae ._me in seep areas separated by distances of tens of kilometers in Sagami
Bay, in spite of the nutritional limitation of their habitat.

ﬂrﬁ:o&s;amo environments are rare and thought to be ephemeral habitats
owing to dramatic changes in the energy available to support a resident fauna. In such
environments, the combination of aggregate and repeated spawning events triggered by
temperature changes could serve to maximize the likelihood of both fertilization success
and EE& dispersal between chemosynthetic habitats. Since this is the first discovery

.om an environmental cue used to synchronize spawning for a chemosynthetic species, it
is not known to what extent other species rely on this cue to synchronize spawning,
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