Chapter 12

REPRODUCTION, DEVELOPMENT AND LIFE-HISTORY TRAITS

Craig M. YOUNG

INTRODUCTION

From the earliest days of deep-sea exploration, it
was assumed that animals living in the presumably
“hostile” environments of the deep sea should show
life-history attributes and reproductive modes differing
from those of their shallow-water counterparts. Shortly
after the Challenger expedition returned from its
circumnavigation of the globe, H.N. Moseley (1880)
one of the naturalists of the expedition, summarized the
current state of knowledge about conditions in the deep
sea. He suggested, as had Wyville Thomson (1878)
before him, that brooding (parental care of offspring)
is a predominant reproductive strategy in deep water.
This idea was supported by the finding of large egg
sizes in echinoderms and cnidarians during the same
expedition (Agassiz, 1881; Moseley, 1881), and set
the stage for a generalization, ultimately formalized as
Thorson’s Rule (Mileikovsky, 1971), which remained
entrenched in the literature until very recent times,
when numerous exceptions have been documented
(reviewed by Young, 1994a; Pearse, 1994). A second
idea first advanced by John Orton (1920) as a testable
but untested hypothesis was that reproduction should
be aperiodic in the constant thermal conditions of the
deep sea. This hypothesis quickly became accepted
as established fact and was questioned only when
deep-sea seasonality and reproductive periodicity were
documented after the 1960s (reviewed by Tyler, 1988).
Both Thorson’s Rule and Orton’s Rule were reason-
able hypotheses when the deep sea was thought to be
a completely monotonous habitat with no primary pro-
ductivity, limited energy and virtually constant physical
and chemical conditions. The predictive power of
both proved inadequate once one began to understand
something of the complexity, dynamics and variability
of the deep-sea environment. Unexpected variability

has been demonstrated dramatically in the past two
decades by the discovery of vents and seeps (see
Chapter 4; Lonsdale, 1977; MacDonald et al., 1989),
benthic storms (Chapter 2; Gardner and Sullivan, 1981;
Hollister and McCave, 1984; Hollister and Nowell,
1991), turbidites (Chapter 2; McCave and Jones, 1988),
and other major sources of disturbance. Nevertheless,
the vertical gradients of environmental stability and
of nutrient availability that provided impetus for the
earliest predictions remain a useful framework for
considering how natural selection has shaped the life-
history attributes of deep-sea animals.

In this chapter, I provide a phyletic overview of
known reproductive parameters and developmental
modes of deep-sea invertebrates, then apply various
predictions of life-history theory to deep-sea animals,
considering which predictions are supported or refuted
by the available data. Both chemosynthetic and non-
chemosynthetic systems are discussed, though the em-
phasis is on the latter, as a comprehensive summary of
reproduction at hydrothermal vents and cold methane
seeps has recently been published (Tyler and Young,
1999). Space limits the present treatment to benthic
invertebrates; for portals into the literature on life-
history attributes of deep-sea fishes, the reader is
referred to Stein and Pearcy (1982), Gordon and
Duncan (1985) and Merrett (1987).

PHYLETIC OVERVIEW OF REPRODUCTION AND
DEVELOPMENT

In his seminal review of evolutionary ecology in the
deep sea, Sanders (1977) noted that deep-sea benthic
sediments are dominated by polychaetes, crustaceans,
molluscs (especially protobranch bivalves and gas-
tropods) and echinoderms, the peracarid crustaceans
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being the most speciose group. On hard substrata in the
deep sea, cnidarians and sponges are especially abun-
dant (Gage and Tyler, 1991) except at hydrothermal
vents, where the hard-bottom fauna is dominated by
polychaetes and molluscs (Grassle, 1986). As might be
expected, the most speciose and abundant groups are
also the best studied. I will discuss each of these major
phyla in turn, then briefly consider a few others for
which more limited information is available.

Annelida

Polychaete annelids are among the most abundant
and diverse macrofaunal organisms in the deep sea
(Hartman, 1965; Hartman and Fauchald, 1971). Most
are deposit feeders depending directly on detrital
material falling from above, and most live in the upper
few centimeters of sediment. However, polychaetes are
also well represented at hydrothermal vents and cold
seeps, where they may take on bizarre life styles and
spectacular forms. The giant tube worms of vents and
seeps and the filamentous perviate pogonophorans are
now recognized as polychaetes (family Siboglinidae)
specialized for the use of chemosynthetic energy
sources. Alvinellid polychaetes, which are common
at hydrothermal vents, may be the most eurythermal
metazoans (Cary et al., 1998). General aspects of
polychaete life-history biology and development have
been reviewed by Schroeder and Hermans (1975),
Giangrande (1997) and Pernet et al. (2002).

Gonads, gametogenesis, and reproductive

periodicity

Although many polychaetes are hermaphroditic, the
majority of deep-sea forms that have been studied
appear to have separate sexes. In polychaetes, the
oocytes always originate within distinct ovaries, often
found associated with the peritonea (Eckelbarger,
1986), but vitellogenesis, the stage of oogenesis in
which oocytes are invested with yolk, may occur either
within the ovary or while oocytes are floating freely
within the coelom (Eckelbarger, 1986). In like manner,
early spermatocytes released from the gonads often
aggregate into plaques, then complete spermatogenesis
while adrift in the coelom. Gametogenesis in the
deep-sea polychaete Pholoe anoculata is coelomic
in both sexes, with gametes concentrating near the
acicula of the neuropodium (Blake, 1993). An unusual
modification of the typical patterns occurs in the deep-
sea cossurid Cossura longocirrata. In this species,
oogenesis takes place in a single segment, which
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releases mature oocytes into more posterior segments
for storage, making the abdominal region appear
beaded (Fournier and Peterson, 1991; Blake, 1993). In
the large bathyal terebellid Biremis blandi, scattered
oocytes may be found throughout the coelom, but the
highest concentrations are in the ventral region, where
they pool between the peritonea (Young, unpublished
observations).

With a single exception, all deep-sea polychaetes
that have been examined appear capable of reproducing
throughout the year, though several species may
have “fluctuating” reproductive cycles (as defined by
A. Scheltema, 1987), in which there are high and low
periods of spawning. One non-vent species, Cossura
longocirrata, reproduces more in the summer than at
other times of the year (Blake, 1993). All of the other
fluctuating species are associated with vents (McHugh,
1989; McHugh and Tunnicliffe, 1994; Zal et al., 1995),
and in every case sampling is inadequate to determine
the period of the fluctuation. The only truly seasonal
species is the non-vent spionid Aurospio dibranchiata,
which occupies an impressively broad bathymetric
range (300-3600 m). Notably, evidence for a seasonal
gametogenic cycle came not only from the shallowest
animals, but also from collections at 2000 m depth. No
mature animals were found in spring collections, but
animals collected in the summer and fall were ripe
(Blake, 1993). However, these data must be regarded as
preliminary, since only 13 of 425 individuals examined
were found to bear any gametes at all.

Gamete structure and fertilization

Sperm of some deep-sea polychaetes are of the
primitive type associated with free spawning and ex-
ternal fertilization (e.g., Amphisamytha galapagensis:
McHugh and Tunnicliffe, 1994), but the variety of
modified sperm described in the literature is striking
(Table 12.1). A number of species have elongate
sperm, often with limited mobility, which are probably
indicative of either internal fertilization, fertilization in
tubes, or pseudocopulation in gelatinous egg masses
(Franzen, 1956; Jamieson and Rouse, 1989). The sperm
of Paralvinella pandorae have a convoluted structure
of unknown function near the mitochondrion, and the
flagellum emerges at an acute angle near this structure
(McHugh, 1989), suggesting that motility is limited. On
the basis of this sperm structure, McHugh (1989) has
speculated that sperm are transferred from the male to
the female in bundles rather than being freely spawned.
The sperm of Paralvinella grasslei lack acrosome,



REPRODUCTION, DEVELOPMENT AND LIFE-HISTORY TRAITS

Table 12.1

Studies of reproductive periodicity and gametes in deep-sea polychaetes
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Species Site Depth (m) Egg size! Sperm Periodicity? References
(um) morphology
NON-VENT OR SEEP SPECIES
Aurospio dibranchiata N. Carolina 300-3600 112 ? S Blake (1993), Blake and
Watling (1994)
Bathynoe cascadiensis NE Pacific 2519-3021 ? ? C Ruff (1991)
Benthoscolex cubanus Bahamas 600 120 ? C Emson et al. (1993)
Cossura longocirrata N. Carolina 600-2000 180% 80 ? F Blake (1993)
Euchone bansei NW Atlantic 1345-2495 100 ? C Ruff and Brown (1989)
Fauveliopsis glabra San Diego Trough 1240 ? ? C Rokop (1977a)
Hyalinoecia arauncana Chile 600 ? ? ? Carrasco (1983)
Microrbinia lineata N. Carolina 800-3000 344 elongate, ? Blake (1993)
(mean) aberrant
Nothria notialis Antarctic 800-900 large ? C Hartman (1967)
Ophryotrocha labidon NW Atlantic 225-2100 73 ? C Hilbig and Blake (1991)
Ophryotrocha mandibulata  NW Atlantic 2020-3015 48 ? ? Hilbig and Blake (1991)
Ophryotrocha paralabidon ~ NW Atlantic 225-2195 56.5 ? C Hilbig and Blake (1991)
Paronuphis antarctica Antarctic 800—900 ? ? C Hartman (1967)
Paedampharete acutiseries ~ NW Atlantic 46264830 23? ? C? Russell (1987)
Pholoe anoculata N. Carolina 583-2000 141 ? C Blake (1993)
Scalibregma inflatum N. Carolina 600 190 ? C Blake (1993)
VENT AND SEEP SPECIES
Alvinella pompejana East Pacific Rise 2000 200 modified P Jollivet et al. (1998),
Pradillon et al. (2001)
Amphisamytha galapagensis NW Pacific 2447-2725 240 normal C,F? Zottoli (1983), McHugh
and Tunnicliffe (1994)
Branchipolynoe seepensis Mid-Atlantic Ridge  1630-1685 390 elongate A Van Dover et al. (1999),
Jollivet et al. (2000)
Hesiocaeca methanicola Louisiana Slope 600 80 normal C? Eckelbarger et al. (2001)
Lamellibrachia c.f. luymesi  Louisiana Slope 600 105 elongate; A Young et al. (1996b)
bundles
Opisthotrochopodus n. sp. ~ Mid-Atlantic Ridge 1700 390 elongate A Van Dover et al. (1999)
Paralvinella pandorae Juan de Fuca Ridge 1570-2270 215 elongate, C McHugh (1989, 1995)
modified
Paralvinella palmiformis Juan de Fuca Ridge 1570-2270 260 modified CF McHugh (1989)
Paralvinella grasslei East Pacific Rise 2630 275 highly F Zal et al. (1995)
modified
Ridgeia piscesae Juan de Fuca Ridge 1853-2265 100 elongate; C Southward and Coates
masses (1985)
Riftia pachyptila East Pacific Rise 2500-2700 105 elongate; C Cary et al. (1989),
bundles Gardiner and Jones (1985,
1993), Marsh et al. (2001)
Seepiophilia jonesi Louisiana Slope 600 115 elongate; A Young et al. (1996b)
bundles
Methanoaricia Louisiana Slope 700 ? elongate ? Eckelbarger and Young
dendrobranchiata (2002)

! In most cases, egg sizes are the largest observed in histological sections and may not be representative of the actual sizes of eggs spawned.
2 Periodicities are listed as either S, seasonal and synchronous; A, aseasonal, continuous, and asynchronous; and/or F, continuous breeding
with fluctuating levels of gamete production.



Craig M. YOUNG

Fig. 12.1. Gametes and embryos of siboglinid tube worms. Sperm bundles (A) and free sperm (B) of Riftia pachyptila from 2500 m on the
East Pacific Rise. Early larva (C) of Riftia pachyptila, showing newly formed cilia arising from trochoblast cells. Trochophore-like larva (D)

of Lamellibrachia sp. from 600 m on the Louisiana slope.

flagellum and mitochondrion, but nevertheless have
some mobility mediated by a flattened structure,
apparently having an axoneme, which is believed to
be homologous with the flagellum of a typical sperm
(Zal et al., 1995). The egg of this species has a
deep micropyle, which is interpreted as a mechanism
that compensates for a sperm with no acrosome (Zal
et al., 1995). Alvinella pompejana also has modified
sperm (Jouin-Toulmond et al., 1997). Sperm of the
orbinid polychaete Methanoaricia dendrobranchiata,
a common inhabitant of Bathymodiolus beds at cold
seeps on the Louisiana slope, achieve elongation with
a huge acrosome (Eckelbarger and Young, 2002).

The reproductive system and fertilization mechanism
of a scale worm, Branchipolynoe seepensis, from
Atlantic hydrothermal vents has been described in
detail by Jollivet et al. (2000). This species is sexually
dimorphic and the complex genital tract of the female
includes specialized chambers to store eggs and also
sperm received by copulation from the male genital

papillae. Upon leaving the ovaries, oocytes complete
vitellogenesis in the coelom and are then collected
by two pairs of ciliated coelomostomes, which lead
to the proximal portions of the oviducts. The distal
oviducts are enlarged to form spermathecae (seminal
recepticles) that store sperm received by copulation
from the males. Sperm are stored with their heads
embedded in the thick epithelium of the spermatheca.
The eggs pass through this chamber without being
fertilized and are stored in an unpaired median ovisac
until spawning. Jollivet et al. (2000), finding no
fertilized eggs or embryos in the ovisac, infer that
fertilization must occur at the time of spawning.
Perhaps the most modified of all polychaete sperm
are found in the siboglinid (formerly vestimentiferan)
tube worms associated with vents and seeps. All known
siboglinid sperm are released in bundles or masses
(Fig. 12.1). In at least one species, Ridgeia piscesae,
sperm masses have been found attached to the vesti-
mentum, near the gonopores of the female, suggesting
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that fertilization may take place either internally or
just outside the gonopores (Southward and Coates,
1985). Upon breaking out of the masses, individual
sperm of this species undergo a transformation in
which the acrosome migrates from its extreme terminal
position to surround and cap the tip of the nucleus.
Although sperm have been reported from the terminal
part of the oviduct in Riftia pachyptila (Gardiner and
Jones, 1985), there is growing evidence that these
and other siboglinids are free spawners. Apparent
spawning events have been observed repeatedly in
Riftia pachyptila (Van Dover, 1994; L. Mullineaux,
T. Shanks, R. Lutz, J. Childress, personal communi-
cations; C. Young, personal observations) as well as
the cold-seep siboglinid Lamellibrachia sp. (C. Young,
unpublished observations). In these putative spawning
events, gametes are expelled in a puff as the animal
withdraws partially or completely into its tube. It
is not known whether all of these observations are
of sperm bundles or if eggs are also released in
puffs. However, it seems unlikely that the sperm of
other species are transferred to females in the same
manner as occurs in Ridgeia, as the sperm bundles
of these other species separate into individual sperm
(Fig. 12.1) shortly after they are diluted in seawater
(Cary et al., 1989; Young et al., 1996b). The heads
of siboglinid sperm are extremely elongate and consist
of a helical mitochondrion wrapped around a helical
nucleus (Gardiner and Jones, 1985). The terminal
acrosome, which is columnar rather than conical in
shape, seems to hold the bundles together on the apical
ends, while the posterior end is held together by the
individual flagellae, which beat as a unit until the
bundle breaks apart. Upon dilution in seawater, the
acrosome changes shape and is lost before fertilization
(Young, personal observations). The individual sperm,
as well as the sperm bundles, are motile in seawater.

Spawning has recently been observed in the so-called
“ice worm”, the hesionid Hesiocaeca methanicola that
lives on exposed lumps of methane hydrate near cold
seeps in the Gulf of Mexico (Fisher et al., 2000;
Eckelbarger et al., 2001). Females apparently release
eggs through nephridiopores, whereas males spawn
their sperm through the cloaca, which is connected to
the coelom by means of a ciliated duct (Eckelbarger
et al., 2001). Fertilization in this species is indicated
by a slight elevation of the fertilization membrane
followed by production of unusually large polar bodies
as the egg completes its maturation divisions.
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Fecundity

Instantaneous fecundity has been estimated for only
two species of non-vent deep-sea polychaetes, Pholoe
anoculata and the orbinid Microrbinia lineata, both
from the slope off North Carolina (Blake, 1993). The
former has a fecundity of about 160 eggs and the
latter bears only two large eggs in a single segment
(Blake, 1993). These values are substantially lower
than fecundities that have been reported for various
polychaetes from hydrothermal vents, which range
from less than 4000 in Paralvinella grasslei (Zal et al.,
1995) through 230000 in the much larger alvinellid
polychaete Alvinella pompejana (Chevaldonné et al.,
1997). The large hydrothermal-vent tube worm Riftia
pachyptila holds as many as 700000 ripe eggs in
its ovisac, suggesting that as many eggs as this
could be spawned at a time; but egg traps deployed
in situ always yielded much smaller numbers (Young,
unpublished data), suggesting that not all of these
eggs are released at once. The smaller tube worm
Tevnia jerichonana, also from the East Pacific Rise,
is often the first colonist arriving at a newly formed
vent habitat. Paradoxically, its fecundity is at least an
order of magnitude lower than that of Riftia pachyptila,
which generally arrives much later. Annual fecundities
and lifetime fecundities cannot be estimated for any
deep-sea polychaete because of inadequate information
about longevity, spawning frequency, and the speed
of the gametogenic cycle. It would not be surprising,
however, if the annual fecundity of the continuously
reproducting giant tube worm Riftia pachyptila greatly
exceeds the fecundity of any lecithotrophic polychaete
from shallow water.

Embryogenesis and larval development

Although the developmental modes of most deep-sea
polychaetes remain completely unknown, a number of
species are known to brood their young. Levin et al.
(1994) listed eleven species of known brooders on
the slopes of the Volcano 7 seamount in the eastern
Pacific (Table 12.2). The mechanism of brooding
varies among species, some brooding larvae in the
tubes, others employing specialized brood pouches, and
still others having the larvae attached directly to the
segments of the mother, either laterally or dorsally
(Levin et al.,, 1994). Because it is much easier to
document brooding than other forms of reproduction,
it is still not known whether brooding predominates
among deep-sea polychaetes, or whether a majority
of species have indirect development. Levin et al.
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Table 12.2

Known and inferred modes and locations of development in deep-sea polychaetes '
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Species Location Depth (m) Mode of Type of larva or location of References
development broods
Acrocirridae sp. A E. Pacific 730-3350 direct? brooded larvae attached Levin et al. (1994)
dorsally
Ampharete sp. A E. Pacific 770-1800 direct? brooded in tube Levin et al. (1994)
Ampharetidae sp. B E. Pacific 770-1800 direct? brooded in tube Levin et al. (1994)
Aricidea quadrilobata E. Pacific 1300-1800 direct? brooded larvae attached Levin et al. (1994)
dorsally
Aurospio dibranchiata N. Carolina ~ 300-3600 indirect (?) planktotrophic larva (?) Blake (1993)
Benthoscolex cubanus Bahamas 600 indirect (?) planktotrophic larva (?) Emson et al. (1993)
Biremis blandi Bahamas 500-700 indirect planktotrophic larva (?) Young et al., unpublished
Cirrophorus lyra E. Pacific 730-860 direct? brooded larvae attached Levin et al. (1994)
laterally
Euchone bansei NW Atlantic  1345-2495 direct unknown Ruff and Brown (1989)
Euchone incolor E. Pacific 770-3350 direct? larvae brooded dorsally and Levin et al. (1994)
in tubes
Euphrosine sp. E. Pacific 1300-1800 direct? brooded larvae attached Levin et al. (1994)
dorsally
Hyalinoecia arauncana Chile 600 direct brooded in tube Carrasco (1983)
Microrbinia lineata N. Carolina ~ 800-3000 direct (?) brooded embryos and larva  Blake (1993)
Nothria notialis Antarctic 800-900 direct brooded in capsules on tube Hartman (1967)
Nephthyidae sp. C E. Pacific 2970-3350 direct? brooded in dorsal brood Levin et al. (1994)
pouches
Ophryotrocha mandibulata NW Atlantic 2020-3015 indirect (epitoky) planktonic larva (?) Hilbig and Blake (1991)
Paronuphis antarctica Antarctic 800-900 direct brooded in tube Hartman (1967)
Paedampharete acutiseries NW Atlantic 46264830 direct unknown Russell (1987)
Protodoruillea sp. A E. Pacific 730-860 direct? brooded in dorsal brood Levin et al. (1994)
pouches
Pholoe anoculata N. Carolina  583-2000 direct (?) unknown Blake (1993), Christie
(1982)
Terebellidae E. Pacific 1300-3350 direct? brooded in tube Levin et al. (1994)
Tharyx sp. A. E. Pacific 730-3350 direct? brooded in dorsal brood Levin et al. (1994)
pouches
VENT AND SEEP SPECIES
Alvinella pompejana E. Pacific Rise 2500 indirect lecithotrophic larva (?) Jollivet et al. (1998),
(vent) Pradillon et al. (2001)
Amphisamytha galapagensis NW Pacific  2447-2725 indirect (?) lecithotrophic, demersal larva McHugh and Tunnicliffe
(1994), Zottoli (1983)
Branchipolynoe seepensis Mid-Atlantic 1700 indirect (?) lecithotrophic larvae (?) Van Dover et al. (1999),
Ridge (vent) Jollivet et al. (2000)
Hesiocaeca methanicola Gulf of 600 indirect planktotrophic larvae Eckelbarger et al. (2001)
Mexico (seep)
Lamellibrachia cf. luymesi Gulf of 600 indirect lecithotrophic larvae Young et al. (1996b)
Mexico (seep)
Opisthotrochopodus n. sp. Mid-Atlantic 1700 indirect (?) lecithotrophic larvae (?) Van Dover et al. (1999)

Ridge (vent)

continued on next page
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Table 12.2, continued
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Species Location Depth (m) Mode of Type of larva or location of References
development broods

Paralvinella grasslei East Pacific 2630 indirect (?) demersal larvae (?) Zal et al. (1995)
Rise (vent)

Paralvinella palmiformis Juan de Fuca 1570-2270 indirect (?) lecithotrophic, demersal McHugh (1989)
Ridge (vent) larvae (?)

Paralvinella pandorae Juan de Fuca 1570-2270 direct (?) embryos brooded in tubes (?) McHugh (1989)
Ridge (vent)

Ridgeia piscesae Juan de Fuca 1540 indirect lecithotrophic larvae (?) Jones and Gardiner
Ridge (vent) (1989)

Riftia pachyptila East Pacific ~ 2500-2700 indirect lecithotrophic larvae Marsh et al. (2001)
Rise (vent)

Seepiophilia jonesi Gulf of 600 indirect lecithotrophic larvae Young et al. (1996b)

Mexico (seep)

! In cases denoted by queries (?) definitive data are lacking, and the inference represents the best guess of the original author.
2 Classified provisionally as a direct developer because a brooding mechanism has been documented; may exhibit mixed development in

which larvae are released following a brooded embryonic period.

(1994) found evidence for brooding in only a single
species on the North Carolina slope, but emphasized
that absence of data does not imply that other brooders
are not present. It is possible to distinguish between
species with planktotrophic development and species
relying on yolk (either pelagic lecithotrophs or brooded
direct developers) on the basis of egg size (Schroeder
and Hermans, 1975). However, the situation is further
confused in polychaetes by the prevalence of mixed
development, in which embryos are brooded either in
or on the adult, or held in an egg mass initially, but
then hatch as either planktotrophic or lecithotrophic
larvae and complete their development in the plankton
(reviewed by Wilson, 1991). Thus, in most instances
where brooding has been observed in deep-sea species
(Table 12.2), it is impossible to state with certainty
whether the developmental mode is direct or if it
involves a later larval stage. Indirect development
has been inferred more commonly for seep and vent
species than for species in non-chemosynthetic habi-
tats, though evidence in many cases is circumstantial
(e.g., McHugh, 1989; McHugh and Tunnicliffe, 1994;
Zal et al., 1995). Early trochophore larvae of the free-
spawning hesionid Hesiocaeca methanicola from seeps
have been reared in the laboratory and found to be
planktotrophic (Eckelbarger et al., 2001). Three species
of siboglinids have now been reared to lecithotrophic
larvae in the laboratory. Lamellibrachia sp. and Es-
carpia sp. from 600 m on the Louisiana slope develop
into lecithotrophic trochophores (Fig. 12.1) from buoy-

ant eggs, and probably spend about three weeks in the
plankton (Young et al., 1996b). Riftia pachyptila also
has slightly buoyant eggs; these have been fertilized
and the embryos reared in pressure vessels and on the
sea floor to an early trochophore larval stage (Marsh
et al.,, 2001). The yolk content and metabolic rate of
the latter species suggests that it disperses for about five
weeks (Marsh et al., 2001). Recent studies of the hot-
vent polychaete Alvinella pompejana (Pradillon et al.,
2001) show that embryos require temperatures around
10°C for successful development. Embryos dispersing
at 2°C between vents apparently arrest development
until sufficiently warm water is encountered. This is
interpreted as a mechanism facilitating dispersal over
very long distances. Despite the apparent prevalence
of brooding in non-chemosynthetic polychaetes, there
must be a number of species that produce larvae,
as polychaetes are often among the most common
organisms to appear in boxes of azoic mud deployed on
or near the deep-sea floor and protected from invasion
by burrowing adults or juveniles (Snelgrove et al.,
1992, 1994).

Arthropoda

Crustaceans, particularly peracaridans such as am-
phipods, tanaids, cumaceans and isopods, are very
speciose and abundant in the deep sea (see Chapter 9).
The abyssal sites sampled by Sanders and Grassle
(1971) contained approximately 85-90 species of
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appendix masculina/

Fig. 12.2. A: Male (above) and female (below) wedding shrimp, from a bathyal hexactinellid sponge in the Bahamas. Note the extreme
sexual dimorphism and the large embryos being brooded by the female. B: Galatheid crab of the genus Munidopsis from the Rockall
Trough, showing very large eggs attached to the pleopods. C: Ventral view of a gravid female brachyuran crab, Bythograea thermydron, from
hydrothermal vents on the East Pacific Rise. D: Female isopod, Bathynomus giganteus, from 800 m depth in the Gulf of Mexico. Oostegites
(overlapping plates in the light colored region surrounded by walking legs) cover the brood of this large female, which measures nearly
20 cm in length. E: Female giant isopod, Bathynomus giganteus, dissected to show ovaries with very large (1 cm diameter) yolky eggs in the
thoracic cavity. Note millimeter rule for scale. F: Ventral view of mature male Bathynomus giganteus showing external genitalia. Sperm are
transferred to the female through paired penes on the last thoracic segment. The rod-like appendix masculina is also thought to have a role

in sperm transfer.

peracarids in a sample of 1000 individuals, compared
with 25 bivalve species and 3—5 species of ophiuroids,
the next most speciose groups. Indeed, Hessler and
Wilson (1983) estimated that peracarids comprise
between one-third and one-half of all macrofaunal
species in the deep sea. Caridean shrimps are among
the most common organisms found at hydrothermal
vents, especially in the Atlantic. Larger decapods such
as geryonid, dromid and majid brachyurans and pagurid
anomurans (hermit crabs) are especially common on
the slope. Galatheid crabs (Fig. 12.2) are common
at both bathyal and abyssal depths, whereas eryonids

are mostly restricted to the abyss. The importance
of decapods at slope depths is well illustrated by
the spider crab FEncephaloides armstrongi (Creasey
et al., 1997), which occurs at very high densities in
the oxygen minimum layer of the Arabian Sea. So-
called marriage shrimps commonly reside within the
spongocoels of hexactinellid sponges in the deep sea.
Each sponge commonly supports two individuals, a
male and a female (Fig. 12.2). Cirripedes, including
lepadiform, scalpellid and verruciform barnacles, live
on hard substratum (often hard parts of other organisms
such as crabs, sea urchins and hexactinellid sponge
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stalks) at both bathyal and abyssal depths. Meiofaunal
crustaceans, particularly harpacticoid copepods and os-
tracods, are very abundant in the deep-sea sediments.

Gonads, gametogenesis and reproductive

periodicity

The gonads of decapod crustaceans are discrete,
often paired or H-shaped organs that lie above the
stomach within the cephalothorax and extrude gametes
through gonopores on or near the bases of the
pereiopods. The gonads of peracarids originate under
the abdominal pereonites (Johnson et al., 2001), but
eventually may extend forward to the cephalothorax re-
gion as vitellogenesis proceeds (Bishop, 1994). Gonads
of barnacles lie at the proximal end of the visceral mass
in acorn barnacles and within the peduncle of stalked
barnacles (Green et al., 1994).

Most crustaceans brood their embryos either to the
juvenile stage or to a larval stage, so that reproductive
periodicity has often been documented by simply
noting the presence of brooded eggs or embryos. In
decapods, the egg mass or sponge is found attached
to the pleopods on the underside of the abdomen of
ripe “berried” females (Fig. 12.2). In barnacles, the
eggs are brooded as plaques or lamellaec within the
mantle cavity, and in peracarids (including amphipods,
isopods, tanaids, mysids, cumaceans and a few lesser
known groups) they are brooded in a thoracic brood
chamber called a marsupium. The vast literature on
brooding in peracarids has been recently reviewed
by Johnson et al. (2001). In its most typical form,
the peracarid marsupium is formed by overlapping
plates (oostegites) which originate from the coxae of
the walking legs. Harpacticoid copepods carry their
embryos in a single brood sac attached to and trailing
behind the abdomen.

The gametogenic process of deep-sea crustaceans
appears identical to that of their shallow water relatives,
no special adaptations for deep-sea gamete formation
having been reported. The deep-sea red crab Geryon
quinquedens has an oogenic cycle illustrating the
general pattern seen in bathyal brachyurans that have
been studied (Haefner, 1977). The ovary begins as
a small colorless organ with no central lumen, and
consisting mostly of connective tissue. The germinal
epithelium is columnar and contains only small,
previtellogenic oocytes (Haefner, 1977). As it begins
to grow, the ovary becomes more opaque, and growing
oocytes replace the central connective tissue. The
early previtellogenic oocytes are small (14-53 um) and
the nuclei are highly vacuolated. Vitellogenic oocytes
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containing cytoplasmic yolk granules are larger (74—
278 um) and have more compact nuclei. Each oocyte
is surrounded by a single layer of follicle cells. The
gonad grows and changes color as additional yolk is
added to the expanding oocytes. Eventually, the mature
ovum attains a diameter of 671 wm and the ovary fills
the dorsal side of the ovary, completely obscuring the
gut and hepatopancreas.

Wolff (1962) reported that the sex ratio of deep-sea
asellote isopods is often biased significantly in favor of
males. Indeed, of eleven families surveyed, all but one
had a significantly skewed sex ratio. Wolff suggested
that this pattern could be explained by gender-specific
survivorship, as is known for some shallow-water
isopods (Steel, 1961). Evidence for hermaphroditism
has been found in four hadal tanaids collected from a
depth of more than 6000 m (Wolff, 1956a), and Wilson
(1981) reported a case of facultative hermaphroditism
in a deep-sea isopod, Eurycope iphthima.

Table 12.3 gives a selection of studies of repro-
ductive periodicity in deep-sea crustaceans. Although
continuous breeding was predicted for deep-sea isopods
early in the 20th century (Reibisch, 1927), the earliest
data bearing directly on the subject of reproductive
seasonality were anecdotal observations by Wolff
(1962) and others who participated in the Danish
Galathea Expedition between 1950 and 1952. In his
monograph on the asellote isopods, Wolff (1962)
noted that deep-sea asellote populations have fewer
incubatory females (i.e., those with marsupium present)
than did shallow-water isopods. Moreover, no brooding
females at all were found among the samples of isopods
(n=40) and tanaids (n=30) recovered from the hadal
trenches during this expedition (Wolff, 1956a,b). Wolff
(1962) considered several possible explanations for this
pattern: 1) mortality may be greater for brooding fe-
males than for non-brooding ones; 2) brooding females
may live deeper in the sediment, thereby avoiding the
sampling equipment; 3) breeding occurs only once
every few years; 4) the brooding period is much shorter
than the preparatory period (the preparatory period
is the moult stage when the marsupium is present,
but the eggs have not been deposited in it). Although
he had no access to seasonal samples from a given
locality, he guessed that brooding should occupy a
much longer period, perhaps 3—4 months, in deep
water than the incubatory periods of 30 to 40 days
known among shallow-water isopods, making the small
proportion of incubating females even more surprising.
After considering the various possibilities listed above,
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Table 12.3

Reproductive periodicity and egg size in deep-sea crustaceans
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Species Site Depth (m) Egg size (wm) Periodicity! References
NON-VENT SPECIES
MALACOSTRACA: PERACARIDA
Mysidacea
Boreomysis tridens Rockall Trough 500-2500 1900-2100 S Mauchline (1986)
Erythrops microps Rockall Trough 500-1000 ? A Mauchline (1986)
Michthyops parva Rockall Trough 1500-2500 ? A Mauchline (1986)
Cumacea
Diastylis stygia NW Atlantic 20652115 ? A Blake and Watling (1994)
Leucon jonesi Surinam 1500 ? A®) Bishop (1994)
Isopoda
Eurycope californiensis San Diego Trough  1171-1244 ? A Rokop (1977b)
Ilyarachna sp. NW Atlantic 1400-2178 ? A Sanders and Hessler (1969)
llyarachna profunda San Diego Trough  1171-1244 ? A Rokop (1977b)
Natatolana borealis Mediterranean 500 ? AF Kaim-Malka (1997)
Storthyngura birsteini Scotia Sea 1737-3804 ? S George and Menzies (1967)
Storthyngura scotia Scotia Sea 2450-2816 ? S(?) George and Menzies (1967)
Storthyngura robustissima Scotia Sea 8841485 ? S George and Menzies (1967)
16 asellote species (pooled data) N. Carolina Slope  515-5025 ? S (?) George and Menzies (1968)
47 asellote species (pooled data) Rockall Trough 1160-2925 ? AF Harrison (1988)
Amphipoda
Eusirus perdentatus Weddell Sea 176-799 2750 S Klages (1993)
Harpiniopsis excavata San Diego Trough  1171-1244 ? A Rokop (1977a)
Pseudharpinia excavata San Diego Trough  1171-1244 ? Rokop (1977b)
CIRRIPEDIA
Poecilasma kaempferi Rockall Trough 2000 120 A Green et al. (1994)
DECAPODA
Dendrobranchiata:
Aristeus antennatus Mediterranean 400-800 336 (max) S Demestre and Fortufio (1992)
Caridea:
Plesionika acanthonotus Mediterranean 165-1550 530 S Company and Sarda (1997)
Plesionika edwardsi Mediterranean 256-512 590 S Company and Sarda (1997)
Plesionika gigliolii Mediterranean 100-748 550 S Company and Sarda (1997)
Plesionika heterocarpus Mediterranean 82-699 530 A Company and Sarda (1997)
Plesionika martia Mediterranean 165-871 550 S Company and Sarda (1997)
Macrura:
Stereomastis nana NE Atlantic 613-2642 700 A Wenner (1978)
Stereomastis sculpta NE Atlantic 486-2257 600 A Wenner (1978)
Anomura:
Chirostylus sp. ? 950 42802 ? Van Dover and Williams (1991)
Eumunida picta ? 512 15562 ? Van Dover and Williams (1991)
Munida propinqua ? 921 10012 ? Van Dover and Williams (1991)

continued on next page
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Species Site Depth (m) Egg size (wm) Periodicity! References
Munida quadrispina ? 595 7952 ? Van Dover and Williams (1991)
Munidopsis spp. (35 species) various 7064390 2385-65602 ? Van Dover and Williams (1991)
Parapagurus pilosimanus Rockall Trough 350-5000 550 A Tyler et al. (1985c¢)
Brachyura:
Benthesicymus bartletti NW Atlantic 2000m ? S(?) Wenner (1980)
Chaceon fenneri Gulf of Mexico 311-677 610 S Erdman et al. (1991)
Chaceon maritae SE Atlantic 400-900 680 A Melville-Smith (1987)
Chaceon quinquedens NW Atlantic 200-1600 820 (max) S Haefner (1977, 1978)
Chaceon quinquedens Gulf of Mexico 860-1043 850 S Erdman et al. (1991)
Dorhynchus thompsoni Porcupine Seabight 1205-1250 320 S Hartnoll and Rice (1984)
Uroptychus nitidus ? 592 2889 ? Van Dover and Williams (1991)
VENT SPECIES
DECAPODA:
Caridea:
Alvinocaris lusca Galapagos Rift 2500 340x500 ? Van Dover et al. (1985)
Chorocaris chacei Mid-Atlantic Ridge 840-3670 283 AF (7)) Ramirez Llodra et al. (2000)
Mirocaris fortunata Mid-Atlantic Ridge 840-3875 350 AF (7)) Ramirez Llodra et al. (2000)
Rimicaris exoculata Mid-Atlantic Ridge 2260-3875 320 AF (7)) Ramirez Llodra et al. (2000)
Anomura:
Munidopsis lentigo East Pacific Rise 2500 2200 (max) ? Van Dover et al. (1985)
Munidopsis subsquamosa East Pacific Rise 2500 2300 (max) ? Van Dover et al. (1985)
Brachyura
Bythograea thermydron East Pacific Rise 2500 480x540 ? Van Dover et al. (1985)

! Periodicities are listed as: S, seasonal and synchronous; A, aseasonal, continuous, and asynchronous; F, fluctuating levels of reproduction

during continuous breeding.

2 For comparative purposes, egg diameters were calculated from the egg volumes reported in the paper.

Wolff (1962, p. 221) concluded as follows with respect
to abyssal isopods:

“However, in my opinion, the most likely explanation
for the deficit of ovigerous females in the material
presented here is to assume that the breeding in the
bathyal and abyssal depths of the North Atlantic is to
a certain extent seasonal, taking place in the winter
months from which no material is available. The
majority of the species originate from cold stenotherm
shallow water ancestors which must be supposed to
have had, as a rule, a seasonal breeding — as is the
case with shallow-water species in the polar region
today. As far as the asellotes are concerned, this mode
of reproduction has also been maintained in the deep
sea”.

Wolff (1956b) proposed a different hypothesis to

explain the absence of brooding females among hadal
species, namely that these species live to advanced
ages and reproduce infrequently, thereby reducing the
likelihood that incubatory females will be collected in
any given sample.

Some studies of deep-sea harpacticoids have shown
a sex ratio biased strongly in favor of females
(Hicks and Coull, 1983; Hicks and Marshall, 1985).
This observation has been questioned by Thistle and
Eckman (1990) who suggested that the skewed sex
ratios may result either from gender-specific sampling
bias or from males being more easily swept away by
currents than females.

Empirical evidence to test Wolff’s prediction of
deep-sea seasonality came several years later when
George and Menzies collected limited samples of
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isopods in the Scotia Sea (George and Menzies, 1967)
and off North Carolina (George and Menzies, 1968).
The evidence has been considered equivocal by most
subsequent workers (e.g., Rokop, 1977b; Harrison,
1988; Bishop and Shalla, 1994), because many species
were pooled and there was limited seasonal coverage
of samples from any given region; nevertheless, the
work stimulated interest in the possibility of seasonal
reproduction in peracarids. Harrison (1988) pooled
data for 47 asellote species in the Rockall Trough
and concluded that there was no evidence for a
distinct seasonal breeding pattern, though he did
note a “fluctuating” breeding pattern in which more
brooding females were found in some seasons than
others. A fluctuating pattern of recruitment was also
found in the cumacean Diastylis stygia, a species
that recruits throughout the year in the northwest
Atlantic (Blake and Watling, 1994). Strong evidence
for seasonal breeding has been found at abyssal depth
only for the mysid Boreomysis tridens (Mauchline,
1986), the Antarctic amphipod FEusirus perdentatus
(Klages, 1993), and the cumacean Leucon profundus
(Bishop and Shalla, 1994).

The careful study of reproduction in Leucon profun-
dus by Bishop and Shalla (1994) sets a high standard
that should be used in future studies of deep-sea
peracarids. In this study, females were classified not
only by the presence or absence of a brood, but
also by the size and stage of the gonad and the
developmental stages of brooded embryos. Leucon
profundus was shown unequivocally to have a seasonal
breeding cycle lasting approximately 14 months. This
finding raises the possibility that other species in
which brooding females have been found over much
of the year may in fact be seasonal breeders with
long reproductive cycles rather than aseasonal breeders
with short brood times. This work raises an important
challenge to virtually all previous studies; even though
there are perhaps more observations of reproductive
condition of peracarid crustaceans than most other
groups of deep-sea animals, one still has only a very
limited understanding of their breeding cycles and life
histories.

Of the various caridean shrimp and other crustacea
common at hydrothermal vents (Table 12.4), there is
little evidence for periodic reproduction (reviewed by
Tyler and Young, 1999). Rimicaris exoculata, probably
the most abundant metazoan at vents on the mid-
Atlantic ridge, appears to have multiple cohorts of eggs
in its gonad, suggesting periodicity at the individual
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level (Ramirez Llodra et al., 2000), but insufficient
seasonal coverage is available to infer any sort of
population-level synchrony. Extensive collections of
these abundant carideans have yielded a surprisingly
small number of berried females (P.A. Tyler, personal
communication). As with abyssal isopods, there is no
completely satisfying explanation for this pattern. One
hypothesis that remains untested is that females brood
their young far away from the vents in order to protect
the embryos from elevated temperatures (Tyler and
Young, 1999).

A number of crustaceans living at depths less than
1000 meters breed seasonally, as might be expected
(Table 12.4). These include bathyal dendrobranchiate
and caridean shrimps in the Mediterranean (Demestre
and Fortufo, 1992; Company and Sarda, 1997) and
some species of brachyurans in the northwest Atlantic
and the Gulf of Mexico (Haefner, 1977; Hartnoll and
Rice, 1984; Erdman et al., 1991). It is interesting
that various species of the slope crab genus Chaceon
found in the northeast Atlantic are seasonal breeders
(Haefner, 1977, 1978; Erdman et al., 1991), but the
congeneric C. maritae, living at comparable depths in
the Southeast Atlantic, is aseasonal (Melville-Smith,
1987). There are insufficient data to infer seasonal
reproduction in any abyssal brachyuran, though Wenner
(1980) suggested that Benthesicymus bartletti from
2000 m may have a synchronous breeding pattern.

Most species of pandalid shrimp in shallow water
are protandrous hermaphrodites, changing from male to
female as they grow. King and Moffitt (1984) presented
evidence that several species of deep-water tropical
pandalids are fully dioecious and that they never
undergo sex reversal. The reason for this difference
between deep-sea and shallow species is not known.

Gamete structure and fertilization

Spermatozoa of all crustaceans are aflagellate and
are modified for internal fertilization. There have
been no detailed studies at the ultrastructural level of
oogenesis or spermatogenesis in deep-sea crustaceans,
though the general structure of the reproductive system
is well known from gross dissections and paraffin
histology. Spermatozoa are often packaged into sperm
packets which are deposited in the oviducts of the fe-
male as sperm plugs. These have been commonly seen
in the hydrothermal-vent crab Bythograea thermydron
(G. Perovich, personal communication). The various
studies of gonad morphology that have been conducted
at the light-microscope level (e.g., Ramirez Llodra
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Studies of reproductive periodicity in deep-sea molluscs
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Species Site Depth (m) Egg size! Periodicity?>  References
(wm)

APLACOPHORA

Prochaetoderma yongei NW Atlantic 1470-2030 226 A Scheltema (1987)

GASTROPODA

Benthonella tenella NW Atlantic 38065042 82.5 A Rex et al. (1979)

Calliotropis ottoi Rockall Trough 990-2450 150-260 A Colman and Tyler (1988)

Colus jeffreysianus Rockall Trough 2200 170 A Colman et al. (1986a)

SCAPHOPODA

Cadulus californicus San Diego Trough 1162-1244 240 S Rokop (1977a)

BIVALVIA

Acharax alinae Lau Basin (vent) ? 600 A Beninger and Le Pennec (1997)

Bathyarca sp. San Diego Trough 1200-1240 ~132 A Rokop (1979)

Bathymodiolus childressi Gulf of Mexico (seep) 500-700 90 S Eckelbarger and Young (1999)

Bathymodiolus elongatus Fiji Back-Arc Basin ? 50-60 A Le Pennec and Beninger (1997)

Bathymodiolus puteoserpentis ~ Mid-Atlantic Ridge 3480 50-60 S Le Pennec and Beninger (1997)

Bathymodiolus thermophilus E. Pacific Rise (vent) 2500 50 A Berg (1985)

Bathymodiolus n. sp. Mid-Atlantic Ridge 840-865 50 S Comtet and Desbruyeres (1998)

Calyptogena kilmeri Monterey Bay (seep) 900 180237 S Lisin et al. (1996)

Calyptogena lauberi Tenryu Canyon (seep)  ? 200 A Fiala-Médioni and Le Pennec
(1989)

Calyptogena magnifica E. Pacific Rise (vent) 2500 309 A Berg (1985)

Calyptogena pacifica Monterey Bay (seep) 600 180-220 A Lisin et al. (1996)

Ledella pustulosa NE Atlantic 28802921 120 S Tyler et al. (1992a)

Malletia cuneata NE Atlantic 28802921 240 A Tyler et al. (1992a)

Deminucula cancellata San Diego Trough 1200-1240 ? A Rokop (1977a), Scheltema
(1972)

Nucula darella San Diego Trough 1200-1240 ~154 A Rokop (1979)

Nuculana pontonia San Diego Trough 1200-1240 ~176 A Rokop (1979)

Tindaria cervola San Diego Trough 1200-1240 ? A Rokop (1979)

Xylophaga spp W. Atlantic 6002000 45 A Turner (1973), Tyler and Young,
unpublished

Yoldiella jeffreysi NE Atlantic 28802921 120 A Tyler et al. (1992a)

! In most cases, egg sizes are the maximum observed in histological studies and may not be representative of the actual sizes of eggs

spawned.

2 Periodicities are listed as either S, synchronous or seasonal; or A, aseasonal or continuous.

et al., 2000) suggest nothing about gametes in deep-sea
Crustacea that differs from related species in shallow
water (reviewed by Adiyodi and Subramoniam, 1983).

Fecundity

Fecundity has been studied mostly in slope decapods
that have fishery importance (e.g., Clarke et al,
1991), though instantaneous fecundities have also been

reported for many deep-sea peracarids. For example,
Wolff (1962) indicated that egg numbers in the asellote
isopods range from 2 to 80, being correlated with the
size of the brooding animal. Shallow-water isopods
generally have much higher fecundities and smaller egg
sizes (Zirwas, 1910).

The most comprehensive study of fecundity in deep-
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sea crustaceans is that by Van Dover and Williams
(1991) of 52 species of squat lobsters in the superfam-
ily Galatheoidea, which related fecundity and egg size
to depth of occurrence. They found a positive correla-
tion between fecundity and body size, but no indication
of reduced fecundity in deep-sea species that could
not be explained by phylogenetic constraints. Hines
(1988) reported that fecundity of two species of deep-
sea geryonid crabs is significantly lower than those of
shallow-water crabs with similar body sizes, but that
reproductive output is in fact higher; the low fecundity
values result from partitioning the reproductive effort
into larger eggs. The reproductive effort of brachyuran
crabs seems always to be limited by the amount of
space available in the cephalothorax for yolk accumula-
tion (Hines, 1982), and this rule applies equally well to
the deep-sea forms as to those in shallow water (Hines,
1988). Ramirez Llodra et al. (2000) noted the same
relationship between brood size and body size in deep-
sea caridean shrimps whether they lived in mid-water
or at Atlantic hydrothermal vents. It should be noted
that closely related crustaceans having very different
fecundities may be successful in the same deep-sea
habitats. Perhaps the most striking example of this
occurs in two congeneric vent-associated galatheids,
Munidopsis lentigo and M. subsquamosa, both of which
live at Pacific vents; they have fecundities of 13 eggs
and 294 eggs, respectively (Van Dover et al., 1985).

Ramirez Llodra et al. (2000) examined fecundity
of three caridean species from hydrothermal vents.
One of these, Mirocaris fortunata, had highly variable
fecundity, the number of eggs carried by a female
ranging from 25 to 503. Based on a single berried
female from each species, Chorocaris chacei and
Rimicaris exoculata had much higher fecundities
than M. fortunata, carrying 2510 and 988 eggs,
respectively.

Embryogenesis and larval development

Peracarids have direct development, brooding their
young to a stage that resembles a miniature adult. Apart
from the study by Tso and Mok (1991) on development
of the giant isopod Bathynomus doederleini, there
have been few specific studies of embryology in
deep-sea peracarids, though Bishop and Shalla (1994)
carefully monitored changes in embryo number and
size in the cumacean Leucon profundus. They found
that embryogenesis was synchronous for the first
eight months of development (their stages I-III), but
a pattern of asynchronous development began with
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the last two embryonic stages. Specifically, females
with advanced embryos always contained a single
stage V individual which was about to hatch, while the
remaining embryos in the brood were still at stage IV.
This observation suggests that large juveniles (manca
stage) grow to full size one at a time and are released
singly, the individuals in the brood hatching over a
period of several months. A similar pattern of hatching
has been found in the aseasonal congener Leucon jonesi
(Bishop, 1994).

One of the first deep-sea larvae to be described in
the literature was that of the deep-sea eryonid crab
Willemoesia suhmi, a drawing of which appeared in the
Challenger reports. Embryological development has
since been described for several deep-sea decapods
(e.g., Brattegard and Sankarankutty, 1967; Herring,
1974; Ingle, 1979; Sulkin and Van Heukelem, 1980;
Williamson, 1982). In all cases, the patterns of devel-
opment and the early larvae resembled closely those
of shallow-water relatives. Caridean shrimps, including
the very abundant vent shrimps Chorocaris chacei,
Mirocaris fortunata and Rimicaris exoculata, have
been studied extensively in recent years. Vereschaka
(personal communication) has found embryos in the
water column which he ascribes to Rimicaris exoculata,
but there is some controversy about their identity. If
this observation is correct, R. exoculata would be
the only caridean that does not brood its embryos on
the pleopods until hatching. However, this observation
would help explain why very few berried vent shrimps
have been collected. Larvae of Atlantic vent shrimps
have been collected in midwater plankton samples
near the mid-Atlantic Ridge, and postlarvae have been
collected as far as 1000km away, suggesting that
dispersal potential is substantial (Herring and Dixon,
1998).

Fage (1956) reported that the eggs of pycnogonids
(sea spiders) collected from a depth of more than
6000 m in the Banda Sea are brooded on the ovigerous
legs of the males, in exactly the same manner as those
of their shallow-water counterparts.

Mollusca

Deep-sea sediments contain a tremendous variety
of gastropods (Clarke, 1962). Although some larger
buccinids and pleurotomariids are encountered at slope
depths (Harasewych, 2002), the deep-sea gastropods
fauna is dominated by diminutive caenogastropod
predators such as turrids. Ectoparasitic forms living as
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epizoites on other organisms such as sea urchins are
also common.

Bivalves are represented mostly by protobranchs
(Allen, 1979; Zardus, 2002), though xylophagid bi-
valves are commonly found in waterlogged wood
(Turner, 1973), and a number of other orders also live
as infauna in the soft sediment. Deep-sea mussels and
clams are among the most abundant animals living at
cold seeps and hydrothermal vents (Van Dover, 2000).

Gonads, gametogenesis and reproductive

periodicity

Prosobranch gastropods are mostly dioecious, though
hermaphroditic species, especially protandric hermaph-
rodites, are known. The gonad is a discrete organ
located on the upper part of the body whorl and
connected to the outside by a gonoduct, which passes
through the pericardium. In the more advanced forms,
the gonoduct may be divided into pallial and car-
diac portions, which in turn may be elaborated into
various kinds of glands for the secretion of fluids,
mucus or capsular material to protect the embryos.
Scaphopods are all dioecious (Reynolds, 2002), as are
aplacophorans and, with very few exceptions, bivalves.
The gonad in mussels and clams is found dorsally, often
in close association with the digestive gland.

Gametogenesis has been described at the ultrastruc-
tural level in only a few species of deep-sea molluscs,
all from chemosynthetic ecosystems (Le Pennec and
Beninger, 1997; Eckelbarger and Young, 1999). Eck-
elbarger and Young (1999) described oogenesis and
spermatogenesis in the methanotrophic mussel Bathy-
modiolus childressi; the gametogenic mechanisms were
shown to be similar to those of seasonally breeding
shallow-water mussels. Spermatogenesis has also been
described for the gastropod Bathynerita naticoidea
from the same habitat (Hodgson et al., 1998). Ongoing
studies of gametogenesis in limpets from hydrothermal
vents show that some species have rapid mechanisms
of vitellogenesis virtually identical to those found
in certain intertidal limpets (Eckelbarger, unpublished
data).

Reproductive periodicity has been inferred from
gonad histology in a number of deep-sea molluscs
(Table 12.4), most of which have asynchronous game-
togenesis indicative of continuous breeding. Seasonal
breeders are found not only at relatively shallow slope
depths (Rokop, 1977a; Eckelbarger and Young, 1999),
but also at depths greater than 2000 m on the lower
slope (Tyler et al., 1992a) and at 3480 m in a hydrother-
mal vent system on the Mid-Atlantic Ridge (Le Pennec
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and Beninger, 1997). It is somewhat surprising that
several species of mussels breed synchronously at vents
and seeps, since these animals are presumably exposed
to a continuous source of chemical energy that can be
allocated to gonadal development.

Gamete structure and fertilization

Sperm have been described at the ultrastructural
level for deep-sea gastropods from several families
(Healy, 1988, 1989b, 1990; Hodgson et al., 1998) as
well as for a midwater cephalopod, Vampyroteuthis
infernalis (Healy, 1989a), and some chemosynthetic
mussels (Eckelbarger and Young, 1999). In every case,
the sperm structure was similar to that of shallow-water
members of the same groups.

Transfer of spermatophores has been described in a
deep-sea octopus (Lutz and Voight, 1994). Although no
other specific studies of fertilization have been under-
taken in deep-sea molluscs, it is presumed that deep-
sea gastropods follow the strongly conservative patterns
known for shallow-water taxa. Thus, archacogastropods
(with the exception of the Neritidae) spawn their
gametes and fertilize externally, while other groups all
fertilize internally by copulation.

Fecundity

Scheltema (1994) has reviewed the literature on fe-
cundity in deep-sea molluscs. Instantaneous fecundity
in bivalves ranges from two eggs in two species of
pristoglomid protobranchs on the continental slope
(Sanders and Allen, 1973) to more than 30 000 eggs in
opportunistic xylophagids that colonize wood (Turner,
1973). There are almost no reliable data on the
fecundity of deep-sea gastropods despite reported
counts of embryos in egg capsules (Gustafson et al.,
1991), since the number of capsules produced by a
single female is generally impossible to determine.

Embryogenesis and larval development

Egg masses from deep-sea snails have been found
and described several times (Gustafson et al., 1991,
Bouchet and Warén, 1994), but there are no descrip-
tions of early embryology, nor has a complete sequence
of larval development been reported for any deep-sea
mollusc. The known patterns of larval development
have been reviewed by Bouchet and Warén (1994)
and Scheltema (1994). Most of what is known about
larval development has been inferred from the apex of
the adult shell, where the larval protoconch (in gas-
tropods) or prodissoconch (in bivalves) is retained as a
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permanent record of larval size and growth (Thorson,
1950; Jablonski and Lutz, 1983; Scheltema, 1994).
The shell-apex method permits discrimination between
species with non-planktotrophic and planktotrophic
larvae, but does not resolve differences between species
with pelagic lecithotrophic larvae and species that
brood their young or hatch as juveniles from benthic
egg capsules (Jablonski and Lutz, 1983). Despite this
limitation, the method has been applied to a very
large number of deep-sea species. Many such studies
have focused on species from distinct geographical
regions of the Atlantic (Bouchet, 1976b; Rex and
Warén, 1982; Colman et al., 1986b) and on species
from cold seeps and hydrothermal vents (reviewed
by Gustafson and Lutz, 1994). A selection of these
studies is summarized in Table 12.5. Although both
planktotrophic and non-planktotrophic development are
common among bathyal and abyssal molluscs, some
groups have peak numbers of lecithotrophic species
at slope depths (Rex and Warén, 1982), and others,
exemplified in Fig. 12.3 by the Turridae (the most
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Fig. 12.3. The relationship between developmental mode and depth
in deep-sea gastropods of the family Turridae. Redrawn from Potter
and Rex (1992).

speciose family of gastropods in the deep sea), show a
regular increase in the incidence of planktotrophy with
increasing depth (Potter and Rex, 1992). Supporting
evidence for planktotrophic larval development comes
from the work of Bouchet (1976a) and Bouchet
and Warén (1979), who have obtained the larvae of
several species of abyssal gastropods in shallow-water
plankton tows. Moreover, Bouchet and Fontes (1981)
and Killingley and Rex (1985) have shown, by oxygen-
isotope ratios in abyssal snail shells, that larvae develop
at a warmer temperature than is found in the adult
environment. A number of planktotrophic larvae from
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deep-sea gastropods have eyes (Bouchet and Warén,
1994); but, in the only study of phototaxis in deep
sea larvae, Bingham and Young (1993) showed that the
eyed larvae of a bathyal snail, Pelseneeria sp., do not
respond to unidirectional white light.

Bouchet and Warén (1994) have argued that plank-
totrophy in deep-sea gastropods is not only an ancestral
condition (Strathmann, 1978), but also a plesiomorphic
character constrained by phylogeny in most groups.
They note that some species, particularly members of
the exclusively deep-sea family Laubierinidae, produce
very large veligers, males of which are neotonous and
attain sexual maturity before settlement (Bouchet and
Warén, 1994).

Knudsen (1961, 1970) provided detailed discus-
sions of reproduction in non-chemosynthetic deep-
sea bivalves, and the more recent literature in this
field has since been reviewed (Knudsen, 1979; Schein,
1989; Scheltema (1994). Using criteria proposed by
Ockelmann (1965) for inferring bivalve developmen-
tal mode from egg size, these studies suggest that
pelagic lecithotrophy, not direct development or plank-
totrophy, prevails among sediment-dwelling deep-sea
gastropods. The major exceptions appear to be in
the Xylophagidae, which are nearly always associated
with waterlogged wood or other plant material. Turner
(1973) showed that some xylophagids have small eggs
and wide dispersal, while Knudsen (1961) documented
several species with large eggs that appear to brood
their young on the outside of the shell (Fig. 12.4). The

Fig. 12.4. Brooded juveniles on the valves of a bathyal xylophagid
bivalve. Reproduced with permission from Knudsen (1961).

reasons for these divergent reproductive modes within a
single family remain unexplained (Scheltema, 1994).
At hydrothermal vents, most molluscan species ap-
pear to have non-planktotrophic development, though
planktotrophic species are also known (reviewed by
Gustafson and Lutz, 1994). Craddock et al. (1997)
predicted that non-planktotrophic species should have



397

REPRODUCTION, DEVELOPMENT AND LIFE-HISTORY TRAITS

($661) ZI'] pue uosjesno) e - S I SNOLIRA oygoed ‘onuepy BIA[RAIG
(L661) 'Te 19 yo0ppeI) 4 - 0 - 00ST oyioeg epodonses50oeyory
(#661) ZIn'T pue uosjesno) 6€ — € - SNOLIBA oyroed ‘onuepy epodoxnsen
SAIDALS dHAS ANV INHA
(6L61) udTepy pue JoyonOg S - I - 000%-00S¢C €3S UBISOMION BIATBAIG
(¥661) uTEA\ pUE JoUONOY q S - LT 00750001 priom epodonsen
(q9861) 'Te 10 urW[O) 8 - 9 - 0067-00TT onuepy 4N spodoxnses youeiqosold
(99.L61) 1°yonog q - 01 - SNOLIBA onuepy gN spodonses youeiqosoid
(6L61) uareA\ pue joyonog 11 - € - 000005 ©€ag ueISomIoN epodonsen
(6L61) u9IEA\ pUE JoYONOY - - (%0€) SI 00£5—-00S¢ onuepy gN epodonsen
(7861) UaTRA PUB XoY 61 - €€ - 0L6V—8LY onueny MN epodonseSooN
(T861) uoIEM pue Xoy 1T - 4! - 0L67—8LY onuepy MN epodonse3osajy
(2861) uTeA pUE XY (44 - 0 0 0L67—8LY onuepy MN epodonsesoseyory
SHIDHAIS dHAS ANV LNIA-NON

saroadg sar[rue sa10adg sarfwe
SOOURIJNY orydomnoruerd-uoN siydomnopue[d (w) sypdoq uoI3oy uoxe],

sargojoydiow pue sazis Youod0ssipoid pue youod03oid wolj parIdjul se ‘sosnjjowr eas-doop 10J juowdo[oAdp [eATe] JO SOPOIA

STl 198l



398

limited dispersal, but genetics did not bear out this
prediction. However, Etter and Rex (1990) showed
that genetic differentiation decreases concomitantly
with a shift away from lecithotrophy along a depth
gradient. Some of this confusion probably results
from an inability to distinguish pelagic lecithotrophs
from direct developers and some is probably because
lecithotrophs living at low temperatures (and therefore
having low metabolic rates) can disperse substantial
distances without the benefit of feeding. Just as mode
of development is not a good predictor of geographic
range in deep-sea ascidians and echinoderms (Young
et al., 1997), it may not predict dispersal potential or
genetic differentiation in deep-sea molluscs.

Echinodermata

From the standpoint of reproduction, echinoderms are
the best-studied group of deep-sea animals. Table 12.6
gives a summary of some reproductive parameters
for all species studied. Most deep-sea echinoderms
have separate sexes, though hermaphroditism is known
among the holothurians (Tyler et al., 1992b) and
occasional hermaphroditic echinoids have been ob-
served (e.g., Allocentrotus fragilis, Lytechinus euerces:
Young, personal observations). With few exceptions,
the reproductive mechanisms and patterns found in
shallow-water echinoderms are also represented among
their deep-water relatives. Echinoderm reproduction
has been thoroughly reviewed elsewhere (see Giese
et al., 1991 as a convenient portal to the literature).

Gonads, gametogenesis and reproductive

periodicity

Echinoderms were among the first deep-sea animals
shown conclusively to have seasonal reproduction
(Lightfoot et al., 1979; Tyler et al., 1982a) and
recruitment (Schoener, 1968), though it is now known
that seasonal breeding is the exception in this group
rather than the rule. In the Rockall Trough, where
numerous species have been examined in multiple
seasons, only a small proportion of species breed
seasonally (Table 12.6). However, at shallower bathyal
depths on the Bahamian Slope, the majority of species
are seasonal breeders. All known deep-sea species
with seasonal breeding produce planktotrophic larvae,
and all known species of continuous breeders produce
non-planktotrophic larvae (Tyler and Young, 1993).
Gonadal development is essentially the same as that
of other echinoderms, proceeding through sequential
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stages of gamete proliferation, vitellogenesis and ga-
mete storage prior to spawning. However, in semi-
continuous breeders such as Echinus affinis, the gonad
contains multiple cohorts of gametes, and the cycle
may take more than one year to complete (Tyler and
Gage, 1984a).

Eckelbarger (1994b) has listed 34 species of bathyal
and abyssal echinoderms whose ovaries have been
examined by electron microscopy; but modified ovaries
have been found only in four species of deep-sea
holothuroids. In Bathyplotes natans, Hansenothuria
benti, Holothuria occidentalis and Mesothuria sp.,
the inner epithelial cells of the oocytes resembled
podocytes, cells which are generally associated with ex-
cretion in other invertebrates (Eckelbarger and Young,
1992; Tyler et al., 1994). In the case of sea-cucumber
ovaries, it has been suggested that podocytes may
function in exchange of nutrients between the genital
haemal sinus and the ovary during vitellogenesis
(Eckelbarger and Young, 1992).

Fecundity

Ramirez Llodra (2002) has reviewed the literature
on fecundity in marine animals, including echinoderms
in the deep sea. Fecundity has been estimated for
many of the echinoid, asteroid and holothuroid species
listed in Table 12.6. In general, deep-sea species
follow the expected pattern (Vance, 1973) in which
lecithotrophic species with large eggs have a smaller
number of eggs than planktotrophic species. Thus, for
example, the planktotrophic species Plutonaster bifrons
produces about one million eggs (Tyler and Pain,
1982a), whereas co-occurring lecithotrophic starfish
such as Bathybiaster vexillifer (Tyler et al., 1982b) and
Benthopecten simplex (Pain et al., 1982a) produce only
a small number of mature oocytes at any given time.
Body size, gonad structure and depth all covary with
fecundity in echinoderms. This is illustrated well in
the forcipulate starfish of the Rockall Trough (Tyler
et al., 1984). The brisingid starfish Brisingella coronata
has an egg size (1250 wm) identical with that of the
confamilial Freyella spinosa, yet the former has a
fecundity of about 60 000 eggs and the latter produces
only 2500 eggs. Freyella lives deeper (below 4000 m)
than Brisingella (750-2450 m).

Gamete structure and fertilization

Eckelbarger et al. (1989¢) and Eckelbarger (1994b)
have reviewed the sperm morphology of deep-sea
echinoderms. The majority have sperm of the prim-
itive (Franzen, 1956) or ect-aquasperm (Rouse and
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Table 12.6

Reproductive periodicity and egg sizes in deep-sea echinoderms
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Species Site Depth (m) Egg size (wm) Periodicity! References
ASTEROIDEA
Bathybiaster vexillifer Rockall Trough 2200 650 A Tyler et al. (1982b)
Benthopecten simplex Rockall Trough 2170-2300 950 A Pain et al. (1982b)
Brisinga endecacnemos Rockall Trough 1860-2200 1250 A Tyler et al. (1984)
Brisingella coronata NE Atlantic 750-2200 1250 A Tyler et al. (1984)
Dytaster insignis Rockall Trough 2170-2910 120 (?) S Tyler et al. (1982a)
Freyella spinosa Porcupine Abyssal Plain 40004212 1250 A Tyler et al. (1984)
Hymenaster gennaeus Rockall Trough 2200 1100 A Pain et al. (1982b)
Hymenaster membranaceus  Rockall Trough 1862-2300 1100 A Pain et al. (1982b)
Hyphalaster inermis Madeira Abyssal Plain 5000 650 A Ramirez Llodra et al. (2002)
Paragonaster subtilis Rockall Trough 2200 900 A Tyler and Pain (1982b)
Pectinaster filholi Rockall Trough 1752-2515 850 A Pain et al. (1982b)
Plutonaster bifrons Rockall Trough 2200 120 S Tyler et al. (1982a)
Pontaster tenuspinus Rockall Trough 588-1050 800 A Pain et al. (1982b)
Porcellanaster ceruleus Rockall Trough 2900 600 A Madsen (1961), Tyler,
unpublished.
Pseudarchaster parelli Rockall Trough 2200 900 A Tyler and Pain (1982b)
Psilaster andromeda Rockall Trough 1050-2965 950 A Tyler et al. (1982a)
Styrachaster chuni Madeira Abyssal Plain 5000 650 A Ramirez Llodra et al. (2002)
Styrachaster horridus Madeira Abyssal Plain 5000 650 A Ramirez Llodra et al. (2002)
Xyloplax medusiformis New Zealand 1000 viviparous ? Baker et al. (1986)
Xyloplax turnerae Bahamas 2000 “large” ? Rowe et al. (1988)
Zoroaster fulgens Rockall Trough 2170-2450 950 A Tyler et al. (1984)
OPHIUROIDEA
Amphiophiura bullata NW Atlantic 13304750 350 ? Schoener (1972)
Amphilepis ingolfiana NW Atlantic 1330-4750 400 ? Schoener (1972)
Homalophiura tesselata NW Atlantic 13304750 400 ? Schoener (1972)
Ophiacantha bidentata Rockall Trough 2200 600 A Tyler and Gage (1982)
Ophiacantha normani San Diego Trough 1250 ~430 A Rokop (1974)
Ophiocten gracilis Rockall Trough 1000 100 S Sumida et al. (2000)
Ophiomusium lymani NW Atlantic 1100-2000 600 S Schoener (1968, 1972)
Ophiomusium lymani Rockall Trough 2200 600 A, S Gage and Tyler (1982b)
Ophiura ljungmani NW Atlantic 1330-3834 90 S Schoener (1968, 1972)
Ophiura ljungmani Rockall Trough 2900 100 S Tyler and Gage (1980),
Gage and Tyler (1982a)
ECHINOIDEA
Allocentrotus fragilis NE Pacific 50-1150 110 S Boolootian et al. (1959)
Araeosoma fenestratum Rockall Trough 631 1250 A Tyler and Gage (1984b)
Archaeopneustes hystrix Bahamas 300-625 ~100 S Young et al. (1997)
Aspidodiadema jacobyi Bahamas 350-600 90 S Young and George (2000)
Brissopsis lyrifera Mediterranean 60-1000 80 S Ferrand et al. (1988)
Calveriosoma hystrix Rockall Trough 640-1075 1250 A Tyler and Gage (1984b)
Cidaris blakei Bahamas 500-750 110 S Young, unpublished

continued on next page
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Table 12.6, continued
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Species Site Depth (m) Egg size (wm) Periodicity! References
Cidaris cidaris Rockall Trough 508-1500 110 S Tyler and Gage (1984b)
Echinus acutus Rockall Trough 500-1271 90 (?) S Gage et al. (1986)
Echinus affinis Rockall Trough 2200 120 S Tyler and Gage (1984a)
Echinus elegans Rockall Trough 500-1271 90 (?7) S Gage et al. (1986)
Hygrosoma petersi Rockall Trough 990-2965 1150 A Tyler and Gage (1984b)
Linopneustes longispinus Bahamas 608—683 109 S Young and Cameron (1989)
Lytechinus euerces Bahamas 300-500 96 S Young, unpublished
Palaeobrissus hilgardi Bahamas 575-650 128 S Young, unpublished
Phormosoma placenta NE Atlantic, Bahamas 616-2240 1100 A Tyler and Gage (1984b),
Young and Cameron (1987)
Poriocidaris purpurata Rockall Trough 990-1075 1500 A Tyler and Gage (1984b)
Salenia goesiana Bahamas 90-540 57 S Young, unpublished
Sperosoma grimaldi Rockall Trough 1210 1100 A Tyler and Gage (1984b)
Stylocidaris lineata Bahamas 600 120 S Young et al. (1992)
HOLOTHUROIDEA
Bathyplotes natans NE Atlantic, Bahamas 625-1694 280 A Tyler et al. (1994)
Benthodytes sordida Porcupine Abyssal Plain 36804515 >1000 A®) Tyler and Billett (1987)
Benthogone rosea Porcupine Seabight 1387-2120 750 A Tyler et al. (1985b)
Cherbonniera utriculus Rockall Trough 28784050 200 (S) Tyler et al. (1987)
Deima validum Porcupine Abyssal Plain 40804795 700 A®) Tyler and Billett (1987)
Laetmogone violacea NE Atlantic 960—1506 350 A Tyler et al. (1985b)
Molpadia blakei Porcupine Abyssal Plain 1991-4510 200 A Tyler et al. (1987)
Oneirophanta mutabilis Porcupine Seabight 29004795 950 A®?) Tyler and Billett (1987)
Paroriza pallens NE Atlantic, Bahamas 9001785 350 A Tyler et al. (1992b)
Paroriza prouhoi NE Atlantic 40804780 450 A Tyler et al. (1992b)
Peniagone azorica Rockall Trough 2220-2965 300 A Tyler et al. (1985a)
Peniagone diaphana Porcupine Abyssal Plain 3976-4780 300 A Tyler et al. (1985a)
Psychropotes depressa Porcupine Seabight 2405-2440 >750 A®) Tyler and Billett (1987)
Psychropotes longicauda Porcupine Abyssal Plain 4043-4795 >3000 A Tyler and Billett (1987)
Psychropotes semperiana Porcupine Abyssal Plain 5432-5440 >3000 A(?) Tyler and Billett (1987)
Ypsilothuria bitentactulata ~ Rockall Trough 2175-2907 350 A Tyler and Gage (1983)

! Periodicities are listed as either S, seasonal or synchronous; or A, aseasonal or continuous.

Jamieson, 1987) type, characterized by small spherical
or conical nuclei. Such sperm are indicative of free
spawning and external fertilization; both processes
have been observed for more than 20 species of bathyal
echinoderms (Young, 1994b). There is, however, an
unexplained tendency toward gigantism in the sperm
of deep-sea echinoderms (Fig. 12.5). For example,
the sperm of soft-bodied echinothuriid sea urchins,
which fertilize yolky eggs exceeding 1 mm in diameter
(Tyler and Gage, 1984b; Young and Cameron, 1987;
Cameron et al., 1988) are very elongate. These sperm

carry lipid bodies on the posterior end of the midpiece
mitochondria (Eckelbarger et al., 1989a), a very rare
feature in shallow-water sea urchins (an exception
is the sand dollar Echinarachnius parma.) The lipid
bodies are thought to serve as an energy store which
permits the sperm to swim for an unusually long
time after dilution (Young, 1994b), but could also
provide some flotation, enabling the sperm to disperse
upward with the rapidly floating eggs (Young and
Cameron, 1987; Cameron et al., 1988). Sperm of
even greater length are found in the deep-sea genus
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Fig. 12.5. Elongate and dimorphic sperm of deep-sea echinoids.
The sperm of the arbaciid Coelopleurus floridanus (A) from the
Bahamian slope is typical of a shallow-water echinoid. The elongate
sperm from the genera Araeosoma (E,F) and Phormosoma (G)
have lipid stores on the middle-piece, apparently to extend the
swimming time. The elongate portion of the sperm head in
Aspidodiadema jacobyi (D) consists of nuclear material, whereas the
elongate anterior extension of the paraspermatozoan of Phrissocystis
multispina (B) is a second flagellum. The euspermatozoan of
Phrissocystis (C) is unmodified. Redrawn from Eckelbarger et al.
(1989a—c).

Aspidodiadema (Fig. 12.5). The sperm nucleus of
Aspidodiadema jacobyi from the Bahamian slope is
29um long, approximately an order of magnitude
longer than a typical echinoid sperm (Eckelbarger
et al.,, 1989b). Similarly elongate nuclei have been
observed in A. arcitum from the Hawaiian slope
(Young, unpublished data). The reason for these very
long sperm heads is unknown; Aspidodiadema spp.
freely spawn small (90 um) eggs and fertilize them
externally, apparently in the same manner as other
echinoids with much smaller primitive-type sperm.
The Hawaiian deep-water echinoid Phrissocystis
multispina is the only echinoderm known to have sperm
dimorphism, and also the only known species with
bipolar-tailed sperm (Eckelbarger et al., 1989b). Males
produce not only normal-looking euspermatozoa, but
also paraspermatozoa with two tails (Fig. 12.5), both
of which originate from centrioles on the posterior end
of the nucleus, but one pointing forward and one aft. As
fertilization has not been observed in this species, the
different roles of the two sperm types have not been
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discovered. The unusual concentricycloid asteroids of
the genus Xyloplax, considered by some to constitute
a separate phylum of echinoderms, apparently fertilize
internally and consequently have sperm of a modified
type. These unusual filiform sperm have been described
in detail by Healy et al. (1988).

The mechanisms and problems of external fertil-
ization in deep-sea echinoderms have been discussed
by Young (1994b). Free spawning, often in response
to chemical spawning inducers such as potassium
chloride, has been observed in many species, though
very few spawning events have been observed in situ.
A number of Bahamian-slope species, including As-
pidodiadema jacobyi (Young, unpublished), Cidaris
blakei (Young, 1994b), Salenia goesiana (Young,
unpublished) and Stylocidaris lineata (Young et al.,
1992) form tight aggregations or pairs during the
breeding season, apparently to cope with the problem
of isolation at spawning (Fig. 12.6). Other species,
including seasonally breeding spatangoids and cassidu-
loids, move about in herds during the entire year.
Hermaphroditic holothurians in the genus Paroriza
apparently pair for extended periods of time (Fig. 12.6;
Tyler et al., 1992b; Mauviel and Sibuet, 1985).

o

Fig. 12.6. Reproductive pairing in deep-sea echinoderms. A: a pair
of ripe Stylocidaris lineata from the Bahamian Slope (Young et al.,
1992). B: two individuals of Paroriza sp. leaving a long trail across
the sea floor in the North Atlantic. Reproduced by permission from
Mauviel and Sibuet (1985).
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Embryogenesis and larval development

Early predictions notwithstanding, only two deep-
sea echinoderm species, the holothurian Oneirophanta
mutabilis (Hansen, 1968) and the concentricycloid
Xyloplax medusiformis (Rowe et al., 1988), are known
to brood their young internally, though it is likely
that many ophiuroids and a few asteroids will also
eventually be found to brood. Although a number of
shallow-water or eurybathic species from Antarctica
are known to be brooders (Thomson, 1878; Agassiz,
1881; Sladen, 1889), all other species of strictly bathyal
or abyssal echinoderms, including many which were
once assumed on the basis of egg size to be brood-
ers (Agassiz, 1881; Thorson, 1946; Madsen, 1961)
reproduce with either pelagic lecithotrophic larvae or
planktotrophic larvae (Pearse, 1994; Young, 1994a).
The lecithotrophs, exemplified by the echinothuriid
echinoids (Tyler and Gage, 1984a), elasipod holothuri-
ans (Tyler and Billett, 1987) and porcellanasterid sea
stars (Madsen, 1961; Ramirez Llodra et al., 2002), have
yolky eggs approaching or exceeding 1 mm in diameter.
Although it is clear from morphology and observation
that these large eggs float (Young and Cameron, 1987;
Cameron et al., 1988) and that these species do not
retain their large eggs, lecithotrophic larvae have not
been described for any deep-sea echinoderm. Indeed,
Tyler and Billett (1987) have suggested that the large
eggs of elasipod holothurians are direct developers
which bypass a larval stage and develop directly into
swimming juveniles of the sort commonly found in
mid-water trawls (Gebruk et al., 1997).

Planktotrophic larvae have been reared for a number
of echinoderm species living at bathyal depths, includ-
ing the ophiuroid Ophiocten gracilis (Mortensen, 1898;
Tyler and Gage, 1982) and the echinoid Cidaris cidaris
from European waters (Prouho, 1888), the echinoid
Laganum diploporum from Japan (Mortensen, 1921),
and nine species of echinoids from the Bahamian
slope: Archaeopneustes hystrix (Young et al., 1996¢),
Aspidodiadema jacobyi (Young et al., 1989; Young
and George, 2000), Cidaris blakei (Young, unpub-
lished), Coelopleurus floridanus (Young, unpublished),
Conolampas sigsbei (C.M. Young and PA. Tyler,
unpublished), Linopneustes longispinus (Young and
Cameron, 1989), Lytechinus euerces (Young et al.,
1996¢). Palaeobrissus hilgardi (C.M. Young and
J.L. Cameron, unpublished) and Stylocidaris lineata
(Young et al., 1996¢c, 1997). With the exception of
Aspidodiadema jacobyi (Young and George, 2000), all
of the larvae described are morphologically similar
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to shallow-water members of the taxa to which they
belong.

The larvae of Aspidodiadema jacobyi are unusual in
several ways. Like typical planktotrophs, they develop
from a small egg (90 um) but, unlike other species,
development of a mouth is delayed for the first
21 days, as the blastocoel becomes filled with yolky
cells from the vegetal plate (Young et al, 1989).
The yolky cells permit dispersal and perhaps vertical
migration (Young et al., 1996c) for up to two months
before planktonic food is required (Young et al.,
1989). Eventually, the larva becomes a very large
and complicated echinopluteus having 12 arms, a long
posterior process and convoluted ciliary lobes (Young
and George, 2000).

Cnidaria

In the deep sea, benthic cnidarians including vari-
ous octocorals, scleractinian corals and actinian and
zoanthic sea anemones, are particularly common on
hard substrata such as seamounts and boulders, and on
the volcanic rocks at some hydrothermal vents. Many
species that require a firm surface have adopted an
epizoic lifestyle, often becoming specialized for life on
a single species of echinoderm, sponge or gorgonian.
The most common cnidarians on soft bottoms are
pennatulids (sea pens), which anchor their rachises in
the sediment like a root.

Gonads, gametogenesis and reproductive

periodicity

Aspects of reproduction have recently been described
for several deep-sea pennatulid octocorals. Kopho-
belemnon stelliferum, a sea pen from the Porcupine
Seabight in the northeast Atlantic, produces large eggs
(800 um), has separate sexes and apparently breeds
continuously (Rice et al., 1992). Members of the
cosmopolitan pennatulid genus Umbellula have eggs
of a similar size which originate on the mesenterial
filament, then complete oogenesis while floating freely
in the gastrovascular cavity (Tyler et al.,, 1995).
Ultrastructural details of gametogenesis have been
described for Pennatula aculeata, a species that lives
in relatively shallow (110 m) water and to a depth of
at least 1500m (Eckelbarger et al., 1998). Females
of this species contained oocytes of all sizes and at
all stages of oogenesis, suggesting that breeding is
aperiodic. Sperm were packaged in sperm cysts, each
of which contained spermatocytes at a comparable
stage of development. The sperm remain packaged
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in these cysts until after spawning, possibly as a
mechanism for reducing sperm dilution (Eckelbarger
et al., 1998).

Bronsdon et al. (1993, 1997) contrasted the re-
productive patterns of two epizoic anemones, Am-
phianthus inornata which lives attached to gor-
gonians at depths between 2100 and 2300m, and
Kadosactis commensalis, which lives on sea cu-
cumbers between 4500 and 4900m. The shallower
species breeds seasonally, releasing eggs in the spring,
whereas the deeper-dwelling species has asynchronous
breeding and probably spawns throughout the year.
A species pair of zoanthid anemones which live
epizoically on hermit crabs have also been studied
at similar depths. In this case, however, the shallow
species (Epizoanthus paguriphilus at 770-1065 m) and
the deep one (Epizoanthus abyssorum at 3749 to
4400 m), are both continuous breeders (Muirhead et al.,
1986).

Van-Praét and Duchateau (1984) and Van-Praét
(1990) also provided evidence for seasonal repro-
duction in an abyssal sea anemone, Paracalliactis
stephensoni. The timing and duration of reproduction
has also been related to depth and seasonal flux of
organic matter in congeneric actinians of the genus
Phelliactis (Van-Praét et al., 1990). Both species are
dioecious and produce large eggs. Phelliactis hertwigi
lives between 719 and 1448 m in the Porcupine
Seabight and produces an egg 180 um in diameter.
Gametogenesis takes 8—9 months and spawning occurs
in October or November of each year. Phelliactis
robusta lives at a greater depth (1600-2173m) in
the Bay of Biscay and produces a slightly larger
egg (220 um). Its gametogenesis takes 15-19 months
and it spawns in April or May. These contrasting
life cycles appear to be correlated with differences
between the two habitats in the timing and intensity
of phytodetritus flux (Van-Praét et al., 1990). Despite
intense recent interest in deep-sea scleractinian corals
such as Lophelia pertusa, there are no published
data on the reproduction of these species, although
fecundity appears to be very low (Waller and Tyler,
pers. comm.).

Embryogenesis and larval development

Brooded planula larvae of two deep-water hydro-
corals, Cryptohelia pudica and Errina labiata, were
observed by Moseley (1881) during the Challenger
expedition. Both male and female gametes of hydro-
zoans, actinians and octocorals were also described by
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the Challenger authors (von Kolliker, 1880; Hertwig,
1882; Allmann, 1883). Danielssen and Koren (1884)
reported a developing embryo from inside the polyp of
Umbellula encrinus, but no evidence of brooding has
been reported since and it has been suggested (Tyler
et al., 1995) that the earlier workers mistook a parasitic
flatworm for an embryo.

The only study of larval biology in a deep-water
cnidarian is of the alcyonacean Anthomastus ritteri
from California (Cordes et al.,, 2001). A large indi-
vidual of this species broods more than 4000 yolky
embryos in its gastrovascular cavity. Larvae are re-
leased as fully formed demersal planulae capable of
settlement within two days, but also capable of delaying
metamorphosis for more than four months (Cordes
et al., 2001).

Other phyla

Porifera

Hexactinellids dominate the sponge fauna of bathyal
and abyssal depths, yet hexactinellid larvae have been
described for only a single species from relatively
shallow water, and embryos have only been observed
in a few cases (M. Maldonado and C.M. Young,
unpublished observations). Witte (1996) described
reproduction in three deep-sea demosponges from
2300 m in the Norwegian Sea. One of these reproduced
seasonally, the onset of yolk formation correlating
closely with the maximum flux of particles collected
in sediment traps.

Nemertea

Seven species of pelagic nemertean worms living at
depths between 250 and 3250 m in the eastern Pacific
had eggs substantially larger (0.5-1 mm diameter) than
those typical of shallow-water nemerteans (Norenburg
and Roe, 1998). Females tended to be larger than
males, and the sex ratio was apparently biased toward
females in all but one species. The polystyliferan ne-
merteans in this assemblage transfer yolk to the oocytes
through cytoplasmic bridges attached to nurse cells,
a vitellogenic mechanism unknown among shallow-
water nemerteans. Reproduction was iteroparous in all
species, though only two species of the genus Phallone-
mertes showed evidence of seasonal reproductive peaks
(Norenburg and Roe, 1998).

Echiura
Selenka (1885) reported multiple dwarf males at-
tached to a single female of the echiuran worm Bonellia
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sumhi dredged from a depth of 2451 m off Nova Scotia.
This observation suggests that this species reproduces
in the same way as its shallow-water congeners, which
produce larvae that settle preferentially on the female
worm.

Bryozoa

On the basis of skeletal morphology, it appears
that some deep-sea bryozoans brood embryos and
release coronate larvae similar to those of shallow-
water ascophorans (Davidson, 1880). Although there
has been considerable taxonomic work on deep-water
bryozoans in recent years, beginning with the bryozoan
volume of the Galathea reports (Hayward, 1981),
there have been no studies specifically directed at
reproduction.

Brachiopoda

Larvae of the deep-sea inarticulate brachiopod
Pelagodiscus atlanticus, which lives at depths ranging
from 365m to 4435m, were collected from shallow
water by Ashworth (1915). Other inarticulate larvae
have been taken in plankton samples between 1000
and 3000 m (Simroth, 1897; Eichler, 1911). There have
been no recent studies of reproduction in deep-sea
brachiopods.

Hemichordata

Enteropneust worms are relatively common in the
deep sea, though reproduction has only been examined
in a single species. The very elongate ‘“spaghetti
worm,” Saxipendium coronatum, lives draped over
rocks in areas of diffuse hydrothermal flow at about
2500 m depth on the East Pacific Rise. Most individuals
that have been collected are male, suggesting a strongly
biased sex ratio. The testes, which are easily visible
through the transparent body wall, occur in series
along most of the trunk of the worm, giving the
worm the appearance of a double pearl necklace. The
sperm ultrastructure, as described by Franzen et al.
(1985), reveals mushroom-shaped primitive sperm sug-
gestive of external fertilization. Franzen et al. (1985)
also reported small eggs, from which they inferred
planktotrophic development. However, a recent re-
examination of this species (Young, unpublished data)
reveals very large floating eggs suggestive of either
lecithotrophic larval development (a developmental
mode unknown in the enteropneusts) or pelagic direct
development. Giant larvae (up to 22 mm diameter)of
an enteropneust known as Planktosphaera pelagica
have been collected from oceanic waters in both the
Atlantic and Pacific (Spengel, 1932; Hadfield and
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Young, 1983). Although the adults remain unknown,
it is generally thought that these are the larvae of an
unknown enteropneust from the deep sea.

Chordata

Colonial ascidians collected from deep water have
often been found to contain brooded larvae, like their
shallow-water relatives (e.g., Herdman, 1886). A few
deep-water solitary ascidians, including Hypobythius
calycodes (Moseley, 1876) and some species of car-
nivorous octacnemid ascidians (Young and E. Vazquez,
unpublished data) produce eggs much larger than those
of any known shallow-water solitary ascidian. It is not
known whether these gigantic eggs (nearly 1 mm in
diameter) develop directly, bypassing the larval stage,
or if they develop by means of lecithotrophic tadpoles
like the majority of shallow-water solitary ascidians.
Larval development has been described for only a
single bathyal species, Bathypera feminalba (Young and
Vazquez, 1995). Tadpoles of this species were very
similar to those of shallow-water species in the same
family.

LIFE-HISTORY TRAITS IN THE DEEP SEA:
PREDICTIONS AND EVIDENCE

Life-history theory predicts traits that maximize fitness
of an organism in the particular environment where
it lives. These include brood size, size of young, age
distribution of reproductive effort, the interaction of
reproductive effort with adult mortality, and variation
in all of these traits among the progeny of an individual
(Stearns, 1976). In the context of marine organisms,
“brood size” is generally called “fecundity” and “size
of young” may be equated with egg size, which
often determines the mode of development. Most
marine animals reproduce until they die, so the “age
distribution of reproductive effort” is often equivalent
to age at first reproduction. To these one may add
a number of traits that are especially germane for
marine animals, including developmental mode, degree
of parental protection, and various traits that assure
successful fertilization (the “breeding strategy”: Young,
1999), including mating systems, spawning behaviors,
sperm chemotaxis and pheromonal communication.
An extensive literature on life-history traits considers
differences that are expected between species or popu-
lations occupying stable vs. unstable environments. Al-
though there is considerable habitat variation at bathyal
and abyssal depths, extensive regions (e.g., abyssal
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plains) are much more stable than most shallow-water
habitats, and indeed are perhaps among the most
stable and predictable environments on the planet (see
Chapter 2). Because depth is roughly correlated with
gradients in nutrient availability and habitat stability,
it is useful to consider what life-history traits would
be favored by natural selection at various depths in the
sea. It is also interesting to consider how life histories
might differ between normal (heterotrophic) deep-sea
systems and autotrophic systems such as hydrothermal
vents and cold seeps.

Environmental stability is not the only selective
pressure in the deep sea that is expected to influence
life-history traits. On the abyssal plain, low population
densities, spatially uniform habitats, low temperature
and limited food are all expected to influence life-
histories, as are the extreme physical and chemical
conditions found at hydrothermal vents.

Partitioning of energy between somatic and
reproductive needs

Background

A fundamental idea in many life-history theories
is the principle of allocation, a zero-sum game in
which an organism has a fixed amount of energy and
material to allocate among various reproductive tissues,
somatic tissues and activities (Fisher, 1930; Williams,
1966). Theories about allocation are roughly divisible
into deterministic models such as the familiar r—K
selection idea of MacArthur and Wilson (1967) and
stochastic models, such as the bet-hedging theories
of Cohen (1966), Holgate (1967), Mountford (1968),
Murphy (1968), Schaffer (1974) and others. These
various models have been reviewed and summarized by
Pianka (1970), Stearns (1976) and Todd (1986).

In the r-selection/K-selection dichotomy (MacArthur
and Wilson, 1967), so-called “r-strategists” are organ-
isms living in environments (e.g., hydrothermal vents),
where mortality is caused largely by unpredictable
events. Such organisms are expected to invest more
energy in reproduction so as to spread the risk of
mortality among habitats and times. “K-strategists”
are organisms living in stable environments (e.g,
the abyssal plain) where density-dependent mortality
(e.g., from competitive interactions) occurs as the
environment reaches carrying capacity. Such organisms
are expected to allocate more of their energy to
growth, efficiency, persistence, and competitive ability
than to producing offspring which could ultimately
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be competitors. Proponents of the theory emphasize
that most species occupy places along a continuum
of r and K selection, but that a distinct dichotomy
still exists between two very different kinds of animals
(Pianka, 1970). However, Pianka (1970) also noted that
aquatic organisms in general do not conform to the
/K dichotomy.

The stochastic “bet-hedging” life-history models
have become more popular in recent years than
deterministic models such as r—K selection, particularly
for marine organisms with pelagic larvae and type III
(Deevey, 1947) survivorship curves (Todd, 1986).
These models predict the same combinations of life-
history traits as r/K selection theory, but argue that
these combinations should be found under circum-
stances opposite to those predicted by 1/K selection.
Specifically, the stochastic models predict short life,
high reproductive potential and semelparity for species
living in environments where the probability of juvenile
(or larval) survivorship is quite constant and the
opposite traits (long life, low reproductive output,
iteroparity) where juvenile survival is variable.

Predictions

The 1/K selection theory would predict that species
in stable, food-limited habitats in the deep sea should
tend toward the K end of the continuum, while vent
species living in geologically unpredictable habitats
should be r-strategists. The “bet-hedging” models are
difficult to test for deep-sea animals because there
are no data on the temporal variability of juvenile or
larval survival. If juveniles or larvae develop in the
relatively constant conditions of the abyssal plain or
in the predator-poor abyssopelagic zone, then the “bet-
hedging” models would predict a combination of traits
similar to “r-selection”. If, on the other hand, abyssal
animals send their larvae into the upper water column
where mortality processes are more severe and variable,
then a combination of traits similar to K-selection
would be expected. The latter traits would also be
predicted for stochastically unpredictable hydrothermal
vent habitats.

Evidence

Grassle and Sanders (1973) and Sanders (1979)
considered the available evidence for a K-selected life-
history strategy in the deep sea. Experimental tests of
this hypothesis subsequently came from colonization
experiments in which defaunated sediments were
deployed in trays on the sea floor (Grassle, 1977;
Desbruyeres et al., 1980; Levin and Smith, 1984;
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Grassle and Morse-Porteous, 1987; reviewed by Smith
and Hessler, 1987) or deposited directly on the sea
floor in mounds resembling the fecal deposits of
burrowing infauna (Kukert and Smith, 1992). Results
from these experiments have been variable. Most of the
sediment-tray experiments indicated that colonization
rates are significantly slower in the deep sea than
in shallow water (Grassle, 1977; Levin and Smith,
1984; Grassle and Morse-Porteous, 1987; Snelgrove
et al.,, 1994). In all of these studies, it took a very
long time for the community to return to background
levels. Both Desbruyeres et al. (1980) and Kukert
and Smith (1992) documented much higher rates of
recolonization. However, in the study by Desbruyeres
et al., most of the colonists were polychaetes not
represented in background samples; and some of the
colonization in the study by Kukert and Smith is likely
to have been invasion by adult burrowing, not larval
settlement.

Can any of these colonization data be interpreted as
evidence that species found in the deep sea allocate
more energy to growth and maintenance than to col-
onization of new habitats by larval dispersal? Strictly
speaking, recruitment rate is not a life-history trait
that can be influenced by natural selection, but some
factors contributing to recruitment rate (e.g., fecundity,
larval defense mechanisms, larval habitat selection
behaviors) are. One must therefore exercise extreme
caution in making the leap from gamete production
to colonization rate, as variable pelagic processes may
result in large losses of animals with high fecundity
or, conversely, occasional high recruitment of animals
which invest relatively little in reproduction. Moreover,
experiments deployed at different times may yield very
different results for species with seasonal recruitment
processes. The situation is further confused by the
inclusion of some ophiuroids (Gage and Tyler, 1982b)
and bivalves (Gage et al., 1980) with apparently
continuous reproduction which still recruit seasonally
or sporadically (Gage, 1991). In a community that
contains several species with different periods of
annual recruitment, slow colonization rates are not
surprising; indeed, they would be expected in some
proportion of experiments deployed at varying times
of the year and lasting for only about two years.
Thus, low colonization rates may be indicative of
low investment of gametes, but should not be taken
as direct evidence of K-selection. Finally, the use
of colonization data to evaluate life-history strategy
assumes that species with K-selected traits normally
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live at population equilibrium, and hence require little
ability to colonize disturbed or newly available habitats.
This point has been questioned by Caswell (1982),
who stated categorically and with the support of
population models that life-history traits cannot be
used to distinguish equilibrium and non-equilibrium
populations.

In making their case for K-selection in the deep
sea, Grassle and Sanders (1973) noted that many deep-
sea animals, particularly the highly diverse peracarid
crustaceans (isopods, amphipods, tanaids, cumaceans,
mysids), typically have low fecundity and some
parental protection, and lack a pelagic larval stage.
However, the K-selected traits of parental protection
and direct development are also universal among
shallow-water peracarids, suggesting that these traits
are phylogenetically constrained (Eckelbarger and Wat-
ling, 1995). Sanders (1977) noted that brittle stars and
some other deep-sea animals have high fecundity and
produce pelagic larvae, but he supposed that these
species must occupy peripheral deep-sea habitats such
as slopes and boreal seas, where conditions are less
stable and biological accommodation (and K-selection)
is less likely to occur. It is now known that many deep-
sea animals do in fact produce abundant pelagic larvae
(reviewed by Young, 1994a) and that settlement rates of
such animals may sometimes be very high in the deep
sea (see Gage and Tyler, 1981, for an example of high
ophiuroid settlement).

Turner (1973, 1977) provided dramatic demon-
strations of apparently r-selected deep-sea species
associated with ephemeral and patchy habitats such as
waterlogged wood. Regardless of what time of year
wood is deployed in the deep sea, xylophagid molluscs
and associated polychaetes invade it and grow quickly
to reproductive maturity (Tyler and Young, unpublished
data). The speed and reliability of the colonization
process indicates that there must be a “soup” of larvae
always ready to invade wood as it becomes available.
This is classic r-selection; indeed, it is one of the most
extreme examples of a “weedy” or r-selected species
anywhere in nature.

Rex (1979) provided evidence for a depth-related
shift along the r—K continuum in Alvania pelagica,
a gastropod common at shelf and slope depths in the
western Atlantic. He inferred longevity and the relative
amounts of energy devoted to growth and reproduction
from careful measurements of the protoconchs and
body whorls of the shell. The results indicated a
clear shift to greater K-selection occurring below the
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shelf/slope break where the environment becomes more
stable. Slope snails seem to allocate more energy to
growth and less to reproduction than conspecifics on
the shelf. A similar analysis within the protobranch
bivalve genus Nucula was conducted by Scheltema
(1972) over a depth gradient from the shelf to the
abyss. He showed that species from the abyss allocated
much less energy to reproduction than did their
shallow congeners, and also that abyssal species tended
to have lower fecundities and larger eggs. All of
these observations are consistent with the predicted
shift from r- to K-selection with increasing depth
and environmental stability. However, the opposite
may hold true for brachyuran crabs. Hines (1988)
noted that deep-sea brachyurans in the genus Chaceon
(formerly Geryon) have higher reproductive outputs
than shallow-water crabs of comparable sizes, but that
their fecundities were lower because of larger egg
sizes.

The r-K selection theory predicts that animals
should grow slowly, mature late, and live to a greater
age in more stable environments. The most dramatic
and oft-cited example of this is in the deep-sea
protobranch bivalve Tindaria callistiformis from 3.8 km
depth, which, on the basis of radioisotopic dating and
shell sculpturing are estimated to attain reproductive
maturity in about 50 years and to live for more
than a century (Turekian et al., 1975). Gage and
Tyler (1991) have discussed potential sources of error
in this life span estimate, which has a confidence
interval of 76 years. Similar longevities have been
inferred for shallow-water bivalves using a variety of
techniques (Breen and Shields, 1983; Jones et al.,
1978), so long-lived clams are not unique to the very
stable habitats of the abyss. Moreover, analysis of
isotopes in deep-sea clams on the Galapagos Rise
reveals very fast growth rates and shorter life spans
(Turekian et al, 1979) Analysis of size-frequency
data of protobranch bivalves in the Rockall Trough
indicate that growth rates are fairly rapid, and that
clams there live for only about eight years (Gage,
1985), which is similar to the expected longevity of
a small clam from inshore waters (Gage and Tyler,
1991). Grassle (1977) found reproductively mature
protobranchs (Deminucula cancellata) in colonization
trays that had only been on the sea floor for about two
years. Similar data from sediment trays indicate that the
aplacophoran mollusc Prochaetoderma yongei attains
full adult size in only two months and reproductive
maturity in less than a year (Scheltema, 1987). Taken
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together, these data do not support the contention that
deep-sea bivalves live longer, mature later, or grow
slower than shallow-water species.

Gage and Tyler (1985) have analysed growth and
longevity in the sea urchin FEchinus affinis from
a depth of 2200 meters on the Hebridean Slope.
This species lives for up to 28 years and attains
reproductive maturity after about five years. A shallow-
water congener, Echinus esculentus, lives for only
up to 12 years and attains maturity after about 1.5—
2.5 years (Nichols et al., 1985). Other echinoids from
various shallow temperate and tropical seas are likewise
shorter-lived and attain reproductive maturity much
faster (Ebert, 1982) than E. affinis. The limited data on
echinoids are consistent with a shift toward K-strategy
in the deep sea. However, other predicted attributes of
a K-adapted species do not apply to Echinus affinis.
This species has high fecundity, small egg size (Tyler
and Gage, 1984a), produces a pelagic larva (Young
and Tyler, 1993) and sometimes recruits in very large
numbers (Gage and Tyler, 1985).

There have been no explicit analyses comparing
“r-selected” and “K-selected” traits of deep-sea animals
from vents and seeps with animals that rely on
allochthonous food in the “normal” deep sea. The
predictions would be ambiguous in any case, since the
food supply of vent/seep animals is more predictable
and constant, yet the environment itself may remain
stable for much less time.

“Bet hedging” models are currently difficult to
evaluate for deep-sea habitats because there are no data
whatsoever on juvenile vs. adult survival probabilities
in the deep sea. It would seem reasonable to assume
that juvenile survival is less variable in the stable deep
sea than in temporally more variable shallow systems.
However, Jumars and Gallagher (1983) have argued
that, in the virtual absence of physical disturbance,
predation becomes the most important source of
mortality and that predation pressure should be more
intense on younger animals because more mouth sizes
would be able to ingest them. An extreme case of
heavy juvenile mortality has been documented in the
ophiuroid Ophiocten gracilis (Gage and Tyler, 1981).
Also, Gage et al. (1980) and Gage and Tyler (1981)
have invoked temporally variable juvenile mortality as
a possible explanation for apparent seasonal recruit-
ment in species that reproduce continuously.

In summary, there is evidence for a depth-related
increase in certain K—selected traits within species and
families of a few taxa, but there is also abundant
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evidence to suggest that the opportunistic r-strategy is
well represented in the deep sea. As in shallow water,
the deep sea contains enough spatial and temporal
variability to allow exploitation by species with various
strategies of energy allocation.

Age distribution of reproductive effort

Background

In his classic paper linking life-history traits with
population growth, Cole (1954) focused on the de-
mographic advantages and disadvantages of one-time
reproduction (semelparity) and repeated reproduction
(iteroparity). His major finding, often known as “Cole’s
result” was that semelparous animals that reproduce
early in life produce as many offspring over many
generations (i.e., are “as fit”) as iteroparous animals
that produce more offspring over the course of an
individual’s life, but begin reproduction later in life.
This result has been challenged as an oversimplification
(Charnov and Schaffer, 1973) but the fact remains
that both kinds of organisms are successful in the real
world. Todd (1986) noted that virtually all intertidal
invertebrates are iteroparous and used this observation
in support of the bet-hedging models that predict
iteroparity for habitats where organisms have variable
survival in the early life-history stages.

Predictions

“Bet-hedging” models predict that semelparity should
increase as a function of environmental stability; thus,
“normal” deep-sea habitats should select for semel-
parity, particularly among species that do not produce
pelagic larvae. The r/K-selection theory, by contrast,
predicts a predominance of long-lived, iteroparous
species in stable deep-sea habitats.

Evidence

The most extensive work on reproductive patterns
in the deep sea is that of Tyler, Gage and their
colleagues in the Rockall Trough. Of the many
species of echinoderms, molluscs, cnidarians and
other invertebrates they have studied, virtually all
reproduce over a wide range of body sizes, a feature
indicative of iteroparity. Moreover, the majority of
deep-sea species for which seasonal samples have been
obtained appear to reproduce more or less continuously,
probably over a number of annual cycles. The large
number of observations on echinoderm reproduction
on the Bahamian Slope also indicate iteroparity in all
species. However, Turner’s observations on xylophagid
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bivalves living in wood are in stark contrast, as these
species attain reproductive maturity quickly and must
reproduce before they consume their own habitat. Not
all xylophagids seem to follow this pattern. Knudsen
(1961) found juveniles attached in some way to the
adults of nine species. Although this was interpreted as
evidence of brooding, the young might also have settled
on the adults after a period of dispersal. Thus, although
at first sight it seems that some xylophagids might not
be opportunistic and iteroparous, definitive information
is not available. Other kinds of opportunistic species
which probably have semelparous reproduction include
some cocculinid limpets which colonize palm fronds
and wood (Young and Tyler, unpublished data), and
sipunculans which recruit opportunistically into fibrous
substrata (M.A. Rice, PA. Tyler and C.M. Young,
unpublished data). The latter appear to live longer than
a year and can reproduce several times in laboratory
culture. However, sipunculans differ from xylophagids
ecologically in that they do not destroy their own
habitat. Before concluding that iteroparity is more
common than semelparity in the deep sea, it should
be noted that semelparity is much more difficult
to document than iteroparity in infrequent deep-sea
sampling programs; indeed, it is probably common for
semelparous species to have life spans shorter than
typical sampling intervals.

Not all small-bodied animals are semelparous in
the deep sea. Wolff (1956a) found that the females
of at least two species of hadal tanaids “... pass
through several egg-bearing periods lasting probably
at least three months” and that “these periods may
occur only once every second or third year, provided
that the female reaches an age of, say 15-20 years.”
Wolff (1962) also found evidence of iteroparity in
asellote isopods, and Bishop reported multiple cohorts
of gametes in the gonads of abyssal cumaceans, a clear
indication of iteroparity.

If Jumars and Gallagher (1983) are correct about
the importance of juvenile predation, then the “bet-
hedging” models correctly predict iteroparity; if not,
then the predominance of iteroparity in the deep
sea is best explained as a K-selected life-history
trait. Empirical evaluation of these models requires
demographic data, which, with the exception of a
few echinoderms and bivalves in the Rockall Trough,
remain scarce for deep-sea animals (Gage and Tyler,
1991).

At vents and seeps, many of the larger animals,
including alvinellid polychaetes, siboglinid tube worms
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and bivalves, appear to reproduce over a wide range
of body sizes, suggesting that reproduction is either
continuous or iteroparous (reviewed by Tyler and
Young, 1999). To date, no semelparous species have
been documented at vents or seeps, but it seems likely
that some of the abundant small gastropods might be
opportunistic and semelparous.

Seasonal vs. continuous breeding

Background

At the individual level, gametogenesis may proceed
rapidly or slowly depending on the mechanisms of yolk
deposition, and with either single or multiple cohorts
of eggs developing at any given time (reviewed by
Eckelbarger, 1994a). The mechanism of vitellogenesis
may be absolutely conserved in some groups, but in
others, selection can modify the timing and speed
of gametogenesis to produce life cycles that reflect
the environmental cycles in which the animal lives.
Some tropical animals, which live in environments
with virtually constant temperature and daylength breed
semi-continuously (reviewed by Giese and Pearse,
1974; Young, 1999), but the vast majority of shallow-
water animals in both temperate and tropical latitudes
are periodic, synchronous breeders with annual repro-
ductive cycles being the most common (Giese and
Pearse, 1974).

Predictions

Moseley (1880) thought that there might be some
seasonality in the deep sea, but his tentative suggestion
was soon overshadowed by an influential paper by
Orton (1920) predicting that deep-sea animals living
at constant temperature should reproduce continuously.
Although Orton advanced this idea as a testable
hypothesis, it was not tested for many decades.
During the intervening period, it became practically
canonized in the deep-sea literature, in part because
seasonal samples were hard to obtain, but also because
the dynamic nature of the deep sea was not fully
appreciated by biologists.

Evidence

Tables 12.1 to 12.4 list by major group all bathyal
and abyssal species for which gametogenesis has
been studied sufficiently well to infer periodicity of
reproduction. Only a small amount of evidence comes
from populations sampled regularly for reproductive
parameters throughout the years. Constraints in ship-
time, so that different seasons are sampled in different
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years, often make it necessary to piece data together to
make a composite year. It is not uncommon to find data
sets with many months missing. As a poor alternative to
seasonal sampling, patterns of reproductive periodicity
have often been inferred from single gonad samples.
This may be done by examining the cohort structure
of gametes; the presence of multiple egg sizes and
few mature gametes is suggestive of semi-continuous
reproduction, particularly when numerous individuals
of the population show a similar pattern. On the
other hand, population-wide synchrony in which all
individuals have a single gamete cohort is indicative
of periodic, synchronized reproduction.

It is clear from the data that the majority of deep-sea
species have aseasonal reproduction, but that seasonal
reproduction also occurs at all latitudes and to depths
of several thousand meters. Seasonal reproduction
is known among sponges, cnidarians, peracarid and
decapod crustaceans, molluscs, and echinoderms. Vent
species are mostly continuous breeders. However,
preliminary evidence suggests that some bivalves living
at relatively shallow hydrothermal vents may breed
seasonally (Comtet and Desbruyeres, 1998; Comtet
et al., 1999) as do many animals at cold seeps. The
factors that drive seasonality remain unknown, as these
animals may obtain all of the carbon and energy needed
for maintenance from chemosynthetic sources. It is
possible that they use phytodetritus as an energy source
for gonad development, while relying on methane for
maintenance and construction of somatic tissue.

Because the very existence of seasonal breeding
came as a great surprise when it was first documented
in the deep sea, it has perhaps received undue attention.
It must be kept in mind that the vast majority of deep-
sea animals, particularly at abyssal depths, reproduce
aperiodically or continuously and therefore require no
periodic cues for the entrainment of their gametogenic
cycles.

Environmental control of gametogenesis

Background

Among marine animals, the timing of reproduction is
almost invariably controlled on two different temporal
scales: a long scale associated with initiation and
progression of gametogenesis, and a shorter scale
associated with spawning. Factors that entrain seasonal
cycles of gametogenesis in shallow water include
predictable changes in the natural light regime (e.g.,
sunrise, sunset, increasing daylength), and predictable
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variability in salinity, diet and energy availability
(Giese and Pearse, 1974). Most of the periodic cues
known to control reproduction in shallow water (e.g.,
daylength, sunrise, temperature, lunar period, salinity,
wave action) are not available in the deep sea. Nev-
ertheless, there are seasonal changes even at abyssal
depths that could possibly entrain reproductive cycles
(reviewed by Tyler, 1988). Some of these factors, all of
which remain untested as controllers of gametogenesis
or spawning, include eddy kinetic energy, spring or
summer falls of phytodetritus, and turbulence during
benthic storms.

Predictions

Phytodetritus on the sea floor might qualify as a
reliable cue for the entrainment of gametogenesis,
particularly in temperate habitats where food may not
only entrain reproduction, but also provide the energy
needed for gamete production. A number of workers
have suggested that phytoplankton detritus is probably
the main controller of gametogenesis (Tyler, 1988;
Tyler et al., 1994; Campos-Creasey et al., 1994).

The phytodetrital entrainment hypothesis gives rise
to three predictions about the distribution of seasonal
or periodic reproduction among deep-sea invertebrates:
1) If phytoplankton entrains gametogenesis, then one
would expect more seasonality at the sea floor un-
derlying highly productive temperate seas than in
oligotrophic tropical regions, where the seasonal signal
should be less intense; 2) one would expect more
seasonality at bathyal depths than at abyssal depths;
and 3) seasonal reproduction should be more common
among animals living in non-chemosynthetic systems
than in vent or seep animals, since the latter should
have food available to them throughout the year.

Evidence

Latitudinal and depth comparisons of reproductive
periodicity are easiest with the Echinodermata, since
this phylum has been most extensively studied. At
least one common deep-sea group, the echinoid family
Echinothuriidae, reproduce continuously at all depths
and latitudes where they occur. This suggests that
reproductive periodicity, as well as mode of larval
development, may be phylogenetically constrained for
this group. The data show that seasonal breeders are
present among echinoderms at both temperate and
tropical latitudes and to a depth of about 3000 m.
However, the few data available for greater depths
suggest that seasonal reproduction may indeed become
less common. When tropical and temperate latitudes
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are compared, it appears that seasonal breeders are
more common in tropical seas than in the temperate
ones, a pattern not predicted by the phytodetrital
entrainment hypothesis. However, the comparison is
not entirely valid, since the only data set for tropical
seas is for Bahamian Slope echinoids at depths
less than 1000 m, whereas most data for temperate
species are from greater depths. Greater geographic and
bathymetric coverage is needed before these correlative
tests are fully satisfactory.

In the past few years, my laboratory has undertaken
experimental studies (as yet unpublished) to determine
if detrital food entrains reproductive cycles in bathyal
echinoids. Although the data remain preliminary,
laboratory experiments and also experiments in field
enclosures suggest that the timing of reproduction can
be shifted at least slightly by providing excess food at
certain times of year. Food quantity and quality control
fecundity and egg quality in bathyal echinoids (S.
George and Young, unpublished data), but can also shift
the speed of the gametogenic process. Thus, evidence
is beginning to accrue to support the hypothesis that the
timing of food falls can control the onset or completion
of gametogenesis.

Tyler et al. (1994) showed that Plutonaster bifrons, a
seasonally breeding sea star from the Rockall Trough,
shifts its diet to phytodetritus when this food source
is available, whereas a continuously breeding starfish,
Bathybiaster vexillifer, is predatory and therefore
one trophic link away from the direct influence of
the seasonal phytodetrital pulse. Echinus affinis, an
echinoid from lower bathyal depths, shows a seasonal
change in gut contents which reflects the composition
of the sea-floor phytodetritus (Campos-Creasey et al.,
1994). This species breeds annually in mid-winter,
releasing eggs several months before phytodetritus
becomes available to plankton at bathypelagic depths
(Tyler and Gage, 1984a). If larval development is very
slow, it is conceivable that planktotrophic larvae may be
using this detritus as a food source. However, one does
not know how long larvae take to reach the feeding
stage in this species.

Fertilization success and the control of spawning

Background

Successful reproduction requires that eggs and sperm
be mature and present at exactly the same time.
Sperm generally have a short swimming time, and
must occur at relatively high concentrations in order
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for fertilization to occur (reviewed by Levitan, 1995).
In shallow water, fertilization success is assured by
breeding behaviors that bring animals into close
proximity (e.g., Run et al., 1988), by environmental
cues that assure simultaneous release of gametes
(reviewed by Giese and Kanatani, 1987), and, at least in
some species, by chemical communication (e.g., Miller,
1989). Internal fertilization is the most secure method
of assuring that eggs and sperm come together. In some
species this follows copulation, and in others sperm
are collected and maintained by the female until the
eggs are ready to be fertilized. Internal fertilization
occurs in many gastropod molluscs, in peracarid,
cirripede and decapod crustaceans, in bryozoans, in
colonial ascidians, and in many polychaetes. Among
free spawners, the timing of gamete release is often
controlled by photoperiodic cues such as sunrise and
lunar period. Epidemic spawning, wherein the gametes
of one individual provide a signal that stimulates
spawning in another, is commonly thought to facilitate
spawning throughout the animal kingdom (Thorson,
1946). However, evidence for epidemic spawning
remains equivocal for most species (Young, 1999), and
only a few experimental studies (e.g., Starr et al., 1990)
have shown its importance in shallow-water animals.

Fertilization success may also be facilitated by
gamete modifications that reduce dilution by water cur-
rents, or that increase gamete longevity (Eckelbarger,
1994b).

Predictions

Because photoperiodic spawning cues are absent
in the deep sea and many animals occur at low
population densities, an increase in the incidence
of internal fertilization is expected. Among species
that fertilize externally, behavioral mechanisms such
as spawning aggregation and an increase in the
importance of pheromonal communication have been
predicted (Young, 1999). Gamete modifications are
also expected (Eckelbarger et al., 1989c¢; Eckelbarger,
1994b).

Evidence

Internal fertilization is the rule among deep-sea
peracarids, which are the most diverse animals in the
deep sea, and also predominates among the deep-sea
gastropods, which include many diminutive species
that lay egg masses with developing embryos. Many
of the polychaetes living at hydrothermal vents have
sperm that are clearly modified for internal fertilization.
For example, the alvinellid and polynoid polychaetes
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have spermathecae for receiving exogenous sperm from
other individuals and storing the sperm until eggs are
ready to be fertilized (Zal et al., 1994; Jollivet et al.,
2000). Internal fertilization also appears likely in a vent
siboglinid tube worm, Ridgeia piscesae. In this species,
sticky masses of sperm are apparently captured on the
vestimentum of the female worm, then transferred into
the gonoducts (Southward and Coates, 1985). Although
other siboglinids release unusual helical sperm in
bundles (Cary et al., 1989), evidence suggests that they
all fertilize externally (Van Dover, 1994; Young et al.,
1996b).

Elongate and modified sperm are much more
common among deep-sea free-spawning echinoderms
than among their shallow-water relatives (reviewed by
Eckelbarger et al., 1989c), and elongate sperm have
also been described for a hydrothermal-vent bivalve
(Beninger and Le Pennec, 1997). Some modifications,
such as lipid reserves associated with the mitochon-
dria of echinothuriid sea-urchin sperm (Eckelbarger
et al., 1989b) appear to increase sperm longevity,
whereas others, such as the bipolar tailed, dimorphic
sperm of Phrissocystis multispina (Eckelbarger et al.,
1989a), may reduce dilution. The release of sperm
in swimming bundles by hydrothermal-vent and cold-
seep siboglinids may also help to maintain high
sperm concentrations in environment where buoyant,
turbulent water could easily carry individual sperm
away from the spawning females.

Many deep-sea echinoderms apparently facilitate
fertilization by living in perennial herds (Young,
1994b), but others occur as scattered individuals,
often at very low population densities. Many of the
latter, including species of echinoids, holothuroids and
ophiuroids, form pairs (Fig. 12.6) and other small-scale
aggregations prior to spawning (Tyler et al., 1992b;
Young et al., 1992; Young, 1994b, 1999). Indeed,
breeding aggregations have been documented in many
more deep-sea species than shallow-water ones, a
pattern that is particularly striking when sampling
bias is taken into account. Wilson (1975) posed the
following hypothesis on the basis of his own work with
insects:

“It is plausible (but unproved) that swarming is most
advantageous to members of rare species and to those
living in environments where the optimal time for
mating is unpredictable.”

Pairing behavior in rare deep-sea echinoderms that
live in an environment with few spawning cues lends
credible support to Wilson’s hypothesis.
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Starr et al. (1994) demonstrated that phytodetritus
can stimulate larval release in animals living in
relatively shallow water but below the euphotic zone;
but, to date, natural spawning cues have only been
documented for a single deep-sea animal: a vesicomyid
clam living at cold seeps in Sagami Bay, Japan
(Fujiwara et al., 1998). In this species, spawning was
correlated with small natural temperature rises in the
environment, and was induced experimentally in an
elegant experiment wherein seawater was artificially
heated in situ.

Fecundity and egg size

Background

The relationships among parental investment, egg
size, and fecundity in marine invertebrates have re-
ceived much attention. It is assumed that an animal of
any particular body size should have a fixed amount
of energy available for reproduction and that this
energy allotment may be divided into many small
eggs with little energy invested per egg, or into fewer
large eggs with more energy per egg. A portion of
the available energy may also be used for parental
protection of broods, for auxiliary structures such as
egg capsules, or for assuring successful fertilization.
Among shallow-water free-spawning invertebrates, the
former strategy is most common, especially among
species with relatively large body sizes (e.g., Menge,
1975). Broadcasting many small eggs with no parental
protection and little yolk requires high fecundity to
compensate for high mortality during a long planktonic
life (Thorson, 1950; Chia, 1974). These tradeoffs
were first formalized for marine invertebrates by
Vance (1973), whose classic model was immediately
challenged (Underwood, 1974; Strathmann, 1974) and
has been updated many times since (Christensen and
Fenchel, 1979; Havenhand, 1993). Recently, there has
been discussion about the potential role of fertilization
processes in driving the evolution of egg size (Levitan,
1995), though this idea has not yet been accepted as
fully as Vance’s initial premise that egg size evolves
because of limitations in fecundity and mortality during
the larval stage.

Vance’s model and most subsequent formulations
predict that the very large and small egg sizes are
evolutionarily stable, and that few eggs of intermediate
size will be found. Thus, species tend to have either
very large yolky eggs and lecithotrophic development,
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or very small eggs with planktotrophic larval devel-
opment. In all of these models, it is assumed that a
species has a fixed amount of energy to allocate to
reproduction, that an animal with small body size will
have less energy for reproduction than one with large
body size, and that mortality in the plankton will be
greater for small eggs than large eggs.

Predictions

What egg sizes are to be expected in the deep sea?
With the dramatic exceptions of a number of very large
amphipods, isopods and pycnogonids, deep-sea animals
tend to be smaller on average than related animals in
coastal and littoral environments, a pattern that may
be related to energy limitation in deep water (Rex and
Etter, 1998). Small animals are expected to produce
small numbers of large eggs not only because they have
inadequate energy to invest in large fecundity, but also
because space for brooding embryos may be limited
(Strathmann and Strathmann, 1982). Thus, in the
deep sea, models of reproductive partitioning predict
large egg size, short or non-existent larval periods,
and significant investment in parental care. Even in
megafauna with large body sizes, limited energy in the
environment might reduce the amount of energy that
can be devoted to reproduction, thus driving the species
toward decreased fecundity and large egg size. On the
other hand, if mortality in the plankton is less important
in the deep sea than in shallow water, then animals with
small body size could perhaps reproduce successfully
with low fecundities and smaller egg sizes than their
shallow-water counterparts.

Reproductive output, which is sometimes but not
always reflected in fecundity, is predicted to decrease
with depth because of food limitation in deep water.

Evidence

The relationships among egg size, fecundity and
depth have been examined for galatheid crabs (Van
Dover and Williams, 1991), caridean shrimps (Ramirez
Llodra et al., 2000), protobranch bivalves (Scheltema,
1994), and echinoderms (Pearse, 1994). Van Dover and
Williams plotted the mean egg volume against depth
for 52 species of galatheids ranging from intertidal
to abyssal depths (Fig. 12.7). There was a general
positive correlation between egg volume and depth.
Statistical analysis within genera showed that this trend
was significant in Galathea spp. and Munidopsis spp.,
but not in Munida spp. Apparent depth-related trends
in fecundity in other groups of crustaceans are often
caused by body-size differences or by a shift to larger
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Fig. 12.7. The relationship between egg size and depth in deep-sea
galatheids. Redrawn from Van Dover and Williams (1991).

egg sizes at greater depths (e.g., King and Butler,
1985; Mauchline, 1988; Company and Sarda, 1997).
In Scheltema’s (1994) review of fecundity data for
bivalves, there is no obvious bathymetric trend in
fecundity; indeed, two of the protobranch species with
the lowest fecundities occur on the upper slope.
Sewell and Young (1997) have recently assembled all
available data on echinoderm egg sizes for an additional
test of the prediction by Vance’s model that egg sizes
should fall into a bimodal distribution. Combining data
from all depths, they found clear bimodality in several
echinoderm classes, though the pattern was obscured
in taxa that brood their young or have other kinds of
parental care. The bimodality remains when species
occurring at depths less than 500 m are removed from
the data set, suggesting that planktonic mortality is
important in the deep sea, just as it is in shallow water.

Developmental mode

The reasons why larvae are present in some life cycles
but not others have received considerable theoretical
consideration in recent years (e.g., Strathmann, 1978,
1985, 1993; Wray and Raff, 1991; Wray, 1995; Hall
and Wake, 1999; Hickman, 1999; Pechenik, 1999).
Pechenik (1999) has reviewed in detail the advantages
and disadvantages of having a larval form in the
life cycle, and made some predictions about the
environments where larvae are likely to have evolved
or been lost. Many of the arguments relate to the
advantages and disadvantages of dispersal. Potential
advantages of dispersal include: 1) reducing competi-
tion between adults and their offspring; 2) minimizing
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competition among siblings; 3) colonization of new
habitats; 4) decreasing predation by benthic predators;
5) reducing the negative effects of inbreeding; and
6) spreading the risk of mortality in spatially and
temporally variable environments. The fossil record
provides several examples where molluscan clades with
larval development survived longer in geological time
than species with more limited dispersal (Jablonski and
Lutz, 1983). However, there is still no solid evidence
that there is selection for larvae as dispersal agents
per se (Pechenik, 1999). Studies that have attempted to
assess the advantages of dispersal on different scales
have generally concluded that only moderate dispersal
is advantageous, even in shallow water where there is
considerable temporal variability in habitats (Palmer
and Strathmann, 1981; Strathmann, 1985; Hedgecock,
1986).

Predictions

Thorson (1946, 1950) predicted that deep-sea ani-
mals should brood their young or have direct develop-
ment. He reasoned that planktotrophic larval develop-
ment should be impossible in deep water because larvae
would have to migrate too far before encountering food
items required to complete development. This idea,
which Mileikovsky (1971) named “Thorson’s Rule”, is
so logically appealing that it became a virtual paradigm
for deep-sea reproduction.

If larvae evolved primarily for dispersal, then one
might predict that larval development should be less
common in the deep sea, where conditions tend to
be more stable and habitats more continuous than in
shallow water.

Evidence

Although brooding was once predicted to be the
predominant mode of development among deep-sea
animals (Thorson, 1950), recent analysis of the egg-
size data in North Atlantic echinoderms shows that
pelagic lecithotrophy, rather than brooding, is the
main reproductive mode in both deep and polar seas
(Pearse, 1994). Many authors have assumed that large
egg sizes indicate brooding (Madsen, 1961; Tyler
and Gage, 1984b); but, to date, very few brooding
echinoderms have been found at abyssal or bathyal
depths. The notable exception is the holothurian
Oneirophanta mutabilis (Hansen, 1968), the only deep-
sea elasipod holothurian known to brood its young.
All other deep-sea holothurians that have been studied
apparently produce pelagic lecithotrophic larvae (Tyler
and Billett, 1985, 1987; Tyler et al., 1985a, 1992b;
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Sewell et al., 1998). Planktotrophic development is
found in a number of north Atlantic echinoderms,
including the sea stars Plutonaster bifrons and Psilaster
andromeda (Tyler and Pain, 1982a), the echinoids
Cidaris cidaris (Prouho, 1888) and Echinus affinis
(Tyler and Gage, 1984a), and the ophiuroids Ophiocten
gracilis (Sumida et al., 2000) and Ophiura ljungmani
(Tyler and Gage, 1980). However, these represent
only a small fraction of the species studied; the
remainder have pelagic lecithotrophic development.
In tropical seas, planktotrophic development is very
common among echinoids (e.g., Young and Cameron,
1989; Young and George, 2000), though pelagic
lecithotrophic development remains the most common
mode of development in asteroids and holothuroids.
Lecithotrophic echinoderm eggs that have been studied
are buoyant and probably move great distances up into
the water column. For example, the eggs of soft-bodied
echinothuriid echinoids, which are more than 1 mm in
diameter, float at a rate that should carry them to the
surface from 1000 m depth in about 4 days (Young and
Cameron, 1987; Cameron et al., 1988).

Many gastropods in the deep sea lay egg masses
(Table 12.5), but some hatch in the capsule and
emerge as crawl-away juveniles (Bouchet and Warén,
1994); the proportion of species that hatch from
the egg mass to disperse in the water column as
either lecithotrophic or planktotrophic pelagic larvae
is unknown. Most of what is known concerning the
development of deep-sea molluscs has been inferred
from the dimensions of the protoconch (gastropods) or
prodissoconch (bivalves) at the apex of the adult shell
(Rex and Warén, 1982; Scheltema, 1994; Gustafson
and Lutz, 1994), although also some deep-sea larvae
have been captured in near-surface plankton hauls
(Bouchet, 1976b). Xylophagid bivalves in the deep
sea have very small eggs, planktotrophic larvae, and
high fecundity, as might be expected for weedy species
that rapidly colonize isolated and ephemeral substrata
(Turner, 1973). Most vent and seep molluscs, including
a myriad of tiny limpets, are apparently lecithotrophic,
though some of the large-bodied mussels probably
produce planktotrophic larvae (Gustafson and Lutz,
1994).

One could argue that brooding is the most typical
reproductive mode in the deep sea, since peracarid
crustaceans brood and are also the most speciose group
in the deep sea. However, from an evolutionary stand-
point, one cannot argue that there has been selection
for brooding in the deep sea, since without exception
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shallow water peracarids also brood their young. Thus,
it appears that these animals are constrained phylo-
genetically to brooding as a developmental strategy.
Decapod crustaceans, including brachyuran crabs and
caridean shrimps, generally produce planktonic larvae,
many of which are probably planktotrophic. The larva
of an abyssal eryonid crab was described at the time
of the Challenger expedition (von Willemoes-Suhm,
1876). The abundant vent shrimp on the Mid-Atlantic
Ridge, Rimicaris exoculata, is known to produce
larvae, some of which have been captured in plankton
trawls many hundreds of meters above the bottom
(Herring and Dixon, 1998).

Developmental modes of deep-sea infaunal poly-
chaetes have been inferred from egg size in a number
of studies (Table 12.1). Planktotrophy, lecithotrophy
and brooding strategies are all present in these species,
though lecithotrophic development again predominates
and phylogenetic patterns of developmental mode are
generally conserved. At hydrothermal vents and cold
seeps, a number of polychaetes have been studied, most
of which probably have larval development. Deep-sea
perviate pogonophorans, now considered polychaetes,
brood their embryos in their tubes, eventually releasing
larval forms that are probably short-lived and demersal
(Baake, 1976), but the related siboglinid polychaetes
from vents and seeps produce small yolky eggs (100—
115 wm) which develop into lecithotrophic trochophore
larvae (Young et al., 1996b; Marsh et al., 2001). Wax
esters confer buoyancy on these eggs despite their small
size (Marsh et al., 2001).

Larval dispersal and migration

Background

Both the role of dispersal in evolution and the func-
tions of dispersal in the life cycles of individual animals
remain somewhat controversial, but most arguments
revolve around the genetic advantages of outcrossing
and the spread of risk among spatially and tempo-
rally heterogeneous environments (Strathmann, 1974;
Palmer and Strathmann, 1981). Dispersal could also
be important for reducing competition when resources
are limiting locally. In the marine environment, most
species disperse by means of microscopic larvae. Lar-
vae may disperse for very long distances or they may
have short lives and limited dispersal. With few known
exceptions, those shallow-water species that disperse
for long distances have feeding (planktotrophic) larvae,
whereas most philopatric dispersers have lecithotrophic
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larvae or direct development (reviewed by Jablonski
and Lutz, 1983). Planktotrophic development requires
that larvae find food before they exhaust the energy
and nutrients sequestered by the mother in the egg,
so most planktotrophic animals depend either directly
or indirectly upon phytoplankton. Those species that
do not produce larvae, including peracarid crustaceans,
must disperse as adults or juveniles.

It is generally supposed that dispersal should be
less crucial for the maintenance of genetic diversity
in stable habitats than in habitats where there is
a high likelihood of environmental change and a
commensurate requirement for adaptive change in
the genome. However, Hamilton and May (1977)
have disputed this point with a model showing the
population-wide importance of successfully competing
for distant sites. Long-distance dispersal should not
be advantageous where densities remain too low to
foster competition among siblings or between siblings
and offspring. Disadvantages of larval dispersal include
high planktonic mortality and the improbability of
locating a site as good as that of one’s parents.

Predictions

One might predict that long-distance dispersal of
larvae would not be favored by natural selection on
the abyssal plain because great expanses of uniform
substratum would make colonization of new habitats
unnecessary. Moreover, in habitats like seamounts
where a small area of suitable substratum is surrounded
by extensive areas of marginal or unsuitable habitat,
selection should favor only limited dispersal. Large
eggs, parental protection and lecithotrophic develop-
ment should be found in those deep-sea habitats
where dispersal is not critical to the survival of the
species. However, in ephemeral deep-sea habitats such
as hydrothermal vents, the temporal variability of the
system might compensate for the danger of gamete loss
to unsuitable habitat, favoring the evolution of larval
dispersal mechanisms.

Because the density of living phytoplankton declines
rapidly below the deep chlorophyll maximum at
about 200 m, and they are virtually absent below the
permanent thermocline, it has been predicted that
planktotrophy should not be a viable strategy for deep-
sea animals (Thorson, 1946, 1950). Thorson argued
that it would be impossible for a microscopic larva
to migrate all the way to the euphotic zone without
feeding, and Scheltema (1994) provided calculations in
support of this contention.
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Etter and Caswell (1994) used a cellular automaton
model to explore the advantages of dispersal in habitats
with various levels of disturbance in a competitive
system. The model predicts that long-distance dispersal
would only be advantageous at certain disturbance fre-
quencies, and that the range of these frequencies would
be influenced by reproductive output, competition and
the intensity of disturbance. If it is assumed that the
frequency of disturbance decreases as a function of
depth down the slope, then the greatest advantages to
dispersal may be expected at some intermediate depth,
which would correspond to an intermediate level of
disturbance.

Evidence

As indicated in Tables 12.1 to 12.6, planktotrophic
larvae are produced by animals in many phyla living
at slope depths and planktotrophy is common in
some groups (notably prosobranch gastropods) even at
abyssal depths. The mechanisms of nutrition for these
larvae remain generally unknown. They may use nutri-
tional resources available at depth (bacteria, dissolved
organic matter, detrital seston) or they may migrate
to a depth where sufficient food is available. Both
possibilities have been discussed in the literature and
explored experimentally. Young et al. (1997) presented
a mathematical model incorporating swimming speeds,
respiration rates and plankton concentrations to predict
the likelihood that larvae could reach the euphotic
zone by migrating from bathyal depths. When run
with reasonable parameter estimates taken from deep-
water echinoderm larvae where data were available
and shallow-water larvae when the former were not
available, the model showed that migration could
be possible for many species if they were respiring
at low rates and swimming at high (but realistic)
speeds. However, larvae of some of these species
cannot tolerate the temperatures or pressures found at
or near the level where phytoplankton are abundant
(Young and Cameron, 1989; Young and Tyler, 1993;
Young et al., 1996a, 1997; Tyler and Dixon, 2000).
Preliminary data (W. Jaeckle, A. Pile, 1. Bosch and
C. Young, unpublished) show that larvae of bathyal
echinoderms can absorb dissolved organic matter and
remove heterotrophic bacteria from the water column
at relatively high rates. These various pieces of indirect
evidence indicate that planktotrophic development may
be a viable developmental strategy in the deep sea, even
for species that cannot migrate to the euphotic zone.

Compelling evidence that some larvae migrate
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ontogenetically to the euphotic zone comes from the
work of Ashworth (1915) and Bouchet (1976a,b),
both of whom collected deep-sea larvae among the
shallow-water plankton. Bouchet and Fontes (1981) and
Killingley and Rex (1985) analysed oxygen isotopes
in protoconchs; these data indicated that the carbonate
in protoconchs was deposited at a warmer temperature
than in the teloconchs.

Genetic studies of hydrothermal vent animals gener-
ally have demonstrated a high level of genetic exchange
among remote sites, suggesting the strong possibility of
larval dispersal (reviewed by Jollivet, 1993; Mullineaux
and France, 1995; Vrijenhoek, 1997; Tyler and Young,
1999). Indeed, larvae from many phyla have been
collected in vent plumes (Mullineaux et al., 1995,
1996), larval development has been inferred from shell
apices of many vent molluscs (Gustafson and Lutz,
1994); and a handful of vent and seep species have
been reared in the laboratory from larvae (Young
et al,, 1996b; Epifanio et al., 1999; Marsh et al,
2001; Pradillon et al., 2001). The swimming behavior
of larvae of the vent crab Bythograea thermydron
suggests that it disperses quite passively for long
distances, then begins walking when it encounters the
warm water of a vent. Similarly, the embryos of an
alvinellid polychaete, Alvinella pompejana, undergo
arrested development at 2°C, then resume cleavages
when encountering warmer temperatures (Pradillon
et al., 2001). Using data on lipid reserves, metabolism
and currents, dispersal distance has been estimated
for the siboglinid polychaete Rifiia pachyptila (Marsh
et al., 2001). The lecithotrophic larvae of this species
are capable of drifting for about 38 days. At 9°N on
the East Pacific Rise, this dispersal time is sometimes
enough to permit dispersal over the transform faults
that separate ridge segments.

Young et al. (1999) analysed the geographic ranges
of deep-sea echinoderms and ascidians with known
modes of larval dispersal. They found that the standard
relationship between geographic range and mode of
development (planktotrophs disperse farther and have
broader ranges than lecithotrophs: see Jablonski and
Lutz, 1983) breaks down in deep water. This is
probably because lecithotrophs can drift much longer
distances in the cold temperatures of the deep sea than
in warmer surface waters. Some of the species with
the broadest ranges were elasipod holothurians, which
produce lecithotrophic larvae, but also are capable of
pelagic dispersal in the juvenile and adult stages.

Etter and Caswell (1994) tested the prediction of
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their dispersal/disturbance model by examining the
relative proportions at various depths of gastropod
species with planktotrophic and nonplanktotrophic
development (Rex and Warén, 1982). In the western
Atlantic, the proportion of prosobranch gastropods
with planktotrophic development increases with depth
to 2000 m, where the number of planktotrophic and
nonplanktotrophic species is approximately the same
(Rex and Warén, 1982). This pattern fits the predic-
tions of the model well, suggesting that disturbance
frequency might interact with other factors influencing
the evolution of larval dispersal in the deep sea.

CONCLUSIONS

It is now recognized that the deep sea is not a single,
continuous habitat, but rather a mosaic of habitats
in which many species have particular specialized
requirements (Tyler, 1995). The insular, dynamic, often
ephemeral, vent and seep habitats with abundant
sources of autochthonous nutrition contrast markedly
with stable, nutrient-poor and extensive abyssal plains
where all energy is allochthonous in origin. Likewise,
the continental slopes and rises contain many different
habitats, each characterized by specific topographic
features, food levels, and physical characteristics, and
each occupied by distinct assemblages of species
adapted to those conditions. It is not surprising
therefore that reproductive modes and life-history traits
of animals, as revealed by more than a century of
study, show a rich assortment of tactics and strategies
for responding to the diversity of habitats in the deep
sea. With few exceptions, the reproductive strategies
and tactics found in shallow-water systems are also
represented in the deep sea, though there remain clear
shifts in the relative importance of different strategies
with depth. As in most other ecological systems,
generalizations become harder to make as one learns
more about the details.
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