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ABSTRACT: Hypotheses about the origin of the deep sea fauna often assume that the deep sea was first
colonized by cold water animals migrating through isothermal water columns in polar seas. Deep water
in the Mediterranean Sea has much warmer temperatures than comparable depths in the larger ocean
basins. Moreover, the entire water column may be virtually isothermal during the winter months,
making oceanographic conditions in the Mediterranean analogous to those prevailing throughout most
of the world ocean during the Mesozoic and Cenozoic. We investigated the physiological potential for
deep sea invasion through a warm water column by studying the pressure and temperature tolerances
of embryos and larvae of 3 species of shallow water Mediterranean echinoids, Paracentrotus hvidus,
Arbacia lixula, and Sphaerechinus granularis. Early life history stages of all 3 species tolerated pres-
sures (to 150 atm) much higher than those experienced in the adult environment. Cold temperatures
(<10°C) exacerbated the adverse effects of pressure; larvae were more likely to survive at deep sea
pressures and warm temperatures than at shallow water pressures and cold temperatures. Tolerances
to high pressures and low temperatures increased with ontogeny and varied with species. In the
Mediterranean, high pressures should be a more important limiting factor than low temperatures. Nev-
ertheless, some species have physiological tolerances that should allow them to colonize bathyal
depths. Absence of these shallow water species from such depths must be attributed to factors other

than pressure and temperature.
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INTRODUCTION

Long-standing debates about the origin of the deep
sea fauna (e.g Moseley 1880, Madsen 1961, Menzies
et al. 1973, Hessler & Thistle 1975) have often focused
on temperature as a factor that limits faunal exchange
between depths. Most workers have assumed that
species are narrowly adapted to the temperature range
at which the adults presently occur, an idea that has
been regarded as the most basic tenet of paleoecology
(Menzies et al. 1973). If we accept this assumption,
opportunities for deep sea colonization by shallow
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water animals should be limited to regions where tem-
perature differences between shallow and deep waters
are small. Thus, one common hypothesis is that deep
sea habitats are invaded predominantly by cold-
adapted species at high latitudes (Kussakin 1973,
Menzies et al. 1973, Hessler & Thistle 1975, Hessler &
Wilson 1983). However, it is also possible that species
entered the deep sea at lower latitudes during the
Mesozoic and early Cenozoic (Menzies et al. 1973,
Benson 1975, Hessler & Wilson 1983), when the deep
sea was much warmer than now (Berger 1979, Schopf
1980). The assumption that conservative thermal
tolerances limit vertical distribution is integral to all of
these arguments. It is surprising, therefore, that data
on thermal tolerances of recruitment stages have not
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been used to either bolster or refute any of the existing
hypotheses on deep sea faunal origins.

Temperature is not the only barrier that should prevent
invasion of the deep sea by shallow water species;
Hessler & Wilson (1983) have identified substratum type,
pressure, light, and nutrient availability as other prob-
able limiting factors. Physiological adaptation to high
pressure has been recently reviewed by Somero (1992)
and Somero et al. (1983). In most parts of ocean, pressure
and temperature covary, making it both difficult and ir-
relevant to lsolate pressure as a limiting factor. It is eco-
logically important to study pressure as an isolated factor
(i.e. holding temperature constant) only in isothermal
and near-isothermal water columns such as the Norwe-
gian Sea and the Mediterranean Sea. In the Mediter-
ranean, the sill at Gibraltar prevents incursion of the
cold, dense water (Antarctic Bottom Water and North At-
lantic Deep Water) that keeps the abyssal temperature
throughout most of the world ocean below 4°C. Bottom
temperature at 2000 to 3000 m is between 12 and 14°C,
which at some times of the year is only a few degrees
cooler than the surface temperature (Sverdrup et al.
1942). For this reason, temperature is not expected to
limit deep sea invasions in the Mediterranean; indeed,
profiles of temperature and pressure in the Recent are
probably similar to those prevailing throughout Meso-
zoic and early Cenozoic seas.

Echinoids with planktotrophic development are
found from the intertidal zone to upper abyssal depths.
No single species is known to occupy this entire range,
though some eurybathic slope species have depth
ranges that span many hundreds of meters (Gage &
Tyler 1991, Young 1992). Larval echinoids and post-
larval ophiuroids of some bathyal species form pseudo-
populations (Mileikovsky 1961} by settling outside the
adult range where they are capable of growth, and,
although initiating gametogenesis, rarely reach sexual
maturity (Gage & Tyler 1981a, b, Tyler pers. obs.).
Thus, the realized niche of some echinoderm species
may change in breadth as a function of stage, and
surprisingly, the range of conditions tolerated by the
larvae and juveniles, which are often considered to
be the ‘delicate’ life history stages, are apparently
broader than those of the adults.

We have recently shown that the upper bathymetric
limit of adult Echinus affinis, a lower bathyal echinoid
species, corresponds closely with the pressure toler-
ances of its embryos (Young & Tyler 1993). However,
the embryos of numerous shallow water and bathyal
species In Hawail, the North Atlantic, and the
Bahamas can tolerate pressures far in excess of those
encountered in the normal adult range (Young et al.
1996b, Tyler & Young unpubl.). All of these experi-
ments were done with newly fertilized zygotes at a
single temperature. To date, there are no data on pres-

sure tolerances of later larval stages, nor is information
available on the responses of larvae to realistic combi-
nations of pressure and temperature that might be
encountered during the dispersal phase.

In this paper we explore the effects of tempera-
ture/pressure inferaction on various early life history
stages of 3 shallow water Mediterranean echinoids.
Our objective was to answer 3 closely related ques-
tions: (1) Is it possible for the larvae of shallow water
animals from warm water to successfully colonize the
deep sea? (2) Do pressure and/or temperature toler-
ances set the lower bathymetric limits of shallow water
species? and (3) Are larvae which sink or are carried
into deep water necessarily lost, or do they have the
possibility of returning to recruit in the normal adult
zone? These questions focus on ecological aspects of
animal distribution in the sea, unlike earlier physio-
logical work which documented the disruption of
normal processes at the cellular and subcellular level
under high pressures (reviewed by Marsland 1970,
McDonald 1975, Somero 1992). Carney et al. (1983), in
a comprehensive review of benthic zonation, have pre-
dicted that further advances inn our undersianding wiil
come not from documentation of additional patterns,
but from experimental work examining the physiolog-
ical and ecological mechanisms underlying the
observed patterns.

Physiological tolerances of embryos and larvae are
not the only factors that could limit invasion of the
deep sea. Vertical distribution could potentially be
controlled in any life history stage and by any bio-
logical or physical factor that limits dispersal or causes
mortality. Nevertheless, we focus here on those plank-
tonic dispersal stages that have the greatest potential
for invasion of new habitats.

MATERIALS AND METHODS

The study was conducted in February 1994 at the
Station Zoologique, Villefranche-sur-Mer on the Medi-
terranean coast of France. Individuals of Paracentrotus
lividus, Arbacia lixula and Sphaerechinus granularis
were collected by divers from shallow subtidal habitats
near the marine lab and were maintained in running
seawater until used. Spawning was induced by intra-
coelomic injection of 2 ml of 0.55 M KCI and gametes
were collected in finger bowls. Eggs from several
females were mixed and inseminated with a dilute
sperm suspension from several males, then checked
for fertilization membranes before setting up the ex-
periments. Each experiment included representation
from all 3 species, so all 3 species were spawned
and fertilized simultaneously. Fertilization rates ap-
proached 100 % in every case.
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Aliquots of a dilute egg suspension from each
species were pipetted into 8 ml plastic scintillation
vials which were completely filled with seawater and
randomly assigned to 1 of 12 pressure/temperature
combinations (5, 10, 15°C x 1, 50, 150 and 250 atm).
[Note: The SI unit for pressure is the Pascal (Pa) with
10° Pa being equivalent to 1 atmosphere. We have
elected to use atmospheres (atm) as 1 atm represents
10 m increase in water depth and makes pressure
more easily understood as an ecological variable.]
Each set included 3 vials, 1 containing zygotes from
each species. The vials were immediately inserted into
small pressure vessels (described by Young et al.
1996b) and pressurized within 15 min of fertilization,
using a hand-operated Enerpac pump. Pressure ves-
sels were incubated in water baths inside walk-in cold-
rooms at 5 and 15°C and in a Lauda refrigerated water
bath at 10°C. The pressure vessels were opened and
the embryos were examined at 6, 12 and 24 h after
fertilization. All pressure vessels of a given tempera-
ture were depressurized simultaneously, and the
embryos were maintained in a depressurized state for
no more than 30 min. Samples were examined and
photographed with an Olympus BH-2 compound
microscope. At 6 and 12 h, 50 or more embryos from
each sample were categorized by embryonic stage
(e.g. cell number, blastula) and apparent regularity
and synchrony of cleavage. At 24 h, hatching had often
occurred, making representative subsampling more
difficult, so the stages and conditions of larvae were
described qualitatively.

Swimming blastulae, gastrulae, prism and 4-arm
larvae cultured at 20°C and 1 atm were transferred
to the various pressure/temperature combinations
described above to determine if development could
proceed further and if survival was possible. These
treatments were incubated for 20 h except in a few
cases when they were incubated with the embryo
treatments and terminated after 24 h. At the end of
each experiment, the larvae were placed in a bowl and
examined with a dissecting microscope to determine
what stage they had attained. Table 1 gives the defini-
tions of larval stages, as used in this study. We also esti-
mated visually the percentage of larvae that were
swimming actively.

RESULTS
General observations
All 3 sea urchin species, Paracentrotus lividus,
Arbacia lixula and Sphaerechinus granularis, live in

shallow subtidal habitats (0 to 50 m) as adults
(Mortensen 1927), and spawn during the winter

Table 1. Paracentrotus lividus, Arbacia lixula and Sphaerech-
inus granularis. Classification of developmental stages, as
used in survival studies of swimming larvae (Tables 2 to 4)

Larval stage Definition

Blastula

Hollow swimming larva, sometimes with
flattened vegetal plate but with no ap-
parent mesenchyme cells in the blasto-
coel

Mesenchyme Blastula with mesenchyme migrating in

at the vegetal pole, but prior to the onset
of invagination
Early gastrula  Swimming larva with archenteron ex-
tending less than half way into the

blastocoel

Archenteron extends at least half way
into the blastocoel. Triradiate spicules
forming. Enterocoelous outpocketings
and/or stomodeal invagination may be
present. Incomplete gut

Gastrula

Early prism Pyramidal larva with complete gut and
developing skeleton, but no arm rudi-

ments

Late prism Prism stage with short postoral arm

rudiments

Early 4-arm Short postoral and anterolateral arms
present, but comprising less than one-

third of total body length

Postoral and anterolateral arms comprise
more than one-third of total body length

4-arm

months, in the Mediterranean, when the water tem-
perature ranges from 12 to 15°C. Early embryos are
therefore unlikely to encounter either very warm or
very cold temperatures during the early cleavage
stages, nor are they likely to encounter pressures
higher than a few atm at the time of spawning. In the
Mediterranean, the range of temperatures they might
encounter increases only slightly as a function of age
because of a nearly isothermal water column. How-
ever, all 3 species live in the Atlantic (P. lividus and
S. granularis as far north as Ireland, A. lixula off
Morocco and in the Azores; Mortensen 1927), where
the late stage larvae could easily sink or be trans-
ported into 2°C water.

Developmental rate increased as a function of tem-
perature in all 3 species (see Figs. 1, 3 & 5). For ex-
ample, during the first 6 h after fertilization, Paracen-
trotus lividus embryos reared at atmospheric pressure
(1 atm) attained the 8-cell stage at 5°C, the 16-cell
stage at 10°C, and the 32-cell stage at 15°C (see Fig. 1).
By 12 h, the embryos at 5°C had undergone only 1
additional cleavage (see Figs. 1, 2A & 4A), whereas
those at both higher temperatures had hatched as
swimming blastulae (see Figs. 1, 2E,1 & 4E,I). Thus,
developmental rate at 5°C is not linear, but slows down
with increasing age.
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Pressure/temperature effects on early embryos
Paracentrotus lividus

Embryos of Paracentrotus lividus were able to de-
velop at pressures as high as 150 atm at 10 and 15°C
(Fig. 1) and at least some embryos cleaved in all
combinations of pressure and temperature with the
exception of the 250 atm/5°C treatment (Fig. 2). How-
ever, all cleavages were irregular in the 250 atm
treatments (Figs. 1 & 2D, H, L} and also at 150 atm/5°C
(Fig. 2C).

At 6 h, embryos incubated at both 10 and 15°C de-
veloped slightly slower at 150 atm than at 1 atm (Fig. 1).
However, the variances at these stages are high, so the

150 atm

T
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pattern may not be significant; it could also be caused
by a slight delay in counting of one of the replicates.
Twelve hours after fertilization, embryos reared at
10 and 15°C and the 2 lowest pressures (1 and 50 atm)
were fully formed swimming blastulae with large blas-
tocoels and an even monolayer of ciliated ectodermal
cells (Figs. 1 & 2E,F,1,J). At 5°C/150 atm, embryos
had undergone several cleavages (Fig 2C), but the
cleavages were abnormal; it was common to see blasto-
meres of uneven sizes and unusual numbers of blasto-
meres resulting from asynchronous cleavages (e.g.
3- and 6-cell stages). At 5°C/250 atm, there were no
normal cleavages whatsoever (Fig. 1}, but the cytoplasm
in zygotes became uneven in appearance and the egg
membranes began to take on irregular textures and
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shapes (Fig. 2D). At 10°C/150 atm, numerous cleavages
occurred, but the embryos never attained the blastula
stage and many of the cleavages appeared irregular
(Figs. 1 & 2G). At 10°C/250 atm, about half of the
embryos proceeded to uneven 4- or 8-armed stages
and the remainder of the zygotes became rough in
appearance without undergoing any successful cleav-
ages (Figs. 1 & 2H). At the highest temperature,
15°C/150 atm, some embryos developed abnormally and
others became functional swimming blastulae (Figs. 1 &
2K). Many cleavages occurred at 15°C/250 atm as well,
but all of these produced abnormal embryos having
irregularly sized and shaped blastomeres which resulted
in non-spherical embryos that never hatched (Fig. 2L).

5°C

Embryos of Paracentrotus lividus were examined
qualitatively 20 or 24 h after fertilization. At this time,
there were no major changes in the patterns of normal
development that had been observed by 12 h. At 15°C/
250 atm, no normal embryos were found. Embryos
reared at 15°C/1 atm and 15°C/50 atm had flattened
vegetal plates on the posterior end and were produc-
ing primary mesenchyme tissue at the vegetal end of
the blastocoel. Pressure had a sublethal effect on de-
velopmental rate at 15°C/150 atm. Only about half of
the blastulae at this pressure had hatched by 24 h and
none had started producing primary mesenchyme cells.

At 10°C, hatching occurred by 24 h at 1 atm and
50 atm. At 10°C/150 atm, between 30 and 50% of the

250 atm

Fig. 2. Paracentrotus lividus. Embryos reared for 12 h under the various pressure/temperature combinations in Fig. 1. (A) 5°C/1 atm;
(B) 5°C/50 atm; (C) 5°C/150 atm; (D) 5°C/250 atm; (E) 10°C/1 atm; (F) 10°C/50 atm; (G) 10°C/150 atm; (H) 10°C/250 atm; (I) 16°C/1 atm;
(J) 16°C/50 atm; (K) 16°C/150 atm; (L) 16°C/250 atm. Diameters of fertilization membranes (e.g. in D) are approximately 120 pm
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embryos had developed to unhatched blastulae. A few
(estimate: <5%) of the eggs had cleaved into normal-
looking 2-cell embryos at 10°C/250 atm; the remainder
were still uncleaved or had undergone very irregular
cleavage.

The embryos held at 5°C had not hatched by 24 h at
any pressure, though normal-looking unhatched blas-
tulae were present at 1 and 50 atm. At 5°C/150 atm we
found 2 normal-looking 32-cell embryos and more
than 100 embryos that had undergone abnormal cleav-
ages. No normal embryos at all were present at 5°C/
250 atm, though about 10% had undergone an irreg-
ular first cleavage by 24 h.

o
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Arbacia lixula

Pressures of 150 and 200 atm inhibited development
In Arbacia lixula at all temperatures (Figs. 3 & 4) in
much the same way as in Paracentrotus lividus. How-
ever, A. lixula completed more normal cleavages at
high temperatures than at low temperatures before
development became irreqular (Figs. 3 & 4). Hatching
occurred in a small percentage of embryos at 15°C/
150 atm (Fig 4K) and a few embryos continued to
develop at this pressure even at 10°C (Fig. 4G).
By 24 h, some of the latter had developed as far as the
32-cell stage.
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Normal development of Arbacia lixula embryos oc-
curred at 50 atm in all 3 temperature treatments (Figs. 3
& 4B, F, J), but about 30 % of the embryos at 5°C/50 atm
had become abnormal by 12 h (Fig. 3 & 4B). Develop-
ment rate was slightly slower at 50 atm than at 1 atm in
the 5 and 10°C treatments, but not at 15°C (Fig. 3).

At 5°C/150 atm, embryos of Arbacia lixula cleaved at
a slower rate than Paracentrotus lividus, but the ulti-
mate effect was the same; all but a few embryos ap-
peared abnormal in both species.

The first hatching occurred within 24 h after fertil-
ization at 10°C/latm, 15°C/latm, 15°C/50 atm and
15°C/150 atm. Unhatched blastulae were present at

5°C/1 atm and at 10°C/50 atm. There were clear mor-
phological differences among pressure treatments in
hatched blastulae that had been reared at 15°C. Blas-
tulae at 1 atm had already developed a flattened and
thickened vegetal plate and ingression of primary
mesenchyme cells into the blastocoel had begun. At 50
and 150 atm, by contrast, blastulae remained circular;
neither vegetal thickening nor primary mesenchyme
was apparent. The few normal appearing embryos
that were present at 12 h in the 5°C/150 atm treatment
became abnormal by 24 h, but the few normal ones
at 10°C/150 atm were still normal looking and had
attained the 32-cell stage by 24 h.

5°C 1 atm 50 atm 250 atm

Fig. 4. Arbacia lixula. Embryos reared for 12 h under the various pressure/temperature combinations in Fig. 3. (A} 5°C/1 atm;
(B) 5°C/50 atm; (C) 5°C/150 atm; (D) 5°C/250 atm; (E) 10°C/1 atm; (F} 10°C/50 atm; (G) 10°C/150 atm; (H} 10°C/250 atm; (I) 16°C/1 atm;
(J) 16°C/50 atm; (K) 16°C/150 atm; (L) 16°C/250 atm. Diameters of fertilization membranes are approximately 120 ym
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Sphaerechinus granularis

Sphaerechinus granularis embryos were less toler-
ant of high pressures than either of the other species
investigated. No normal development occurred at
250 or 150 atm except in the 15°C/150 atm treatment
(Figs. 5 & 6C,D.G H,L), where a few blastulae
hatched by 24 h. However, these hatched blastulae did
not swim and appeared much less healthy than
actively swimming blastulae incubated at lower
pressures.

No normal development occurred in the 5°C/50 atm
treatment (Figs. 5 & 6B) and abnormalities were pre-
sent at 10°C/50 atm (Figs. 5 & 6F). Both of the other
species developed normally at these combinations of
pressure and temperature. Sphaerechinus granularis is

Mar Ecol Prog Ser 154: 197-209, 1997

intolerant of 5°C even at 1 atm pressure, as indicated
by about 20 % abnormality after 12 h (Figs. 5 & 6A). At
the end of the 24 h experiment, however, there were
still some normal looking 16- and 32-cell embryos pre-
sent in this treatment.

Stage-specific survival and development of larvae

Paracentrotus lividus blastulae, prisms, and 4-arm
plutei survived all temperatures down to 5°C and
all pressures up to 150 atm (Table 2). Developmental
rates of blastulae were affected by pressure within
each temperature and by temperature within each
pressure. The 5°C/250 atm treatment was lethal for all
3 stages, but a pressure of 250 atm was generally
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tolerated at 10 and 15°C. A possible exception was in
the 4-arm stage, where some abnormalities were ob-
served but larvae were still swimming. These data sug-
gest that larvae of this species could invade lower
bathyal depths in the Mediterranean, but not outside
the Straits of Gibraltar.

Developmental rates of Arbacia lixula larvae in 3 of
the 4 stages tested (Table 3) demonstrated the same
temperature and pressure effects observed in Para-
centrotus lividus. We observed mortality only in the
gastrula stage at 5°C/250 atm. Minor abnormalities
occurred during the transition from blastula to gastrula

50 atm

in this same treatment, and also at 5°C/250 atm
and at 10°C/150 atm and 10°C/250 atm. Gastrulae in
these latter treatments were swimming, but appeared
smaller and denser than those cultured at higher
temperatures or lower pressures. Early 4-arm plutei
cultured at 5°C/250 atm were still alive, but the tips of
the arm rods were protruding through the tissue, indi-
cating that the larvae were severely stressed and
probably would not survive indefinitely.

Spherechinus granularslarvae demonstrated roughly
the same patterns of larval survival as the other 2
species (Table 4). There was no survival at any stage in

150 atm

250 atm

Fig. 6. Spahaerechinus granularis. Embryos reared for 12 h under the various pressure/temperature combinations 1 Fig. 5.

(A) 5°C/1 atm; (B) 5°C/50 atm; (C) 5°C/150 atm; (D) 5°C/250 atm; (E) 10°C/1 atm; (F) 10°C/50 atm; (G) 10°C/150 atm; (H) 10°C/250 atm;

(I) 16°C/1 atm; (J) 167C/50 atm; (K) 16°C/150 atm; (L) 16°C/250 atm. Diameters of fertihzation membranes (e.g. in C) are approxi-
mately 125 pm
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1 atm 5°C

A B
250 atm

D E

10°C 16°C

Fig. 7. Sphaerechinus granularis. Four-arm larvae reared for 20 or 24 h (see 'Materials and methods'} at 1 atm at (A) 5°C, (B) 10°C,
and (C) 16°C and at 250 atm at (D) 5°C, (E} 10°C and (F) 16°C. Scale bar = 150 ym

the 5°C/250 atm treatment. Gastrulae either died or
regressed to the blastula stage at 5°C/150 atm. There
were also deaths and abnormalities in the pluteus
stage at 10°C/250 atm (Table 4). Fig 7 shows differ-
ences between echinopluteus larvae incubated at 1
and 250 atm. At 15°C, pluteus larvae appeared normal

Table 2. Paracentrotus lividus. Survival and development of swimming larvae

at 250 atm, but with shorter arms than in those reared
at atmospheric pressure (Fig. 7C, F). Larvae incubated
at 5°C/250 atm and 10°C/250 atm showed signs of
tissue regression, as indicated by the tips of fenes-
trated arm rods extending beyond the body tissues
(Fig. 7D, E).

DISCUSSION

reared initially at 20°C/1 atm then transferred to various combinations of pres-

sure and temperature for 20 to 24 h (see ‘Matenals and methods’'|. Qualitative

survival data based on observations of all individuals (n > 50) in each culture are

denoted with symbols as follows: +, living and swimming; 0, dead; - living but
abnormal. Definitions of larval stages are given in Table 1

The Mediterranean Sea is one of
very few places where it might be pos-
sible for the larva of a warm water

invertebrate from the shallow sub-

Beginning Pressure Ending stage and survival littoral zone to reach lower bathyal

stage (atm) 5°C 10°C 15°C depths without experiencing a large

Blastula 1 Gastrula (+) Early prism (+) Early prism (+) Change m_ ter.nperatureA Durl.ng the

50 Gastrula (+) Gastrula (+) (no data) winter, which is the reproductive sea-

150 Mesenchyme (+]  Early gastrula {+) Gastrula (+) son of several shallow water echinoids

L e ;EOI | Edri" gasttia fit} L-ari) gastryla {+] in this region, mistral winds from the

ate prism 1 arly 4-arm (+) arly 4-arm (+) Early 4-arm (+)

50 Early 4-arm (+) Early 4-arm (+)  Early 4-arm (+) north C'001 the Surfa.ce waters, thereby

150 Early 4-arm (+)  Early 4-arm (+)  Early 4-arm (+) rendering the entire water column

250 Early 4-arm (0,-) Early 4-arm (+]  Early 4-arm (+) nearly isothermal. For this reason, the

4-arm (1) 4-arm (+) i-dfm {+) 4-arm (+) Mediterranean is a good model for the
5 4-arm (+) -arm (+) 4-arm (+) s )

150 d-arm (£) d-arm (4) 4-arm (+) conditions that may have existed

250 4-arm (0,~) 4-arm (+) 4-arm (- throughout most of the world oceans

before the polar ice caps formed in the
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Table 3. Arbacia lixula. Survival and development of swimming larvae reared

initially at 20°C/1 atm then transferred to various combinations of pressure and

temperature for 20 to 24 h (see 'Materials and methods'). See Table 2 for expla-
nation of symbols and Table 1 for definitions of stages
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ula developed all the way to the swim-
ming blastula stage at 16°C/150 atm.
Pressure tolerances increased with lar-

15°C
Early prism (+)
Early prism (+)
Early prism (+)
Gastrula (+)
Early 4-arm (+)
Early 4-arm (+}
late prism (+)
Gastrula (+)
Early 4-arm (+)
Early 4-arm (+)
Early 4-arm (+)
Early prism (+)
4-arm (+)
4-arm (+)
4-arm (+)
Early 4-arm (+)

Beginning Pressure Ending stage and survival
stage (atm) 5°C 10°C
Blastula 1 Early prism (+) Early prism (+)
50 Gastrula (+) Early prism (+)
150 Gastrula (+) Gastrula (-)
250 Gastrula () Gastrula (-)
Castrula 1 Early prism (+) Early prism (+)
50 Early prism {+) Early prism (+)
150 Early prism (+) Early prism (+)
250 Gastrula (0,—,+) Gastrula (+)
Early prism 1 Early 4-arm (+) Early 4-arm (+)
50 Late prism (+) Late prism (+)
150 Early prism (+) Late prism (+)
250 Early prism (+) Early prism (+)
Early 4-arm 1 4-arm (+) 4-arm (+)
50 4-arm (+) 4-arm (+)
150 4-arm (+) 4-arm (+)
250 Early 4-arm (-) Early 4-arm (+)

val age; the 4-arm echinoplutei of
these 2 species survived at 250 atm,
which is equivalent to an upper
abyssal depth of 2500 m. Thus, the
swimming larval stages that would be
the most likely invaders of the deep
sea are also the most tolerant of deep
sea conditions.

If larvae can tolerate pressures more
than one order of magnitude higher
than where the adults occur, why are
these echinoids not found in deeper
water? Perhaps settlement occurs at
depth but survival is low. Juveniles
of the deep sea ophiuroids Ophiura
ljungmani and Ophiocten gracilis
sometimes settle outside the adult

Cenozoic. The 'Challenger’ scientists initially sus-
pected that the deep sea was mostly colonized in the
Paleozoic (Moseley 1880), but more recently a number
of workers (Zenkevitch & Birstein 1956, Zenkevitch
1959, Madsen 1961) have suggested that the Mesozoic
and early Cenozoic were periods of major deep sea
invasion. Our experiments with animals living under
similar thermal conditions are therefore relevant to the
broad question of deep sea colonization.

Embryos of only 2 species of echinoderms living at
depths greater than 1500 m have been cultured in the
laboratory (Young & Tyler 1993, Young et al. 1996a).
Both were obligately barophilic, and the upper limit
of distribution corresponded roughly with the embry-
onic pressure tolerance in both spe-
cies. However, work with upper
bathyal and littoral species from
tropical and temperate seas (Marsland
1938, 1950, Young et al. 1996b) shows

depth range but do not survive there
(Gage & Tyler 1981a, b). Post-settle-
ment mortality outside the normal depth range of Para-
centrotus lividus, Arbacia lixula and Sphaerechinus
granularis has not yet been studied. It would be inter-
esting to transplant juveniles and adults to deep water
to determine whether they survive and to investigate
physical and biological sources of mortality.

M. L. Pedrotti (pers. comm.) has collected living
larvae of Paracentrotus lividus and Arbacia lixula from
400 m in the Ligurian Sea, where they had apparently
been advected downward at an oceanic front. It is not
known whether such larvae ultimately perish in the
bathypelagic zone, whether they settle at bathyal
depths and die as juveniles, or whether they are able to
return to shallow water for settlement. A preliminary

Table 4. Sphaerechinus granularis. Survival and development of swimming

larvae reared initially at 20°C/1 atm then transferred to various combinations

of pressure and temperature for 20 to 24 h {see ‘Materials and methods’). See
Table 2 for explanation of symbols and Table 1 for definitions of stages

that most echinoderms can withstand
pressures much greater than those

found near the lower limits of their stage
vertical ranges. In the Mediterranean Blastula
echinoids we studied, high pressure
affects both cleavage success and
developmental rate, but the thresholds

Gastrula

for these effects are much higher
than one would predict on the basis
of bathymetric distribution. Only the
highest pressure tested, 250 atm,
inhibited early development at all
temperatures and in all species. Both
Paracentrotus lividus and Arbacia lix-

Early 4-arm

Beginning Pressure
{atm)

150
250 (0)

Ending stage and survival
5¢C 10°C
1 Mesenchyme (+) Mesenchyme (+)
50 Blastula (+) Mesenchyme {+)
Blastula (+) Mesenchyme (+)
Mesenchyme (+)

15°C

Early gastrula (+)
Early gastrula (+)
Mesenchyme (+)
Mesenchyme (+)

1 Gastrula (+)
50 Gastrula (+)

Early prism (+)
Gastrula (+)

Late prism (+)
Late prism (+)

150 Blastula (0.-) Gastrula {+) Early prism (+)
250 0) Gastrula (+) Gastrula (+)
1 Early 4-arm (+)  Early 4-arm (+) Early 4-arm (+)
50 Early 4-arm (+}  Early 4-arm (+) Early 4-arm (+)
150 Early 4-arm (+)  Early 4-arm (+) Early 4-arm (+)
250 Early 4-arm (0)  Early 4-arm (0,~) Early 4-arm (+)
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analysis of the energetics of echinoid larvae suggests
that migration from bathyal depths to the surface may
be possible (Young et al. 1996c). Echinoid larvae
generally have a low center of gravity (Pennington &
Strathmann 1990, Young 1995) which causes them to
orient vertically and swim predominantly upward.

Our experiments on pressure/temperature effects in
various larval stages demonstrate that temperature per
se is probably not the major limiting factor on coloniza-
tion of deep sea habitats, but that high pressures inter-
act with low temperatures to set limits on invasion.
However, the limits imposed by these physiological
barriers should occur much deeper in the Mediter-
ranean than the adult sea urchins are ever found.
Based on our findings, we predict that echinoids
should be no more capable of invading the deep sea in
isothermal polar seas than in warmer waters, because
pressure would limit larval survival at similar depths in
both situations. The subtemperate species we studied,
which occur on both sides of Gibraltar, would be much
more likely to invade deep water in the Mediterranean
than in the open Atlantic, as colder temperatures ex-
acerbate the adverse effects of pressure during the
early life history stages. We also have shown that inva-
sion of the deep sea does not depend on occasional
outliers with broader temperature and pressure toler-
ances than the majority of the population. Virtually all
individual larvae of the species tested should be capa-
ble of surviving the physical conditions at bathyal
depths. Future discussions about the origins of the
deep sea fauna should focus on habitat suitability and
food availability as well as temperature and pressure
tolerances. Most importantly, one should not assume
that a species is incapable of tolerating the physical
conditions of the deep sea until tolerances have been
tested empirically.
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