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Recovery and Maintenance of Live Amphipods at a
Pressure of 580 Bars from an Ocean Depth of 5700 Meters

Abstract. Amphipods were collected from an ocean depth of 5700 meters in a win-
dowed pressure-retaining trap, kept alive in the trap for as long as 9 days aboard
ship, and transported to a land laboratory. Observations suggest that the animals
can easily tolerate decompressions of 29 percent and briefly of 70 percent of the
value of 580 bars, the pressure of their natural habitat. The average pleopod beat
frequency was 106 beats per minute. Evidence suggests that food (fish bait) can have
at least a 4-day residence time in the gut of these animals.

This is an account of the recovery of
live amphipods four times in succession
from a depth of about 5700 m in the cen-
tral North Pacific Ocean. The pressure at
this depth is about 578 bars, a pressure
that disrupts the integrated functions of
prokaryotic (/) and eukaryotic cells (/, 2)
and of higher metazoa (2) found in shal-
low waters.

The unusual properties of the deep sea
2, 3) are a consequence of the consid-
erable water column above it. The deep-
sea habitat is characterized by a low tem-
perature, a high hydrostatic pressure,
the near absence of light, and a level of
cosmic radiation substantially lower than
that at the surface. The high pressure (¢)
renders this environment and its in-
habitants refractory to study. Animals
collected remotely with trawls, corers,
and grabs are often torn or abraded, but
even when intact they succumb as an ap-
parent result of decompression.
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Two approaches are used to circum-
vent these difficulties. One approach is
to study animals and microbes in situ
with submersibles [manned (5, 6) and un-
manned (7)] and with free vehicle (a free-
ly falling package) instruments (§). The
other approach is to capture organisms
in pressure-retaining devices and to
maintain them in the laboratory for study
within these devices or within high-pres-
sure aquariums (9). The control over ani-
mals for experimentation should be
greater in the laboratory than is possible
in situ and should allow for otherwise in-
feasible studies. There have been only a
few reports of the recovery of com-
pressed samples from the ocean. Jan-
nasch et al. (10) have described devices
and used them (6, /1) to recover water
samples from depths of about 3000 m.
Macdonald and Gilchrist (/2) designed a
device for the study of animals and dem-
onstrated its pressure-retaining feature

Fig. 1. Photograph of a pre-
served amphipod caught
outside a PRAT in the cen-
tral North Pacific Ocean
and having an extended
length of about 9 cm. Sev-
eral genera occur in this lo-
cale (14).
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by recovering a sample of water from a
depth of 2000 m. Samples of plankton
have been recovered with the device
from depths of 600 m.

The size and behavior of the animals
sought in the deep sea determine the de-
sign of the capture gear. Hessler et al.
(13) suggested on the basis of photo-
graphs that amphipods might be the ani-
mals to pursue in the deep sea because of
their attraction to baited traps. The suc-
cesses (14, 15) with which amphipods
have been trapped in the deep ocean
over the past few years fully support
their contention. Amphipods (Fig. 1)
may indeed become important experi-
mental animals in deep-sea biology.

The pressure-retaining characteristics
of the device employed have been de-
scribed elsewhere (16). With this device
it has been possible to retrieve amphi-
pods (I5) from the Philippine Trench
with a retention in the trap of 75 to 85
percent of the pressure (about 960 bars)
at the trench floor. It was not possible to
determine the viability of these amphi-
pods because of the limitations in ancil-
lary equipment. Three equipment im-
provements made possible the study re-
ported here. (i) A gas-filled hydraulic
accumulator (I7) was attached to the
pressure-retaining trap to diminish the
pressure loss arising from metal expan-
sion and seal movement encountered
during the ascent of the trap to the sea
surface. (ii) Thermal insulation was pro-
vided to prevent the animals from being
exposed to the warm surface waters of
the ocean. (iii) A pumping system (/8)
was designed so that seawater at a high
pressure could be circulated through the
trap after its retrieval and thus could pro-
vide oxygen to and remove waste pro-
ducts from the water bathing the animals.

The traps (Fig. 2) were deployed as
free vehicles (I19) that sink to the sea
floor, rest there for a predetermined
time, discard ballast, and rise to the sea
surface where they are recovered onto
the ship. The entrance to the pressure-
retaining chamber of a trap is shut within
a few seconds after the release of the bal-
last used to sink the free vehicle. The
free vehicles were equipped with a radio
transmitter and a flashing light to assist
in locating them on the sea surface and
were usually recovered within 1.6 km of
the deployment site.

Seawater was circulated through the
pressure-retaining ~ amphipod  traps
(PRAT’s) after recovery. The heart of
the pumping system consisted of an air-
driven high-pressure pump (20) that was
compatible with seawater. A piece of 316
stainless steel tubing having an inside di-
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Table 1. Data on live retrievals.

Date Depth Pressure (bars) Time on Z&Tf:é: PRAT Station
(1977) Position (m) At In sea floor water number number
depth PRAT (minutes) (mi
minutes)
8 June 28°37.4N, 155°24.03W 5782 586 559 608 73 2 654
9 June 28°23.19N, 155°24.95W 5549 562 565 751 21 1 669
16 June 28°36.82N, 155°30.60W 6049 613 407 829 20 2 740
20 June 28°35.65N, 155°20.39W 5741 582 414 545 15 2 781

ameter of 0.76 mm and an outside diame-
ter of 1.59 mm was connected to the out-
put of the high-pressure pump and to one
of the high-pressure valves on the trap.
The tubing (6.1 m long) was wound into a
coil and immersed in the constant-tem-
perature bath so that seawater flowing
though the coil was cooled before enter-
ing the trap. This tubing also served to
dampen the pressure fluctuations of the
pumping cycle and to partly meter the
flow of seawater. A 6.7-m length of the
316 stainless steel tubing was connected
to the output of the trap; its inside diame-
ter (0.15 mm) served as the primary
mechanism for metering the flow of sea-
water. With an air pressure of 2.14 bars,
seawater entered the trap at a rate of 3.4
cm®/min and a pressure of 565 + 12 bars
in a continuous and unattended mode of
operation. The supply of seawater for
the traps was collected from the open
ocean and was passed through filters
having a pore diameter of 0.22 um. Sur-
face seawater has an O, concentration of
about 4 cm? per liter of seawater. Thus,
this flow rate should have allowed for the
utilization of O, in the trap at about 0.8
cm3/hour without any reduction in the
concentration of O,.

Aspects of four sequential live retriev-
als are summarized in Table 1. Two pres-
sure-retaining amphipod traps were used
in the same general locale of the central
North Pacific Ocean. The traps rested on
the sea floor for about 12 hours, since
over this period a sizable quantity of ani-
mals would be attracted and so there
would be a high probability that some of
them would enter the pressure-retaining
portion of the trap. The time spent in the
deep ocean was also sufficient to chill a
trap to the ambient temperature of about
1.2°C. Insulation was provided around
the trap to protect the animals from the
warm surface waters (about 24°C). The
insulation maintained the temperature of
a PRAT at less than 6°C for 1 hour while
surrounded by warm surface waters and
at even lower temperatures as the length
of time spent in the surface waters
diminished. Three of the trap recoveries
were rapid (Table 1), and the traps were
placed in a 2°C bath within 10 minutes.
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The principal objective of this study
was to retrieve live animals and maintain
them at their deep-sea environmental
conditions for at least 1 week. Another
objective was to evaluate the logistic
problems encountered in transporting a
PRAT back to our laboratory at Scripps
Institution. Successful transport to and
maintenance in the laboratory are impor-
tant since it then becomes possible to
carry out experimentation on events
such as molting, limb regeneration, and
genetic processes that will require a long
period of observation. The animals re-

AC

Fig. 2. Photograph of a PRAT taken with only
two sides of the insulating box (/) shown. The
PRAT sinks to the sea floor with the ballast
connected to the rod (CR). On the sea floor,
the floats (not shown) fastened to the cable
(C) lift the trap body (TB) and stretch the two
springs (SP) (only one visible) until the piston
comes to rest on the stop (PS). The entrance
(PE) into the chamber in the 7B is then open.
Animals are attracted to bait in half of a min-
now bucket (not shown), which is secured to
the circular plate at the top of the apparatus.
When the ballast is released, the piston is
pulled into the trap body as the springs con-
tract and the piston seals the chamber of the
trap {see (16)] when the piston end (PE) is at
the position shown. The release of ballast also
allows the floats to return the PRAT to the sea
surface. The gas-containing accumulator (AC)
is disconnected after retrieval with valve V3
and its charge of N, is vented with valve VI.
Valves V2 and V3 are used to connect the trap
to a high-pressure seawater circulating system
(18). One of the two windowed closures (WC)
is visible. The PE diameter is about 5 cm.

covered at station 781 (Table 1) were
kept alive for 9 days aboard ship, for an-
other day in transit to our land laborato-
ry, and for still another day at the labora-
tory.

What is the range of hydrostatic pres-
sures and what are the rates of change in
pressure that deep-sea organisms will
tolerate? These questions are important
to understanding the role of hydrostatic
pressure as an environmental variable
contributing to the zonation of species in
the water column and the evolution of
species in the ocean. Moreover, answers
to these questions could lead to methods
for handling deep-sea organisms outside
of pressure vessels even if for only short
periods of time. I made some observa-
tions that bear on these questions. The
first recovery of live animals (Table 1,
station 654) was achieved without a sig-
nificant loss in pressure. An animal was
seen in my earliest observations (approx-
imately 45 minutes after the recovery of
the free vehicle) and it exhibited swim-
ming activity, beating of pleopods, and
resting states. About 1.5 hours after the
recovery, an inadvertent decompression
occurred over 30 minutes and resulted in
the pressure of the trap dropping to 172
bars—a 70 percent reduction from the
natural environmental pressure and re-
covery pressure. The decompression
was then detected, and the pressure in
the trap was increased to 565 bars within
3 seconds. Observations for 2 hours after
the recompression did not reveal any
swimming animals. However, two swim-
ming animals were seen 8 hours after the
recompression. Thus at least two ani-
mals survived a decompression of nearly
400 bars for about 30 minutes and a rapid
(3-second) recompression.

Evidence that the animals may be af-
fected by even smaller decompressions
was obtained at station 781. The trap was
on board the ship 15 minutes after the
free vehicle arrived at the sea surface.
Within an additional 10 minutes the trap
was in a water bath at 2°C and the pres-
sure in the trap, initially 414 bars, was
immediately increased to 572 bars. Ob-
servations revealed that there were five
small animals lying in the chamber of the
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trap and displaying very little motion.
During the first hour after the recompres-
sion, the activity of the animals in-
creased dramatically. By 4 hours after
the recompression, the animals were
very active and were swimming—darting
from one part of the trap to another. This
greatly increased activity could have
been due to the introduction of fresh sea-
water into the trap begun concurrently
with the recompression or to the recov-
ery of the animals from the adverse ef-
fects of decompression. The first trap
(station 654) contained many more ani-
mals (24) than the last one (station 781)
and had actively swimming animals in it
prior to the introduction of any seawater.
All of these observations support the hy-
pothesis that the amphipods were ad-
versely, albeit not irreversibly, affected
by a decompression of about 28 percent
rather than by a lack of fresh seawater.

The following observations relate to
the feeding habits of these animals. The
bait attracting the animals caught at sta-
tion 669 was available to them for inges-
tion. One of the live animals caught had a
greatly distended abdomen; this condi-
tion is observed only in animals satiated
with bait. The distended condition per-
sisted for 4 days. The death of the animal
on the fourth day was due to an inade-
quate amount of circulating seawater. A
long residence time for this kind of food
(fish) in the gut of an amphipod is implied
by the long duration of the distended
condition. This animal did not appear to
produce fecal material. In contrast, the
amphipods caught at station 781 pro-
duced fecal pellets during the early por-
tion of their captivity. The animals from
station 781 had probably not eaten the
bait used to attract them to the trap since
the bait was wrapped in a nylon net. Al-
though fecal material was not eaten im-
mediately, it may have been eaten later
since it eventually abruptly disappeared.
Curiously, an animal in the trap that was
incapacitated for about 6 days and died
on the seventh day of captivity was not
bothered (eaten) by the other healthy an-
imals in the trap for 11 days. Amphipods
from shallow water are known to be can-
nibalistic and to eat their own molts
(21)—adaptations that would seem to be
desirable in a food-scarce environment
such as the deep sea. Cannibalism varies
among species (2/) and between sexes
(22). If deep-sea amphipods prove not to
be excessively cannibalistic, then it may
be possible to maintain breeding cultures
23).

Amphipods respire by moving water
over gills located near the ventral aspect
of the thoracic coxae. The ventilation is
accomplished by the beating of pleo-
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pods; the beating frequency is affected in
shallow-water organisms by a number of
factors (24), including the partial pres-
sure of CO, and O, in the water and the
size of the animal. Values for the ventila-
tion frequency are tabulated (24) for am-
phipods living at 1 atm and 14°C and
have a range of 12 to 184 beats per min-
ute. Observations were made of the ven-
tilation frequency with about eight ani-
mals in the traps from stations 654, 669,
and 781, at a pressure of 572 bars and at a
temperature of about 2°C. For 63 obser-
vations, the average value was 106 beats
per minute, the standard deviation was
33 beats per minute, and the range was
41 to 181 beats per minute. Thus the ven-
tilation frequency for deep-sea amphi-
pods is not much different, if at all, from
that for shallow-water ones. The 63 val-
ues observed include what I believe,
based on the activity of the animals, are
values for healthy and unhealthy ani-
mals. Values in the range of 90 to 150
beats per minute are probably indicative
of healthy animals (25).

This study demonstrates that deep-sea
amphipods can be trapped for physiolog-
ical studies in a pressure-retaining device
and can be maintained in the laboratory
with the use of a high-pressure pumping
system circulating seawater through the
trap. The components of the systems are
small enough that they can be trans-
ported by air to land-based laboratories.
Work with these animals will provide the
means for measuring rates of biological
processes in highly controlled laboratory
conditions, for determining the effect of
pollutants on deep-sea life, and possibly,
if the deep-sea animals can be bred as
shallow-water amphipods have been, for
understanding genetic processes in the
deep ocean.

A. ARISTIDES YAYANOS
Scripps Institution of Oceanography,
University of California, San Diego,
La Jolla 92093
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Mineralization Kinetics: A Constant Composition Approach

Abstract. A new method is described for studying, reproducibly, the kinetics of
crystallization of minerals under conditions of constant solution composition even at
very low supersaturations. For calcium phosphates the method provides direct evi-
dence for octacalcium phosphate as the precursor to hydroxyapatite precipitation at

physiological pH.

The precipitation of sparingly soluble
salts from their supersaturated solutions
finds application in a wide variety of sci-
entific fields. The carbonates of calcium
and magnesium are of great interest in
limnology (1), oceanography (2), and
sedimentology (3). Important manifesta-
tions of nucleation and crystallization of
calcium phosphates are the transforma-
tions in soil following phosphate fertil-
ization, removal of phosphate from
wastewater by the addition of lime, for-
mation of teeth and bones, and patholog-
ical stone formation in the urinary tract.
Precipitation of the sulfates of calcium
and barium creates serious problems in
desalination and in oil-field scale forma-
tion. In this report we describe a new
and highly reproducible method for
studying rates of mineralization, even at
very low supersaturation, with a preci-
sion hitherto unobtainable.

Although numerous spontaneous pre-
cipitation studies of minerals have been
made, they suffer from the disadvantage
that the size and size distribution of the
solid particles change during the course
of the reaction. Also, the usual assump-
tion of homogeneous nucleation ) is
open to question, since it is doubtful if
any medium is sufficiently free from for-
eign nucleating sites to preclude hetero-
geneous nucleation (5). The problems as-
sociated with the irreproducibility of the
results of such studies were overcome
with the development of seeded growth
techniques (6, 7), which enabled the ef-
fects of factors such as temperature, su-
persaturation, and ionic strength to be
studied quantitatively (8-10).

The precipitation of calcium phos-
phate phases is of particular interest.
Under solution conditions normally en-
countered biologically, hydroxyapatite
[Cas(PO4);OH, hereafter HAP] is the
thermodynamically stable phase. How-
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ever, most calcium phosphate solutions
in crystal growth experiments are initial-
ly supersaturated with respect to four ad-
ditional phases; in order of increasing
solubility at physiological pH these are
tricalcium phosphate [Cas(POy),, here-
after TCP], octacalcium phosphate
[Ca,H(PO,); - 2¥5H,0, hereafter OCP],
anhydrous dicalcium phosphate (CaH-
PO,, hereafter DCPA), and dicalcium
phosphate dihydrate (CaHPO, - 2H,0,
hereafter DCPD). Hydroxyapatite does
not normally precipitate directly from
solution, although it has been shown to
grow on HAP seed crystals at very low
supersaturations (/0). From experiments
involving the mineralization and x-ray
analysis of epiphyseal rat cartilage, Pos-
ner (/1) identified an x-ray amorphous
material of approximately TCP composi-
tion. This phase has also been proposed
as a precursor to HAP in the formation
of teeth and bone (12). In addition, both
OCP (13) and DCPD (/4) have been pro-
posed as possible precursor phases.
The development of a pH-stat method

(15) enabled studies to be made of cal-
cium phosphate crystal growth on well-
characterized synthetic and natural seed
material under conditions of constant
hydrogen ion activity. These methods,
however, still suffered from the disad-
vantage that the calcium and phosphate
ionic concentrations varied appreciably
during the reactions. At each stage,
therefore, the supersaturated solutions
were metastable with respect to different
calcium phosphate phases, which could
form and subsequently dissolve as the
concentrations in the supersaturated so-
lutions decreased. Since the concentra-
tion changes became very small as the
reaction proceeded, a relative analytical
error of only a few percent in the total
calcium or total phosphate concentration
could preclude differentiation between
the possible crystalline phases.

To overcome the problems associated
with the changing solution composition
during precipitation, a new method is re-
ported here in which the chemical poten-
tials of the solution species are main-
tained constant during the reaction. Af-
ter the addition of well-characterized
seed material to a stirred, stable super-
saturated solution of calcium phosphate
at the required pH, the concentrations of
lattice ions were maintained constant by
the simultaneous addition of reagent so-
lutions containing calcium and phos-
phate ions, controlled by a glass elec-
trode probe. The compositions of the re-
agent solutions were calculated from the
results of exploratory measurements.
The method is illustrated by three exper-
iments at 37°C and the physiological pH
of 7.40, in which the solutions were su-
persaturated with respect to all phases
other than DCPD and DCPA. These are
summarized in Table 1. In experiment
1377, the solution Ca/P molar ratio, R,
initially 1.39, decreased by 4 percent

Table 1. Constant composition seeded growth of HAP crystals at pH 7.40, 37°C. Symbols:
Tca, total calcium concentration; R, molar Ca/P ratio in solution at each time.

Experiment 1377*

Experiment 1777t

Experiment 2577%

Time Tca R Time Tca R Time Tca R
(min) (mM) (min) (mM) (min) (mM)
0 0.800 1.39 0 0.800 1.450 0 1.200 1.33
5 0.788 1.39 20 0.797 1.457 1 1.197 1.32
13 0.770 1.38 34 0.796 1.457 3 1.208 1.32
30 0.755 1.35 48 0.797 1.450 S 1.214 1.32
40 0.752 1.35 60 0.794 1.457 7 1.234 1.31
75 0.800 1.462 10 1.248 1.30
90 0.797 1.457
Mean 1.456 1.32
Standard deviation 0.004 0.01

*Initial solution: 150 ml of 0.800 mM CaCl,, 0.575 mM KH,PO,, 0.854 mM KOH, and 5.0 mg of HAP seed.

Titrant solutions: 10.00 mM CaCl, and 7.19 mM KH,PO, with 12.81 mM KOH.

tInitial solution: 150 ml of

0.800 mM CaCl,, 0.552 mM KH,PO,, 0.457 mM KOH, 8.40 mM KCl, and 5.0 mg of HAP seed. Titrant

solutions: 10.00 mM CaCl, and 6.90 mM with KH,PO, with 11.91 mM KOH.

tInitial solution: 300.0 ml of

1.200 mM CaCl,, 0.900 mM KH,PO,, 0.715 mM KOH, 24.27 mM KCI, and 5.0 mg of HAP seed. Titrant
solutions: 26.67 mM CaCl, and 20.00 mM KH,PO, with 34.10 mM KOH.
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