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al. 1994, Madin et al. 1994) suggest that the metabolism
of gelatinous animals is a significant factor in deep-sea
carbon flow.

Two basic approaches have been used to determine
physiological characteristics of deep-sea animals: (1)
measurements in shipboard laboratories and (2) quan
tification in the natural environment. Because of the
delicate nature of most midwater gelatinous zooplank
ton, their metabolic rates may be affected by the
physical stresses incurred during the ascent to the sur
face or the shipboard handling required for laboratory
experiments.

This paper presents data which support the theory
that rates of oxygen consumption of deep-living
gelatinous zooplankton are affected significantly by
the stresses mentioned. Results from in situ experi
ments were compared with shipboard measurements
of animals which were not manipulated prior to
incubation and with animals which were transferred
from collectors before incubation (i.e. manipulated).
In addition to the physiological aspects, these data
serve to establish a baseline for defining the trophic
roles and relative contributions of gelatinous zoo
plankton to carbon cycling and transport in deep-sea
communities.

INTRODUCTION

ABSTRACT: Weight- and carbon-specific rates of respiration for 4 mesopelagic gelatinous zooplankton
(2 ctenophores, 1 trachymedusa and 1 pelagic holothurian) measured in situ were 2 to 5 times higher
than those from shipboard incubations. These results support the theory that removal of deep-living
gelatinous species from natural environments can adversely affect their metabolism. The disparity
between in situ and shipboard treatments is most simply explained by an interaction between pressure
and activity, i.e. a loss of motor activity due to decompression occurred among animals used in ship
board experiments.
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Gelatinous organisms are a conspicuous and wide
spread component of oceanic communities to depths of
at least 1000 m, often reaching very high abundances
(Youngbluth et al. 1990). For example, studies con
ducted in 2 deep basins (East Cortes and San Clemente)
off southern California, USA, revealed that the pelagic
holothurian Scotoanassa sp. and other gelatinous species
dominated the biomass and total metabolism of macro
zooplankton within the benthic boundary layer (Chil
dress et al. 1989). Similarly, Smith (1982) noted that the
macrozooplankton collected within 50 m of the bottom
in the Santa Catalina Basin (also off southern California)
was composed almost entirely of gelatinous animals
(siphonophores, ctenophores, and scyphomedusae). In
the subtropical Atlantic, gelatinous species were con
sistently the most visually prominent macrozooplankton
in midwater and benthic boundary regions during sub
mersible dives along the south coast of Grand Bahama
Island (1989 and 1990) and St. Croix, USVI (1989 and
1991). and off the north coast of Jamaica (1993) (Bailey
unpubl. data). Their ubiquitous distribution and periodic
numerical dominance in midwater and benthic bound
ary layer communities (e.g. Wiebe et al. 1979, Kremer et



MATERIALS AND METHODS with the JSL's multiple-bin suction sampler (Young
bluth 1984). returned to the surface and transferred to
water-jacketed respirometers for incubation aboard
ship. Either 6 or 7 of the 8 respirometers were used on
each dive to collect animals. The remaining respirom
eters served as controls; water was collected from the
same depth as that of the experimental animals.

For in situ incubations, after the animals and controls
had been collected, the array of respirometers was
attached to a moored line at a predetermined mid
water depth, then detached from the submersible and
left to incubate in situ for periods ranging from 12 to
20 h. Incubation depths were 5 to 7 m above the bottom
(range = 680 to 840 m). Recovery of the array was
accomplished by detaching an expendable anchor
from the moored line with an acoustic release. Sub
surface buoys brought the array to the surface where it
was recovered with the support vessel.

For shipboard incubations, once the animals and
controls had been collected in the JSL respirometers
(identical to in situ respirometers), the submersible
made a slow ascent to the surface. Aboard ship, each
respirometer was quickly detached from the sub
mersible and transferred to an environmental room
maintained at 9 ± 1 "C. Incubations were conducted

in the dark.
Three types of oxygen sensors were used: (1) in situ

measurements were made with Nester oxygen sensors
(general purpose D.O. probe; Leeds and Northrup
Corp.); (2) shipboard incubations of JSL respirometers
were made using Endeco pulsed oxygen electrodes
(type 1128 D.O. probe; YSI); and (3) specimens col
lected with the suction sampler were incubated aboard
ship in water-jacketed acrylic respirometers with
microcathode Clark-type oxygen electrodes manufac
tured in our laboratory (Mickel et al. 1983). These
microcathode Clark-type electrodes were made with a
15 urn diameter cathode. Because the oxygen require
ments of these small-diameter cathodes can easily be
satisfied by unaided diffusion of oxygen through the
membrane, low-oxygen boundary layers do not form at
the membrane and thus, stirring was not required

(Beumqartl & Lubbers 1983).
Both Nester and Endeco probes met our criteria for

use in the in situ respirometers, i.e. neither probe
required stirring, and both were stable and sensitive
enough to measure low rates of oxygen consumption
by animals such as midwater gelatinous zooplankton.
However, both probe types were affected by rapid
changes in pressure and temperature, thus precluding
in situ measurements during descent or ascent. Fur
thermore, only the Nester probes stabilized at depth
quickly enough for in situ experiments. After a slow
descent to depths of 300 to 900 m, Nester probes
stabilized within a period of 2 h (Fig. 2). On the other
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Fig. 1. Grand Bahama Island and the coast of Florida. The
study site, off Sweetings Cay, is marked with a star

Experiments were conducted during 2 cruises
(December 1990 and March 1991) with a Johnson-Sea
Link (JSL) submersible off Sweetings Cay along the
southeast coast of Grand Bahama Island, Bahamas
(26030' N, 78008' W; Fig. 1). Gelatinous zooplankton
(ctenophores, medusae, and pelagic holothurians)
were sampled within 50 m of the bottom (bottom depth
range = 735 to 900 m). Temperature, salinity and oxy
gen content measured at the sampling depths varied
from 8.2 to 11.0 DC, 32.5 to 33.3 %0 and 5.14 to 5.62 ml
O2 1-1, respectively.

Eight custom-designed respirometers mounted on the
submersible were used to gently trap gelatinous zoo
plankton. The respirometers are modified versions of
the JSL passive samplers used for the past 10 yr to cap
ture intact specimens of the most fragile zooplankton
(Youngbluth 1984). The samplers consisted of clear
acrylic tubes (1.3 cm thick x 16.5 em ID) with lengths
(either 30.5 cm or 15.3 cm) varying according to volume
(6.51 and 3.3 1)in the 2 sizes that were used. The acrylic
cylinders and lids provided sufficient insulation to main
tain in situ temperatures within the respirometers
during ascent to the surface and during the 10 to 15 min
period required after recovery to transfer them to the
temperature-controlled chamber aboard ship.

Both arrays of 8 respirometers were deployed daily
(2 dives per day; 1 deployment per dive). One array
was detached from the submersible and incubated in
situ. The other was returned to the surface where
samplers were incubated in shipboard environmental
chambers at in situ temperatures. In the third experi
mental treatment, gelatinous animals were collected
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Fig. 2. Typical respiration runs for (a) Enypniastes eximia, (b] Bathocyroe fosteri, {c} unidentified ctenophore (UC-I), and (d) Ben
thocodon pedunculata. Data from the appropriate control respirometers are included for each run. The first part of each experi
ment, which includes pre-dive preparation and the descent portion of the dive, is not shown. Oxygen concentrations within

respirometers are plotted as a function of incubation time beginning at the point when probe outputs became submaximal
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measured simultaneously in shipboard incubations
with both Nester and Endeco probes were not signifi
cantly different (p > 0.05; t-test).

Output voltages from the Nester probes were
recorded with a solid-state datalogger (SeaBird Elec
tronic Sealogger SBE-20) mounted on the sampling
array framework. Endeco probes were installed in the
respirometers prior to a dive, but were not powered-up
until the respirometers had been placed in the envi
ronmental chamber. The pulse interval for the Endeco
probes was 15 min. Because Endeco probes were pro
foundly affected by rapid changes in temperature and
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hand, Endeco probes, when exposed to pressures
reaching 100 atm (ca 1000 m), required a minimum of
6 to 7 h to stabilize. Monetary constraints were respon
sible for our selection of Endeco, rather than Nester
probes, for shipboard incubations. Laboratory experi
ments at our shore-based pressure test facility demon
strated that, once stabilized, there were no significant
effects of hydrostatic pressure on the response of
Nester sensors. Output voltages of Nester probes ex
posed to pressures ranging from 1 to 100 atm were not
significantly different (p > 0.05; ANOVA). Further, res
piration for each of 5 species of gelatinous zooplankton
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pressure, a period of 3 to 5 h was required for restabi
lization of the probes subsequent to each dive. Conse
quently, data obtained during this restabilization
period were not used. Outputs from the Endeco sen
sors were recorded with an Onset Tattletale data
logger. Data from the microcathode Clark-type probes
were recorded on a computer-controlled datalogging
system (Torres & Somero 1988). Linearity in the
response of electrodes to different oxygen concentra
tions was established using both oxygen saturated and
deoxygenated (nitrogen stripped) water.

After each experiment, subsamples were withdrawn
from each respirometer for determinations of ammonia
and phosphate (Strickland & Parsons 1972). Ambient
in situ levels of ammonia and phosphate were estab
lished from samples taken at depth through the sub
mersible's pressure relief valve. Both experimental and
control levels of ammonia and phosphate were cor
rected for ambient in situ levels. Excretion rates of
ammonia and phosphate were determined by sub
tracting control from experimental values. All samples
were analyzed at sea within 12 h of collection.

After subsampling for excretory products, animals
were measured in situ (i.e. while still inside the
respirometer) to the nearest 0.5 mm, blotted using the
technique described by Youngbluth et al. (1988), and
frozen in sealed tared jars at -lODe. In the laboratory
ashore, jars containing the animals were weighed to the
nearest 0.01 g and then specimens were dried at 60 DC to
constant weight. Subsequently, the dried samples were
homogenized for analyses of CHN and ash weight.

RESULTS

In situ rates of oxygen consumption were recorded
for 58 individuals representing 6 species during the
1990 cruise: a pelagic holothurian (Enypniastes eximia).
2 lobate ctenophores (Bathocyroe Iosteti and an un
described species, UC-I; Harbison unpubl.}, a cydippid
ctenophore (Agmayeria tortugensis). and 2 medusae
(Benthocodon pedunculata and Soltnissus sp.). Data
from shipboard respiration runs conducted in 1990
were invalid due to technical problems. During the
1991 cruise, respiration rates were recorded for 49
individuals representing 4 species (17 individuals, 3
species in situ; 32 individuals, 4 species shipboard)
using the JSL respirometers: E. eximia, B. Iosteti, UC-I,
and B. pedunculata. Shipboard rates were also deter
mined using water-jacketed respirometers for 20 indi
viduals representing 2 species during the 1991 cruise:
E. exitnie and B. pedunculata. Four species of gelati
nous animals were common to both cruises in sufficient
numbers for statistical analyses: E. eximie, B. Iosteri,
UC-I and B. pedunculata.

Species descriptions

Enypniastes eximie (Order: Elasipodida. Family:
Pelagothuriidae) is a benthopelagic holothurian which
is cosmopolitan at depths of 516 to 5689 m (Miller &

Pawson 1990). Individuals swim or float just above the
bottom, but depend on sediments for sustenance. The
integument of E. eximia is intensely bioluminescent,
which is theorized to be an antipredator mechanism
(Robison 1992). This and other pelagic holothurian
species can dominate the megafaunal biomass at some
localities in the bathyal-abyssal zone (Barnes et al.
1976). As a group, benthopelagic holothurians are
important for their ability to rework and transport sur
face sediments for considerable distances, both hori
zontally and vertically, from the source area (Billett
et al. 1985, Billett 1986).

Bathocyroe iosteti is a lobate ctenophore common
at midwater depths below 200 m and at water tem
peratures below 11 DC in the NW Atlantic (Madin &

Harbison 1978). Specimens captured in the Bahamas
differ somewhat from the line drawings in the origi
nal description (Youngbluth et al. 1988). Prey found
in the guts of B. iosteti include copepods and eu
phausiids. B. Iosteii is quite responsive to incan
descent light. When exposed to the submersible's
lights, it usually shrinks noticeably in overall size,
particularly in the region of the aboral crown where
the short comb-rows occur, and, if encountered in
the inverted position, it contracts its outspread oral
lobes and tumbles around to the upright position.
Turbulence generated by the movement of the sub
mersible or its thrusters can often induce the
ctenophore to swim briefly by slowly flapping its oral
lobes.

The undescribed ctenophore UC-I superficially
resembles the lobate ctenophore Bolinopsis infundibu
lum in having variegated structures within its lobes. It

is one of the largest lobate ctenophores encountered at
midwater depths in Bahamian waters.

The trachymedusa Benthocodon pedunculata is a
benthopelagic species which usually occurs within
10 m of the bottom at depths from 800 to 1000 m
(Larson et al. 1992, pers. obs.). Observations from
submersibles and remotely operated vehicles indicate
that B. pedunculata can occur at densities up to
80 medusae m? (Larson et al. 1992). In the Carib
bean (Bahamas and St. Croix, USVI) this species
was frequently observed directly on the bottom
(depth = 800 to 900 m), using its tentacles to glide
across the substratum. Gut analyses have shown
these medusae to feed on both benthopelagic and
benthic organisms, although the predominant prey
items were benthopelagic crustaceans (G. 1. Mat
sumoto pers. comm.).



Table 1. Means and ranges for morphometric measurements of gelatinous zooplankton used in respiration experiments.
Length/diameter (length along the longitudinal axis for Enypniastes exiniia and ctenophores, bell diameter for Benthocodon
pedunculata) was determined at the conclusion of each respiration run, while the specimens were still in the respirometers.

n: number of individuals analyzed. Numbers in parentheses are standard deviations

Table 2. Morphometric regressions and correlations. Linear regressions of log-log transformed data (Y = aX b ) were used to derive
the slopes (b) and intercepts (a) for the relationships between dry weight (DW) and total length/diameter (TLlD). Relationships
between DW and wet weight (WW). ash-free dry weight (AFDW) and carbon content (CC) were derived from linear regressions
of untransformed data (Y = a + bX; where b = slope and a = intercept). The coefficient of determination (r 2

) is given for each
regression. n: number of individuals analyzed

Species DW(mg) = a x [TLlD(mmll" DW(mg) = a+b[WW(mg)] DW(mg) = a+b[AFDW(mg)] DW(mg) = a+b[CC(mg)]
a b r 2 n a b r 2 n a b r 2 n a b r 2 n

En ypniastes
0.35 2.15 0.843 67 254.11 0.04 0.989 50 2.46 5.22 0.941 33 5581.53 49.07 0.791 50

eximia

Bathocyroe
0.22 2.24 0.767 70 -12.65 0.04 0.983 27 6.54 6.03 0.964 23 75.81 226.74 0.884 27

fosteri

UC-I 19.42 1.39 0.408 18 123.76 0.04 0.995 16 4.35 6.16 0.955 14 6433.12 132.36 0.734 16

Benthocodon
0.15 2.27 0.902 26 1.64 106.54 0.712 14

pedunculata 0.05 0.993 15 0.16 3.68 0.996 4 5.97
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Elemental composition

Oxygen consumption

Weight-specific oxygen consumption was correlated
positively (p < 0.05; Pearson product-moment correla
tion) with incubation time, indicating that experi
mental animals remained healthy throughout the res
piration trials. Decreases in oxygen content of water in

Mean carbon values, as a function of dry weight,
ranged from 0.4 to 10.4% (Table 3). C:N ratios varied
from 3.1 for Benthocodon pedunculata to 4.7 for
Enypniastes eximia (Table 3). These values are com
parable to similar data reported for epipelagic and
mesopelagic gelatinous zooplankton (Kremer 1975,
Reeve & Baker 1975, Reeve et al. 1978, Hoeger 1983,
Kremer et al. 1986, Youngbluth et al. 1988, Childress
et al. 1989).

Bailey et al.: Effect of decompression on gelatinous zooplankton

Species n Length or diameter [mm] Wet weight (g) Dry weight (g) Carbon content (mg)
Mean Range Mean Range Mean Range Mean Range

Enypniastes 58 131.6 55-250 284.9 22.8-919.9 11.3 1.0-34.3 171.2 15.9-682.8
eximia (± 33.97) (± 228.24) (± 8.91) (± 161.00)

Bathocyroe 27 45.6 18-89 49.7 3.1-126.6 1.9 0.1-5.0 8.2 0.5-22.5
fosteri (± 10.18) (± 38.04) (± 1.51) (± 6.24)

UC-I 16 139.9 95-180 463.8 183.9-747.2 18.4 7.2-29.2 90.5 27.2-181.2
(± 20.72) (± 149.12) (± 5.88) (±38.12)

Benthocodon 23 23.7 6-35 4.7 1.7-8.4 0.2 0.1-0.4 24.4 5.5-53.3
pedunculata (± 6.62) (± 2.11) (± 0.10) (± 14.92)

Morphometries

All expressions of physiological rates are based on
measured weights. Means and ranges for morpho
metric parameters are given in Table 1. Regressions
and correlations between weight and linear meas
ures (e.g. length and bell diameter) are also pre
sented for comparison with literature values (Table 2).
However, because the bodies of most gelatinous
animals are elastic, linear measures are not always
reliable as standardization parameters (Youngbluth
et al. 1988). Total length (TL) was significantly corre
lated with dry weight (DW) for Enypniastes eximia
and Benthocodon pedunculata (p < 0.05, product
moment correlation). Correlations between TL and
DW were significant, but not as strong with Batho
cyme fosteri and DC-I. There were significant
correlations between wet weight, dry weight, ash
free dry weight, and carbon content of all 4 species
(Table 2).
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