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Jelly biomass sinking speed reveals a fast carbon export mechanism

Mario Lebrato,2* Pedro de Jesus Mendes,b Deborah K. Steinberg,c Joan E. Cartes,d
Bethan M. Jones,e-! Laura M. Birsa, Roberto Benavides,» and Andreas Oschlies 2

aHelmholtz Centre for Ocean Research Kiel (GEOMAR), Ocean Biogeochemistry, Kiel, Germany

bQcean Laboratory, Jacobs University Bremen, Bremen, Germany
¢ Virginia Institute of Marine Science, Gloucester Point, Virginia
dInstitut de Ciéncies del Mar de Barcelona, Barcelona, Spain

¢QOcean and Earth Science, University of Southampton, National Oceanography Centre, Southampton, United Kingdom

f Skidaway Institute of Oceanography, Savannah, Georgia

Abstract

Sinking of gelatinous zooplankton biomass is an important component of the biological pump removing
carbon from the upper ocean. The export efficiency, e.g., how much biomass reaches the ocean interior
sequestering carbon, is poorly known because of the absence of reliable sinking speed data. We measured sinking
rates of gelatinous particulate organic matter (jelly-POM) from different species of scyphozoans, ctenophores,
thaliaceans, and pteropods, both in the field and in the laboratory in vertical columns filled with seawater using
high-quality video. Using these data, we determined taxon-specific jelly-POM export efficiencies using equations
that integrate biomass decay rate, seawater temperature, and sinking speed. Two depth scenarios in several
environments were considered, with jelly-POM sinking from 200 and 600 m in temperate, tropical, and polar
regions. Jelly-POM sank on average between 850 and 1500 m d—! (salps: 800-1200 m d—1; ctenophores: 1200—
1500 m d—1; scyphozoans: 1000-1100 m d—1; pyrosomes: 1300 m d—!). High latitudes represent a fast-sinking and
low-remineralization corridor, regardless of species. In tropical and temperate regions, significant decomposition
takes place above 1500 m unless jelly-POM sinks below the permanent thermocline. Sinking jelly-POM sequesters
carbon to the deep ocean faster than anticipated, and should be incorporated into biogeochemical and modeling

studies to provide more realistic quantification of export via the biological carbon pump worldwide.

Sinking marine particles comprise a size continuum
ranging from individual cells and exudates to aggregates of
degraded biogenic detritus and fecal pellets to carcasses
of zooplankton, including large gelatinous zooplankton
(gelatinous particulate organic matter [jelly-POM]). The
sedimentation of particles to the ocean’s interior is central
to the biological pump concept, redistributing chemical
elements in the water column and sequestering carbon to
depth (Lee and Fisher 1993; Buesseler et al. 2007).

Sinking jelly-POM (also referred to as jelly falls)
originates from post-bloom biomass following the seasonal
collapse of gelatinous zooplankton populations (Lebrato
et al. 2012), the main known contributors of which are
jellyfish (Scyphozoa and Hydrozoa; Billett et al. 2006) and
pelagic tunicates (Salpa and Pyrosomida; Wiebe et al. 1979;
Lebrato and Jones 2009). Because gelatinous biomass is
distributed from the surface to mesopelagic and deeper
waters worldwide, jelly-POM is an important source of
labile carbon (Condon et al. 2012). These gelatinous
carcasses are occasionally exported and deposited at the
seafloor, sequestering carbon and providing food for
benthic communities. During jelly-POM sedimentation,
large amounts of nutrients are released, providing labile
resources for bacterioplankton and microzooplankton
(Titelman et al. 2006; Pitt et al. 2009; Tinta et al. 2010).
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The existence of jelly falls on the seafloor suggests a high
export efficiency of at least some gelatinous taxa from the
upper ocean. Alternatively, the apparent sporadic existence
of jelly-POM on the seabed might suggest a poor transfer
efficiency (of these or other taxa) and thus rapid
remineralization of sinking jelly-POM that contributes to
the dissolved carbon pool (Lebrato et al. 2011, 2012). Yet,
to date, no sinking rate estimations have been made in
order to investigate transfer efficiency of sinking jelly-
POM.

Our understanding of particulate fluxes from field
observations is limited to particles in the size range
collected by sediment traps (Fowler and Knauer 1986;
Asper 1987) or visible with cameras (from < 1 to ~ 50 mm;
Jackson et al. 1997). In the laboratory, phytoplankton- and
zooplankton-derived materials (marine snow and fecal
pellets) from 0.5 to 1000 um have been commonly studied
(Shanks and Trent 1980; Walsby and Holland 2006; Ploug
et al. 2008). However, the study of sinking rates of
gelatinous zooplankton-derived POM (particles of milli-
meters to meters) has received little attention beyond their
fecal pellets or mucous feeding webs (Silver et al. 1998;
Turner 2002). The absence of fundamental data on
gelatinous zooplankton carcasses prevents the implemen-
tation of a jelly-POM formulation in biogeochemical
models of the biological carbon pump. Particle sinking
rates increase with individual size and length (Shanks and
Trent 1980) but sedimentation with depth is modeled in
different ways based on theory and observations. These
include particle sinking rates that increase with depth
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Table 1. Field metadata and biomass biochemistry.
Field metadata
Organism Species* nf Origin Depth (m)f T(°C)8 Salinity$

Scyphozoan Cyanea sp. 3 Baltic Sea 0-10 15.50 14.00
Ctenophore Mnemiopsis leidyi 3 Atlantic Ocean 0-10 16.50 16.50
Thaliacean Salpa thompsoni 15 Southern Ocean 0-100 1.50-0.50 33.00-34.00
Ctenophore Lobate ctenophore 13 Southern Ocean 0-100 1.50-0.50 33.00-34.00
Pteropod—shelled Limacina helicina 8 Southern Ocean 0-100 1.50-0.50 33.00-34.00
Thaliacean Pyrosoma atlanticum 3 Mediterranean Sea 0-1500 24.49-13.07 37.75-38.48
Scyphozoan Periphylla periphylla 3 Mediterranean Sea 0-674 26.34-13.06 37.75-38.48
Pteropod—not shelled Cymbulia peroni 7 Mediterranean Sea 0-1000 25.45-13.23 37.75-38.48
Scyphozoan Pelagia noctiluca 5 Mediterranean Sea 0-1000 25.45-13.23 37.97-38.48

* Highest level of taxonomic identification is given (Antarctic ctenophores were not identified).

+ Number of individual organisms collected in the field.
1 Depth range where organisms were collected by plankton net.

8 Temperature and salinity in situ at collection, or the range measured at initial and final depth by a conductivity—temperature-density device or a probe.
I Number of replicate measurements. Note that not all organisms collected were analyzed, but replicates were measured for a subset (e.g., Salpa thompsoni:

eight whole organisms used, then split in half, thus n = 16).
4] Dry weight (dry wt) of the material measured to analyze for C and N.
# Mean = 1 SD.

(Schmittner et al. 2005); are constant (Fasham et al. 1990);
are variable according to size (Kriest and Evans 1999); or
are extremely fast, fostered by the biomineral ballast effect
(Armstrong et al. 2002).

Here, we quantify the rates of jelly-POM export to the
deep ocean using different bloom-forming gelatinous
zooplankton species to understand jelly-POM carbon
transfer efficiency and provide baseline data for future
model, field, and empirical studies of the biological pump.
We present the first set of qualitative laboratory and field
observations of jelly-POM sinking rates in scyphozoans,
salps, pyrosomes, and ctenophores. Using these data we
develop a taxonomically defined jelly-POM export ratio
using equations that integrate biomass decay rate, seawater
temperature, and sinking speed. The ratio is separated for
polar, temperate, and tropical latitudes to provide the first
realistic regional estimations of jelly-POM transfer effi-
ciency using in situ sinking speed data.

Methods

Sinking rate field experiments—Field experiments were
conducted off the western Antarctic Peninsula during
January and February 2011 on board the R/V Laurence
M. Gould (cruise LMG1101). Salps (Salpa thompsoni, n =
15), lobate ctenophores (species not identified; n = 13), and
also pteropods (Limacina helicina, shelled, n = 8 for
comparison with unshelled pteropods) were sampled with
a plankton net (700 um mesh) between 0 and 100 m
(temperature = 0.50-1.50°C, salinity = 33-34, and density
= 1026.43-1027.29 kg m—3) at latitudes 63-70°S (Table 1).
Individual animals were placed in a beaker containing a
small volume of seawater at ambient temperature, and this
beaker was placed for a few minutes within a second, larger
beaker containing hot water until animals perished. Dead
salps were placed in a 20 mL beaker containing seawater to
measure biovolume (displacement volume; in this study,
only biovolume measurements were available for salps). We
did not measure dead ctenophore biovolume as their bodies

too easily broke apart. Pteropods were directly frozen and
sent to OceanlLab (Jacobs University, Bremen, Germany).
In Antarctica, salps (whole bodies) and ctenophores (whole
bodies or small pieces) were sunk individually in a clear
Plexiglas column 57 cm tall, with a diameter of 12.5 cm.
The column was filled with surface seawater (to mimic in
situ density) to roughly 6 cm below the top, and animals
were released just below the water surface in a known 30 cm
interval to assess the sinking time (only during terminal
velocity). The experiments were conducted on deck in calm
seas at 0°C while the ship was stationary. The water in the
column was left to stabilize 10 minutes between sinking
runs to avoid turbulence and eddies affecting subsequent
trials. Once concluded, the 15 salps and 13 ctenophores
were sent frozen to OceanlLab to reassess the sinking speed,
as described below (see Fig. 1C for a comparison and
statistical significance of laboratory vs. field estimations for
validation of our method).

Sinking rate laboratory experiments—Laboratory exper-
iments were conducted at OceanLab in April 2011 on 2
separate days. Apart from the Antarctic taxa described
above, we also obtained scyphozoans (Cyanea sp., n = 3,
Baltic Sea; Periphylla periphylla, n = 3, Mediterranean Sea;
Pelagia noctiluca, n = 5, Mediterranean Sea), ctenophores
(Mnemiopsis leidyi, n = 3, Atlantic Ocean), pyrosomes
(Pyrosoma atlanticum, n = 3, Mediterranean Sea), and
pteropods (Cymbulia peroni without shell, n = 7, Mediter-
ranean Sea; Table 1 contains field seawater temperature
conditions). All organisms were sampled using a plankton
net, then frozen at —20°C and sent to OceanLab. We
thawed all organisms for 24 h at 5°C (to prevent any
degradation) in a temperature-controlled room in the same
water used in the column before each experimental day. All
organisms were sunk in a clear acrylic column 118.5 c¢m tall
with a diameter of 19 cm (volume = 30 liters) in a
temperature-controlled enclosure at 10°C (Fig. 2). We
acknowledge a possible wall effect associated with relative-
ly large particles sinking through a narrow column. Yet,
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Field metadata

Material composition

Density (kg m3) nl Dry wt (mg)Y# C (% dry wt)# N (% dry wt)# C: N (mol: mol)#
1011.69 2 1.055+0.062 42.750+0.448 13.644+0.382 2.686+0.103
1011.50 2 1.110%0.002 Non-detectable Non-detectable —

1026.43-1027.29 16 1.126+0.058 14.322+6.877 2.262+1.242 5.923+2.576

1026.43-1027.29 6 1.127£0.041 1.403£0.978 0.542+0.255 2.060£0.449
1026.43-1027.29 8 1.11320.042 34.488+1.995 7.190+0.908 4.172+0.622
1025.60-1029.10 4 1.046+0.037 20.083+5.418 3.351+0.864 5.123+0.150
1025.03-1029.10 4 1.145+0.045 27.111+11.423 5.420+2.220 4.330+0.657
1025.31-1029.07 4 1.051£0.036 27.817+4.150 7.522+1.152 3.170+0.103
1025.47-1029.07 3 1.123%0.057 11.063+5.703 3.828+1.846 2.429+0.147

because sinking rates were high and particles did not touch
walls, we posit that any wall effects were likely minimal.
The column was filled with freshwater at the beginning of
each experimental day. Salinity equal to field conditions
was established by adding NaCl to the lowest value in the
field samples and then progressively increased to the
highest value (Tables 1, 2). Corrections to density were
made for temperature changes. At any field temperature,
laboratory and field density values were within 0.5%
(Table 2). Using this procedure we mimicked the field
density conditions independently of seawater temperature.
The water in the column was left to stabilize 20 minutes
between individual sinking runs to avoid turbulence and
eddies affecting subsequent runs. We placed a 1 m ruler
inside the column as a dimension reference for post-video
analyses. The exact water column height was also measured
before each sample was sunk (Table 2), while the whole

water column was continually stirred and mixed. We
recorded all sinking runs with a video camera (Canon
Legria HF R16, Canon) mounted on an Erno P-55 tripod
(Erno) placed 1 m away from the column. Videos were
subsequently analyzed with ImageJ software (Abramoff
et al. 2004) during which a straight line was used during
terminal velocity to assess sinking rate over a distance of
between 15 and 57 cm, depending on the sample (Table 2).
We conducted a total of 28 sinking runs in the field and 45
in the laboratory. To maintain the same water conditions
between replicates of a particular taxon or site, all sinking
runs were conducted in 1 or 2 working days (using the same
water).

Elemental analyses—Immediately after the experiments
concluded we froze all organisms at —20°C for 12 h and
then freeze-dried them at 60°C for 24 h. Two subsamples
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Fig. 1. (A) Sinking rates of all species studied except Periphylla periphylla (see Table 2). Error bars are 1 standard deviation. Also

included is the n sinking events per species. (Note that this is a survey study, thus # is relatively low to allow a broader comparison. Total
sinking n = 71 during laboratory and field work). A broad biomass shape is also included for interpretation. (B) Relationship between
Southern Ocean salps biomass (Salpa thompsoni), biovolume, and sinking rate, including n sinking events and the predictor equation.
Note that biovolume data are available only for salps in this study. (C) Comparison of freshly dead salp biomass sinking rates measured
on board a ship vs. frozen-thawed sinking rates for the same animals in the laboratory. The overall mean values are very close and a
Mann-Whitney U-test at a 95% confidence level indicates that the difference between measurements is not significant (p = 0.8066). This
validates our field vs. laboratory methodology for qualitative sinking rates estimations.



Fig. 2. The experimental sinking water column as seen from
the still video camera with (A) Cyanea sp. and (B) Salpa thompsoni
carcasses. Note that after each sinking event (total laboratory n =
45, total field n = 28) the water column was left to stabilize for
20 minutes to avoid influence of turbulent eddies in subsequent
events.

from each dried organism were weighed using a precision
balance (Table 1). Samples were then carefully placed into
tin vessels, which were closed for analysis. Organic carbon
and nitrogen were measured using a Euro EA 3000
elemental analyzer using acetanilide standards at the
Helmholtz Centre for Ocean Research Kiel (GEOMAR,
Kiel, Germany).
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Taxonomic separation of the jelly-POM export ratio—In
order to assess the carbon-based jelly-POM export
efficiency from measured sedimentation rates (C term)
(Table 2; Fig. 1A), we used a newly developed export ratio
calculation for gelatinous zooplankton biomass (Lebrato
et al. 2011). In brief, jelly-POM remineralization can be
explained by a first-order kinetic decay constant as a
function of temperature (7) and a gradient (K7), indepen-
dently of the material size (Lebrato et al. 2011). This was
used to develop a jelly-POM export ratio (M(zr): M(zp))
relating an initial biomass (M(zp) = M(z;—)) sinking from
a given depth zp(z;—;) (called “death depth’) with
temperature 7(z,—;), to a final proportion (M(zr) =
M(z;)) arriving at depth zgr(z;) with temperature 7(z;). The
terms zgr(z;) and 7(z;—) are the reference depth (or seabed)
and temperature in the water column. The vertical position
of zp(z;—1) is driven by the population vertical migration
and the organism life history, which is species specific
(Franqueville 1971). Here, we chose two death depths (z;—1)
at 200 m (euphotic zone base) and 600 m (mesopelagic
zone) following typical zooplankton biomass distribution
profiles in the north Atlantic (Roe et al. 1990). The jelly-
POM export ratio was calculated using a piecewise linear
function dividing the depth ranges used (200-3000 m and
600-3000 m) into n discrete intervals (i = 200 m from 200
to 1000 m, and i = 500 m from 1000 to 3000 m) using the
parameterization described in Lebrato et al. (2011) (Table 3
for input data):

—0.140e"1437Gi-0) N MKTOHC 1)
0.145K () C (1)

M(z): M(zi—y)=e

The export ratio was calculated as the product of the
individual decay ratios of all linear sections i

Table 2.  Sinking rate experiment summary.
Experimental water Video distance
Organism Species™® height (cm)t (cm)f n8 T (°C)l Salinityl  Density (kg m3)
Scyphozoan Cyanea sp. 97.50 53.91 4 6.10 13.70 1010.78
Ctenophore Mnemiopsis leidyi 107.60 15.24 4 5.30 24.20 1019.12
Thaliacean Salpa thompsoni 1 107.60 40.16 12 4.50 33.90 1026.88
Thaliacean S. thompsoni 2 57.00 30.00 15 —0.16 33.50 1026.92
Ctenophore Lobate ctenophore 1 57.00 32.00 6 1.30 33.50 1026.84
Ctenophore Lobate ctenophore 2 57.00 29.00 7 1.30 33.50 1026.84
Pteropod Limacina helicina 100.00 4474 7 11.30 34.20 1026.12
Thaliacean Pyrosoma atlanticum 100.00 51.37 6 11.50 37.80 1028.89
Scyphozoan Periphylla periphylla 100.00 56.49 4 11.50 37.80 1028.89
Pteropod Cymbulia peroni 100.00 55.04 4 11.30 34.20 1026.12
Scyphozoan Pelagia noctiluca 100.00 50.06 4 11.50 37.80 1028.89

* Highest level of taxonomic identification is given (Antarctic ctenophores could not be identified).

+ Water column in Plexiglas and acrylic column measured at the beginning of experiment.

1 Average distance where a time measurement was taken when a carcass reached terminal velocity.

8§ Sinking runs. Total laboratory = 45 events, total field = 28 events. Replication is relatively low, but this is a qualitative study.

| Air temperature in the laboratory was maintained at 10°C, whereas in the field (Antarctica) it was between —0.16°C and 1.30°C. Salinity in the
laboratory was established by adding NaCl to tap water starting at the lowest density, whereas in the field (Antarctica) we used surface seawater.

9 Field to laboratory density ratio (Den.iq : Den.japoratory) Used to check that we mimicked closely field densities to avoid major deviations from reality by

using artificial seawater.
#Mean = 1 SD.
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M(zr): M(zp)= I M(z): M(zi-1) 2)

Raw temperature data were obtained from transects in
the Atlantic Ocean from 0 to 3000 m (World Ocean
Circulation Experiment data from cruise lines A16N [04
June—11 August 2003] and A16S [11 January-24 February
2005]). We chose temperate, tropical, and polar (Antarc-
tic) regions for which we discerned the jelly-POM export
ratio based on sinking speed taxonomic differences
(Table 2) and the specific temperature profiles for each
region (Table 3).

Literature sinking rate data—We compiled and selected
sinking speed data from the literature from a variety of
particles originating in phytoplankton and zooplankton
biomass, fecal material, and aggregates (see Web Appen-
dix, Table Al, www.aslo.org/lo/toc/vol_58/issue_3/1113a.
html). Data were directly extracted from the original paper,
given as individual values or as a range. Herein, we display
data from previous studies using box plots to provide
ranges that make them comparable to our jelly-POM
measurements. We provide only a summary; thus, the
dataset is not a complete representation of sinking particles
in the global ocean.

Results

Sinking rate—Salps (S. thompsoni) sank on average
between 800 and 1700 m d—! depending on the sinking run,
salp biovolume, and field or laboratory measurement
(Table 2; Fig. 1). The material adopted an elongated shape
while sinking, with a vertical orientation in the laboratory
and a horizontal orientation in the field. Biovolume was
assessed for this species and correlated positively with
sinking rate (p < 0.01, 2 = 0.92; Fig. 1B). Pieces of
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ctenophore (M. leidyi and an unidentified lobate species)
sank between 1100 and 1500 m d—!, adopting an ovoid and
elongated shape, and always maintaining a vertical orienta-
tion (Table 2; Fig. 1). In comparison, ctenophore whole
bodies sank much more slowly, between 400 and 600 m d—!.
Scyphozoans (Cyanea sp. and Pel. noctiluca) sank between
1000 and 1100 m d-!, adopting an ovoid shape and a
horizontal orientation (Table 2; Fig. 1). The scyphozoan
medusa P. periphylla sank faster than 3500 m d—1, main-
taining a spherical shape, whereas pyrosomes (Pyr. atlanti-
cum) sank on average 1300 m d—! with a cylindrical shape
and a horizontal orientation. In comparison, pteropods (L.
helicina and C. peroni) sank between 1700 and 2200 m d—1,
always with a spherical shape.

Elemental stoichiometry—Pteropods had on average the
highest carbon content (31.13% of dry weight), followed by
scyphozoans (26.97%), thaliaceans (17.20%), and cteno-
phores (1.40%). The highest content per species was found
in Cyanea sp. (42.75%) and the lowest in lobate cteno-
phores (1.40%) (Table 1). Scyphozoans had on average the
highest nitrogen content (7.61% of dry weight), followed by
pteropods (7.35%), thaliaceans (2.80%), and ctenophores
(0.54%). The highest nitrogen content per species was
found in Cyanea sp. (13.64%) and the lowest in lobate
ctenophores (0.54%) (Table 1). Lastly, thaliaceans had on
average the highest C:N ratio (5.52 mol:mol), followed
by pteropods (3.67), scyphozoans (3.14), and ctenophores
(2.06). The highest C: N ratio per species was found in S.
thompsoni (5.92) and the lowest in lobate ctenophores
(2.06) (Table 1).

Jelly-POM export ratio—When using zp = 200 m in
tropical and temperate latitudes, high remineralization
occurred down to 1500 m, where the export ratios were

Table 2. Extended.
Den.feiq: Sinking rate
Den.japoratory ¥ Material sunk Experiment (m d-1)# Shape Sinking orientation

1.000 All body Laboratory 1018*+175 Ovoid Horizontal
0.992 Pieces Laboratory 14871126 Ovoid Vertical
0.999 All body Laboratory 868+489 Elongated Vertical
0.999 All body Field 1150401 Elongated Horizontal
1.000 All body Field 424+228 Elongated Vertical
1.000 Pieces Field 11752250 Elongated Vertical
1.000 All body Laboratory 1681149 Sphere —
0.998 All body Laboratory 1278+133 Cylinder Horizontal
0.998 All body Laboratory 3892+3005 Sphere —
1.001 All body Laboratory 2183+548 Sphere —
0.998 All body Laboratory 1102x311 Ovoid Vertical
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Summary of the temperatures (7(z)) and thermal gradients (—K7) used to calculate the jelly-POM export ratio M(zgr): M(zp) in three areas of the

Table 3.
Atlantic Ocean.

Depth range (m)
800-1000

T(zRr)

2500-3000

T(zr)

2000-2500

T(zr)

1500-2000

T(zr)

10001500

T(zr)

600-800

T(zr)

400-600

200400
T(zr)

600
T(zp)

200

—Kr —Kr —Kr —Kr —Kr —Kr —Kr

—K*

T(zr)

Area
Tropical (9.63°N,

—0.0057 449 -0.0013 4.15 -0.0007 3.54 -—0.0012 290 —0.0013 2.66 —0.0005

—0.0107 4.74

9.30 —0.0229 5.89

13.89 5.89

52.36°W)
Temperate (42.02°N,

3.04 —0.0009

—=0.0199 6.07 —0.0097 4.11 -0.0039 3.69 -—0.0008 3.51 —0.0004

—0.0153 8.02

17.19 11.99 15.05 —0.0107 11.99

41.99°W)
Polar (Antarctic)

—0.0005 0.27 —0.0002

—0.0003 0.38

—0.0010 0.77 —0.0005 0.62

—0.0007 1.037

1.23

—0.0010

1.56 —0.013  1.36

1.36
* — K represents the thermal gradient coefficient of each interval i from one depth to the next (see text).

(70.50°S, 50.01°W) —1.09
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0.25-0.44 and 0.14-0.31, respectively (Fig. 3). Export ratio
then decreased at 3000 m, to 0.05-0.17 and 0.02-0.11,
respectively. In polar latitudes (Antarctic), the export ratio
remained above 0.45 for any species at 1500 m, and above
0.13 at 3000 m. When using zp = 600 m, the tropical and
temperate latitudes export ratios at 1500 m increased to
0.39-0.58 and 0.38-0.57, respectively, and at 3000 m export
ratios increased to 0.07-0.21 and 0.06-0.19, respectively. In
Antarctic conditions, export ratio increased to 0.55-0.70 at
1500 m and to 0.15-0.34 at 3000 m (Fig. 3).

Discussion

Jelly biomass sinking rate—Large particles originating
from gelatinous zooplankton blooms and jelly falls have
rarely been studied to date, and prior sinking rate data were
scarce and often ambiguous (Moseley 1880; Apstein 1910;
Mills 1981; for a review of previously published data see
Web Appendix, Table Al, www.aslo.org/lo/toc/vol_58/
issue_3/1113a.html). Although exploratory and not com-
prehensive for all gelatinous taxa, this is the first
quantitative estimation of jelly biomass sinking speed in
the field and laboratory. Our dataset provides an initial
overview and comparison for modelers and experimental-
ists to use in subsequent studies examining the role of jelly-
POM in carbon export.

Our measurements of jelly biomass sinking rate vary
from 400 to 1500 m d—!, which is large compared with
phytoplankton-based particles (Fig. 4). For the Antarctic
salp S. thompsoni, sinking speed increased with biovolume,
indicating a size effect. The biovolume or size effect on
sinking rate is known for fecal pellets (Bruland and Silver
1981). However, in large particles like gelatinous zooplank-
ton, the specific organism material density, influenced by
elemental composition, can also explain the sinking speed
(Yamamoto et al. 2008). Another important factor is
carcass geometry and orientation adopted while sinking.
The drag coefficient changes with the material shape;
therefore, carcasses resembling a sphere or an ovoid
(scyphozoans and pyrosomes) tend to sink faster than
those with an elongated shape. In many cases the latter
have a mucous tail (observed in some ctenophores and
salps), causing increased drag that reduces the overall
sinking rate. The effect of shape on sinking rate is known in
phytoplankton cells, where deviations from a sphere
increase the drag coefficient (elongated, spicules), and thus
delay sedimentation (Walsby and Xypolyta 1977; Berelson
2002; De La Rocha et al. 2008). How increasing shape
complexity affects fluid dynamics has been studied in
gelatinous zooplankton during vertical displacement (Ka-
tija and Dabiri 2009), with a negative correlation between
shape complexity (increasing from a sphere, e.g., scypho-
zoan medusa, to an ellipsoid, e.g., pyrosome) and the
organism volume.

Changes induced during remineralization (e.g., C:N
ratio) can also affect the sinking speed as a consequence of
decay rate (Lebrato et al. 2011). In general, jelly-POM has
a lower C:N ratio than that found in other zooplankton
taxa (Lucas et al. 2011), with ratios ~ 20% lower on
average (Table 1). The C:N ratio of salp fecal material
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Results from the simulation of the jelly-POM export ratio M(zgr): M(zp) for three major areas in tropical, temperate, and

polar (Antarctic) latitudes. A matrix of six and eight depth intervals between the sinking depth (zp = 200 and 600 m) and the reference
depth (zg = 100, 200, 500, 1000, 3000, and 5000 m) and five sedimentation rates (C) (100, 300, 500, 800, and 1500 m d—!) was used. These

profiles help to separate the export ratio taxonomically.

incubated at 22°C for 1 d and then at 5°C for 9 d
(resembling a transition from the euphotic to the bathype-
lagic zone during sinking) decreased by 11-46% of the
initial values (Caron et al. 1989). During jelly-POM decay
incubations, the biomass C:N ratio quickly increases
during the first 3-5 d (Titelman et al. 2006) because of
preferential hydrolysis of N compounds with respect to C
(Thomas et al. 1999; Anderson and Pondaven 2003) as in
marine snow (Smith et al. 1992). After a few days, the C: N
ratio decreases as C compounds are hydrolyzed, while the
process is temperature dependent following biomass decay
(Lebrato et al. 2011). This could cause a decrease in the
sinking rate with increasing depth, although the overall
high speeds observed in this study for some species would
prevent major remineralization until after biomass reaches
the seabed. Field evidence suggests that jelly-POM often
reaches the seabed from 200 to > 3000 m, with minor
observable biomass degradation (Lebrato et al. 2012).

Sinking rates of the selected phytoplankton (except
coccolithophores), marine aggregates, and most fecal
pellets (see below for exception) are substantially lower
than jelly-POM sinking rates (by nearly one order of
magnitude; Fig. 4). Carcasses from other organisms also
sink slower than jelly-POM; for example, cladocerans sink
~ 140 m d—!, amphipods ~ 900 m d—!, chaetognaths
~ 400 m d—!, and copepods between 30 and 700 m d—!
(Apstein 1910; Kuenen 1950). Fecal pellets from living
salps sink faster than their own carcasses in some cases, but
not always (e.g., salp fecal pellet sinking rates: Salpa
Sfusiformis 500-4000 m d—!, Pegea socia > 2000 m d—1,
Salpa maxima > 1700 m d—1, S. thompsoni 200-1400 m d—1,
lasis zonaria > 900 m d—!; Bruland and Silver 1981; Madin
1982; Phillips et al. 2009). The above suggests that
phytoplankton and marine snow remineralization occurs
more shallowly, whereas jelly-POM can quickly sequester
biomass and carbon to depth.



1120 Lebrato et al.
Sinking rate (m day'l)
1 10 100 1000 10000
101 Coccolith aggregates
] Sediment trap particles
1]} Cladocera biomass
Amphipod biomass
| Chaetognath biomass
o—1 T te Copepod biomass
o — [ 1T e Foraminifera biomass
N Pteropod biomass
1T 1 Scyphozoan biomass
o— [ te Ctenophore biomass
d}oeo Salp biomass
| Pyrosome biomass
o—— ] | —o Phytoplankton (dead)
C D Faecal material
o—{ T to Copepod faecal pellets
C 1] Appendicularian faecal pellets
o @ — J[}leow> Salp faecal pellets
C 1] Doliolid faecal pellets
i Pyrosome faecal pellets
1 Pteropod faecal pellets
N Euphasid faecal pellets
oI+ Marine snow
C1] Diatom aggregates
o—f [te Sediment trap particles (< 1 mm)
[ 1] Other
o wewo— [ [}—owomo ALL (excluding 'other")
Fig. 4. Box and whisker plots of a selection of sinking rates for different marine materials and organisms (see Web Appendix, Table

Al). The ends of each bar represent the Sth and 95th percentiles for all the data analyzed. The ends of each box represent the lower and
upper median and the grey solid line in the box represents the main median. The bold black line indicates the grand mean. The data points
outside the 5th and 95th percentile are plotted as empty circles. The taxa in a box are the new data described in this paper and compared

with the rest.

Jelly-POM export efficiency—The sinking rates de-
scribed here improve the jelly-POM formulation of the
export ratio proposed by Lebrato et al. (2011) using a
correlation of decay rate and temperature. This allows a
taxonomic differentiation of carbon export potential
applicable to field studies with individual taxa. Global
jelly biomass datasets are becoming available and should be
used to derive figures on gelatinous carbon export budgets
(Condon et al. 2012). Sinking speed exerts a major control
on jelly-mediated carbon export efficiency to depth because
of the more rapid decay of organic material in warmer
water above the thermocline vs. deeper (Lebrato et al.
2011). Simulations using a death depth (zp) = 0 m and
reference depth (zg) = 1000 m in the temperate Atlantic
Ocean, and an increasing sinking speed matrix, increased
the jelly-POM export ratio at 1000 m from 0.05 using

100 m d—! to 0.65 using 1500 m d—1. Using the species-
specific sinking rate described here, we compared export to
zr = 3000 m by using a zp = 200 and 600 m. Overall,
except in extreme cases (very low vs. high sinking speed:
lobate ctenophore 2 (whole body) = 424 m d—! vs. P.
periphylla = 3892 m d-—1), there was an overall high
remineralization profile for all gelatinous zooplankton
species at any latitude (tropical, temperate, or polar).

Our export efficiency estimations of tropical and
temperate jelly-POM export ratios are similar to the
organic particle results of Buesseler et al. (2007) using
sediment traps. Conversely, our polar export efficiency
estimates (0.93-0.95 at 400 m and 0.81-0.89 at 600 m) are
significantly higher than those estimated in their study.
They reported sediment trap carbon fluxes normalized to
150 m in the tropical and subarctic Pacific between ~ 0.35


http://www.aslo.org/lo/toc/vol_58/issue_3/1113a.html
http://www.aslo.org/lo/toc/vol_58/issue_3/1113a.html

Jelly biomass fast carbon export

and 0.70 at 300 m and 0.25 and 0.50 at 500 m, respectively.
This suggests that at least in polar latitudes the strength of
the jelly-mediated carbon export efficiency is higher than
that associated with other particle types. Thus high
latitudes provide a fast-sinking corridor for jelly-POM
where material is quickly exported to depth. Conversely, in
tropical and temperate settings, much remineralization
takes place in the upper 1500 m unless jelly-POM starts
sinking from below the thermocline.

The vertical distribution of gelatinous zooplankton and
the death depth exert a major control beyond sinking speed
governing the start of remineralization and the thermal
gradient encountered. This information in combination
with taxon-specific sinking speed, jelly global biomass
biogeography (Condon et al. 2012), and the jelly carbon
export ratio (Lebrato et al. 2011), should be used to
account for the contribution of gelatinous zooplankton
biomass in biogeochemical models in order to generate
improved assessments of the strength of the biological

pump.
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