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Abstract 21 

Among marine organisms, gelatinous zooplankton (GZ; cnidarians, ctenophores, and 22 

pelagic tunicates) are unique in their energetic efficiency, as the gelatinous body plan allows 23 

them to process and assimilate high proportions of oceanic carbon. Upon death, their body shape 24 

facilitates rapid sinking through the water column, resulting in carcass depositions on the 25 

seafloor (“jelly-falls”). GZ are thought to be important components of the biological pump, but 26 

their overall contribution to global carbon fluxes remains unknown. Using a data-driven, 3-27 

dimensional, carbon-cycle model resolved to a 1° global grid, with a Monte Carlo uncertainty 28 

analysis, we estimate that GZ consumed 7.9-13 Pg C y-1 in phytoplankton and zooplankton, 29 

resulting in a net production of 3.9-5.8 Pg C y-1 in the upper ocean (top 200 m), with the largest 30 

fluxes from pelagic tunicates. Non-predation mortality (carcasses) comprised 25% of GZ-31 

production, and combined with the much greater fecal matter flux, total GZ particulate organic 32 

carbon (POC) export at 100 m was 1.6-5.2 Pg C y-1, equivalent to 32-40% of the global POC 33 

export. The fast sinking GZ export resulted in a high transfer efficiency (Teff) of 38-62% to 1000 34 

m, and 25-40% to the seafloor. Finally, jelly-falls at depths > 50 m are likely unaccounted for in 35 

current POC flux estimates and could increase benthic POC flux by 8-35%. The significant 36 

magnitude of and distinct sinking properties of GZ fluxes support a critical yet under-recognized 37 

role of GZ carcasses and fecal matter to the biological pump and air-sea carbon balance. 38 

39 
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Plain Language Summary 40 

Marine ecosystems play a critical role in the global carbon cycle through food web regulation of 41 

air-sea carbon fluxes and the transfer of organic carbon from the upper oceans to the deep sea. 42 

The carcasses of gelatinous zooplankton (GZ), which include jellyfish and salps, have been 43 

found in mass seafloor depositions (“jelly-falls”) in many locations. These jelly-falls are thought 44 

to be a fast mechanism for carbon sequestration, yet no global studies on their overall impact 45 

have been done. Using a database of GZ observations, we suggest that the inclusion of 46 

previously unaccounted for GZ carbon in seafloor carbon deposition could increase current 47 

estimates 8-35%. This previously unconsidered flux represents a substantial amount of carbon 48 

sequestered in the deep sea. 49 

  50 
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1. Introduction 51 

The gelatinous zooplankton (GZ) are a functionally and morphologically diverse group of 52 

organisms comprising the cnidarians, ctenophores, and pelagic tunicates, common throughout 53 

the world’s oceans and exhibiting boom-and-bust population dynamics (Lilley et al., 2011; Lucas 54 

et al., 2014; Purcell, 2012). They have been prevalent components of ocean ecosystems for over 55 

500 million years, as fossil records show mass deposition events extending to the late Cambrian 56 

era (Hagadorn et al., 2002). Recent studies have identified some of the mechanisms underlying 57 

GZ success. These include a body plan that has high water and low carbon content, and a set of 58 

unique physiological and reproductive traits that allow them to thrive in low-nutrient conditions 59 

while rapidly exploiting food increases (Acuña, 2001; Acuña et al., 2011; Lucas & Dawson, 60 

2014; Pitt et al., 2013). However, upon depletion of food resources, the bloom population often 61 

busts, resulting in GZ mass mortality events, also known as “jelly-falls” (e.g., Billett et al., 62 

2006).  63 

Field observations of mass seafloor depositions of jellyfish carcasses often find that they 64 

are fully intact with low degradation (Billett et al., 2006; Sweetman & Chapman, 2011). 65 

Combined with lab measurements of GZ sinking rates (Lebrato et al., 2013), there is increasing 66 

evidence that jelly-falls may act as a fast export mechanism for carbon to the deep sea and play 67 

an important role within the marine biological pump (Lebrato et al., 2019; Lebrato & Jones, 68 

2009; Steinberg & Landry, 2017; Sweetman & Chapman, 2015). For instance, one 2-day jelly-69 

fall event in the Arabian Sea produced over an order of magnitude more POC flux to the benthos 70 

than annual fluxes measured by sediment traps, which do not typically capture jelly-falls (Billett 71 

et al., 2006). However, since GZ have only been included in a few regional (Henschke et al., 72 

2018; Heymans & Baird, 2000; Stone & Steinberg, 2016; Vasas et al., 2007) but no global 73 
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biogeochemical models, an understanding of the global impact of these events, and other GZ-74 

associated fluxes (e.g. fecal production), on carbon export is lacking. Most recently, Lebrato et 75 

al. (2019) used the biomass estimates from Lucas et al. (2014) to estimate the impact of GZ on 76 

the transfer efficiency (Teff) of the biological pump if the annual GZ standing stock were to sink 77 

with observed GZ sinking rates (Lebrato, Mendes, et al., 2013). However, a key limitation is that 78 

Lebrato et al. (2019) did not account for the high productivity and fast turnover rates of the GZ 79 

population, which may result in an annual net production many times greater than standing stock 80 

biomass. In our present study, we combine a model of GZ biological rate processes with a carbon 81 

remineralization model to estimate global GZ biomass production, POC production, and POC 82 

fluxes at depth. 83 

Our present study builds on the work of the Jellyfish Database Initiative (JeDI) project, 84 

which is a synthesis effort focused on compiling data on GZ spatial distributions (Lucas et al., 85 

2014), temporal fluctuations (Condon et al., 2013), and physiological rate processes (Pitt et al., 86 

2013). JeDI data are made available in an open-source repository (Condon et al., 2015). In this 87 

study, we update and revise the previous estimate of GZ standing stock carbon biomass (Lucas et 88 

al., 2014) with additional data from JeDI, Krillbase (Atkinson et al., 2017), and other sources, as 89 

well as compile carbon-based physiological rate parameters for additional GZ taxa not covered 90 

by Pitt et al. (2013). Using these updated data, we then develop a data-driven, carbon cycle 91 

model for GZ, aimed at understanding the contribution of GZ-mediated carbon to the global 92 

marine biological pump.  93 

 94 

2. Methods 95 

2.1 Biomass estimates 96 
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GZ carbon biomass was estimated for the three main taxonomic groups (cnidarians, 97 

ctenophores, and pelagic tunicates) using 80,517 records of upper ocean GZ individual biomass 98 

and numeric density (# individuals m-3), primarily from JeDI database (Condon et al., 2015), and 99 

pulled into a vertically-integrated annual mean. Lucas et al. (2014, hereafter L14) converted the 100 

JeDI biomass records from their original measurement form (e.g. length, wet weight) to carbon 101 

(C) biomass using taxa-specific relationships (Lucas et al., 2011) and mapped these onto a 1o 102 

latitude/longitude grid. We excluded appendicularians, as they were inconsistently and extremely 103 

under-sampled in most GZ surveys. Also excluded were 40 anomalously high biomass records 104 

from the central North Pacific; these were historic records from the NOAA COPEPOD dataset 105 

(Moriarty & O’Brien, 2013) that exceeded the mean global density by over two standard 106 

deviations.  107 

Additions to the dataset made for this study were 1480 cnidarian records from the 108 

northern California Current (Brodeur et al., 2014) and Gulf of Mexico (Robinson et al., 2015), 109 

and 891 salp records from the Bermuda Atlantic Time Series (BATS; Stone & Steinberg, 2014) 110 

and Western Antarctic Peninsula (WAP; Steinberg et al., 2015). Finally, 9357 salp records from 111 

the Southern Ocean, excluding those already included from WAP, from KRILLBASE (Atkinson 112 

et al., 2017) were added, which greatly enhanced the spatial coverage in the Southern Ocean.  113 

Biometric conversions to C biomass for the additional data were done for cnidarians (using data 114 

for Chrysaora fuscescens (Shenker, 1985) and Aurelia aurita (Pitt et al., 2013)) and salps (Madin 115 

& Deibel, 1998). Note that in the original L14 dataset, biometric conversions were applied 116 

according to the closest related species at the family or class level. Individual records were 117 

mapped onto a 1o grid using the geometric mean, following L14. All data were then averaged 118 
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temporally (month, then year) for a characteristic magnitude. The additions represented 1564 119 

new 1° grid cells, and a 52% increase in spatial coverage relative to L14. 120 

To estimate the global mean biomass, GZ data were aggregated by biome. We designated 121 

three major ocean biomes: 1) low chlorophyll (LC), 2) high chlorophyll seasonally stratified 122 

(HCSS), and 3) high chlorophyll permanently stratified (HCPS), and a fourth biome for coastal 123 

waters < 200 m depth. The ocean biomes are consistent with those defined by Banse (1992) to 124 

differentiate subtropical gyres, high-latitude oceans with deep winter mixing, and equatorial 125 

upwelling zones. A single coastal biome (bottom depth < 200 m) was included to account for 126 

cnidarian medusae that have a benthic life history stage for asexual reproduction and have 127 

population dynamics distinct from pelagic, holoplanktonic species. To define the biomes, we 128 

used a combination of satellite chlorophyll from SeaWiFS (1997-2010 mission mean), 129 

observational climatology of mixed layer depth (de Boyer Montégut et al., 2004), and bottom 130 

depth from the World Ocean Atlas (WOA13; for consistency with the rest of the model).  See 131 

Fig. S1 for biome maps and details. Since the GZ biomass was log-normally distributed, the 132 

geometric mean was used to determine average values for GZ biomass estimates per biome. An 133 

area-weighted sum of the biome-specific GZ biomass then provided the estimate of the global 134 

total, reflecting a multi-decadal mean magnitude.  135 

Biomass variation around the multi-decadal mean was extracted from Condon et al. 136 

(2013), which estimated the GZ biomass oscillations since the 1940’s, using a method that 137 

combined historical, qualitative (presence/absence) biomass reports with more recent, 138 

quantitative assessments to generate a standardized index value. These values represent an 139 

estimate of temporal variance (s2) around a long-term mean, which were 36.5% for cnidarians, 140 

34.4% for ctenophores, and 18.1% for tunicates (Condon et al., 2013). We used these 141 
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percentages to calculate biomass standard deviation (s), for setting up a high biomass (+1s), low 142 

biomass (+1s), and baseline model cases.   143 

 144 

2.2 Estimation of GZ-associated carbon fluxes 145 

GZ-associated carbon fluxes are estimated by integrating the biomass data above with a 146 

bioenergetics model to estimate upper ocean fluxes and a particle sinking and remineralization 147 

model to estimate fluxes to depth (Lebrato et al., 2011). Physical and biogeochemical fields 148 

required for the bioenergetics and export calculations are provided by a combination of global 149 

data products and a biogeochemical model that captures plankton food web dynamics across the 150 

biomes enlisted herein (Stock et al., 2014). To derive global estimates, fluxes are calculated on 151 

the 1o grid, before averaging across biomes as described for GZ biomass above. A Monte Carlo 152 

(MC) parameter uncertainty approach, together with the three biomass cases described above, is 153 

used to assess uncertainty in estimated fluxes.  The subsections below describe the model inputs 154 

(2.2.1), the bioenergetics calculations used for the upper ocean biology (2.2.2), and the export 155 

sub-model (2.2.3), and the MC uncertainty estimation (2.2.4), respectively.   156 

 157 

2.2.1 Model inputs 158 

 The present model is a data-driven mechanistic model, with the primary input being the 159 

GZ observational dataset (Section 2.1). We assumed that these observations represented the GZ 160 

annual standing stock biomass, which formed the basis of an upper ocean bioenergetics sub-161 

model (Section 2.2.2). We ran the full model under three different biomass conditions as 162 

described above (Section 2.1). 163 
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The bioenergetics model had additional inputs of sea surface temperature (SST) and 164 

annual net primary and secondary production. For SST, we used the 1971-2000 long-term mean 165 

SST from the NOAA Optimum Interpolation Sea Surface Temperature (OISST) v2 dataset 166 

(Reynolds et al., 2002). Primary and secondary production (mg C m-2 y-1, integrated over the top 167 

200 m) were derived from outputs of the NOAA-GFDL Carbon, Ocean Biogeochemistry, and 168 

Lower Trophics (COBALT v.1) model (Stock et al., 2014), a marine biogeochemical-ecosystem 169 

model that resolves multiple nutrient cycles, and contains an ecosystem representation with three 170 

phytoplankton (small/pico-plankton, diazotrophs, and large phytoplankton), heterotrophic 171 

bacteria, and three zooplankton. The zooplankton were separated by size classes (small: < 200 172 

µm, medium: 200 µm-2 mm, large: 2-20 mm). Medium and large zooplankton are parameterized 173 

as small crustacean copepods and large copepods/krill, respectively. The simulated patterns of 174 

plankton food web productivity from COBALT are consistent with large-scale patterns inferred 175 

from in-situ, laboratory, and satellite observations (Stock et al., 2014), including chlorophyll 176 

concentrations, primary production, and zooplankton biomass and production most critical to the 177 

GZ bioenergetics model. All inputs to the present model were in a 1º global resolution. 178 

Results from the upper ocean bioenergetics model fed into the export model (Section 179 

2.2.3), which calculates the depth- and temperature-dependent biomass remineralization of GZ 180 

export in a set of 1-D columns. For inputs, we used ocean temperatures from the World Ocean 181 

Atlas (WOA) 2013v2, which provided long-term mean (1955-2012) temperatures within 102 182 

depth bins (from surface to 5500 m; Locarnini et al., 2013), also in a 1º grid.  183 

 184 

2.2.2. Upper ocean bioenergetics sub-model 185 
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The bioenergetics model represents biologically-mediated carbon fluxes through the three 186 

main GZ groups: cnidarians, ctenophores, and pelagic tunicates (salps), in the upper 200 m. The 187 

three GZ groups were modeled separately and were mostly non-interacting, except via food 188 

limitation from the shared zooplankton prey of cnidarians and ctenophores. We used allometric 189 

relationships to model physiological processes, and using the carbon biomass and numeric 190 

density estimates (Section 2.1), we modeled an average-sized individual from each GZ group per 191 

grid cell. As the target quantity from the bioenergetics sub-model was POC export, we solved for 192 

POC production as the residual of the ingestion minus the routing to other carbon pools via 193 

physiological processes (respiration, reproductive loss, etc.). 194 

The generalized equation for GZ production (dB/dt, g C m-3 y-1) is:  195 

!"
!#
= %	'()* ∗ 	,) − / − /0 − * − 123 − 4    (1) 196 

where n is the number of individuals, AE is assimilation efficiency, I is prey ingestion, R is 197 

respiration, RL is loss due to reproduction, E is exudation, Pr is predation by higher trophic 198 

levels, and M is loss due to senescence, or non-predatory mortality (for a full list of abbreviations 199 

and units, see Table 1). The non-assimilated material is released as fecal matter, or egestion (Eg): 200 

*5 = %'(1 − )*) ∗ ,3      (2) 201 

Together, the egestion and non-predatory mortality terms represent the POC production by 202 

gelatinous zooplankton. The remainder of this section details the parameterization of each term 203 

in equation (1).  204 

 The amount of carbon assimilated into an organism is a function of its assimilation 205 

efficiency (AE) and ingestion, which is in turn a product of its clearance rate (CR) and the 206 

available prey biomass (pb) (eq. 3): 207 

, = 7/ ∗ 89       (3) 208 
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CR was calculated using allometric relationships based on a combination of temperature and 209 

body size (eq. 4) following the Metabolic Theory of Ecology (MTE; Brown et al., 2004).  210 

 log(7/) = 	 (=>?@	log(9) +	=>?@)	BC(DE/GH)   (4) 211 

For cnidarians and ctenophores, we used published relationships between clearance rate and 212 

carbon biomass to constrain the MC parameters (Acuña et al., 2011). Equivalent relationships for 213 

pelagic tunicates (salps) were not available, and thus were derived from the experimental 214 

literature (see Tables S1, S2).  215 

We used annual mean, top 200-m phytoplankton and zooplankton biomass (g C m-3) from 216 

the GFDL-COBALT v.1 model (Stock et al., 2014), as the prey pool (pb). For cnidarians and 217 

ctenophores, the prey field was medium and large zooplankton. For tunicates, the prey field was 218 

small phytoplankton and a fraction of large phytoplankton (50%), diazotrophs (50%), and 219 

microzooplankton (33%). The large phytoplankton size classes (including diazotrophs, which are 220 

parameterized as Trichodesmium in COBALT) and microzooplankton were less available for 221 

tunicate feeding due to their lower affinity for and/or filtering efficiency of large particles 222 

(Sutherland et al., 2010). Since this is an “offline” model, there is a potential for simulations 223 

associated with a given set of parameters to try and consume more food than is available.  We 224 

thus only consider those MC sets for which the total consumption is lower than the total 225 

production of the prey groups (see Section 2.2.4). We also recognize that in a fully coupled (i.e., 226 

online) model, consumption of one trophic level (e.g. microzooplankton) would reduce 227 

production rates for other trophic levels (e.g. small mesozooplankton). A full exploration of these 228 

feedbacks is left to future work. 229 

 Respiration (R), was also determined using allometric relationships between 230 

physiological rate, temperature, and body size (eqs. 5-6).  231 
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log'/IJ,I#3 = '=?@_IJ,I#	log(*MN) + =?O_IJ,I#3	BC(DE/GH)  (5) 232 

log(/IP) = '=?@_IP	log(9) + =?O_IP3	BC(DE/GH)   (6) 233 

For cnidarians and ctenophores, these relationships were based on equivalent spherical diameter 234 

(ESD), which are calculated from carbon biomass of individual organisms (eq. 7; Pitt et al., 235 

2013).  236 

log(*MN) = 	=DQR@	log(9) + =DQRO    (7) 237 

For tunicates, similar to CR, we used the experimental literature to derive an allometric 238 

relationship between respiration rate and carbon biomass (eq. 6; see Table S2). In the case that 239 

respiration rate exceeded the amount of assimilated carbon, respiration was reduced such that 240 

production (P; assimilated ingestion minus respiration) would never be below zero. 241 

For the temperature scaling, we used the Arrhenius equation with an activation energy 242 

(Ea) of 0.65 eV (Brown et al., 2004), which corresponds to a Q10 scaling of 2.26. In place of in 243 

situ temperature, we used SST multiplied by a scaling parameter slightly < 1 (cT) to account for 244 

the fact that deeper layers of the euphotic zone are, on average, slightly cooler than the surface. 245 

This scaling parameter range was calculated from the depth range in which the GZ organisms 246 

were found, according to the JeDI database, and was also subject to selection under the MC 247 

procedure (see Table 1). 248 

 GZ production (P) was routed to reproductive losses (RL), exudation (E), predation (Pr), 249 

and non-predation mortality (M). These fractions routed to RL, E, and Pr (fRL, fE, and fPr) were 250 

under selection in the MC procedure, with the residual P going to M. If the sum of the routing 251 

fractions exceeded 1, fRL was first reduced, followed by fPr. Since the model operates under 252 

steady state assumptions, the additional buildup of biomass was not considered. Thus, RL in this 253 

model only reflects the loss to DOC from gamete production, which is likely dependent on 254 
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reproductive strategies (highly variable in GZ; Boero et al., 2008). Hansson & Norrman (1995) 255 

found that reproductive losses were nearly negligible in the moon jelly Aurelia aurita. Therefore, 256 

we set the initial fRL values in the MC to 0.8-0.16 for ctenophores and tunicates, and 0-0.8 for 257 

cnidarians. 258 

Exudation (E) loss represents mucus production, which occurs mostly during feeding. 259 

This can be as high as 40-50% of all C or N released by the organism (Pitt et al., 2009). Though 260 

it is sometimes considered a mass and temperature-independent rate (Condon et al., 2010; 261 

Hansson & Norrman, 1995), given that production of mucus is a physiological process, we chose 262 

to represent it as production-dependent. For the parameter values, since dissolved organic 263 

nitrogen production can be 2-3 times higher in ctenophores than scyphozoans (Condon et al., 264 

2010), initial fE values ranged from 0.15-0.45 for ctenophores, and 0-0.2 for cnidarians. Lastly, 265 

since little is known about exudation loss in pelagic tunicates, considering that they feed using 266 

mucous meshes, fE was set to a moderately high range (0.1-0.4).  267 

Predation rates (Pr) on gelatinous zooplankton by higher trophic levels is a poorly 268 

constrained term, largely due to the difficulty in accurately estimating predation rates of soft-269 

bodied, watery organisms that are digested very quickly in predators’ guts (Arai, 2005). Previous 270 

notions of GZ as trophic dead ends are being challenged, as new methodologies show the 271 

importance of GZ in marine food webs (Hays et al., 2018). However, robust estimates of 272 

predation rates on GZ are still relatively rare.  273 

As a starting point, we chose to use outputs from Ecopath ecosystem models that 274 

explicitly included GZ as an ecosystem component (e.g., Ruzicka et al., 2012). Ecopath models 275 

use ecotrophic efficiency (EE, unitless), to indicate the amount of production transferred from 276 

each trophic level to higher trophic levels via predation (Pauly et al., 2009). Using 30 Ecopath 277 
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models from 20 ecosystems that explicitly modeled GZ (Aydin et al., 2007; Chiaverano et al., 278 

2018; Mackinson & Daskalov, 2007; Okey & Mahmoudi, 2002; Pauly et al., 2009; Robinson et 279 

al., 2015; Ruzicka et al., 2012, Ruzicka, pers. comm.), we calculated an average EE value of 280 

0.45. This suggests that nearly half of all GZ production is consumed by higher trophic level 281 

predators (excluding parasitism by lower trophic levels). In most of the Ecopath models, 282 

different groups of GZ were modeled as one generic “jellyfish” group (Pauly et al., 2009), 283 

though six models separated GZ into two or more groups (Aydin et al., 2007; Chiaverano et al., 284 

2018; Robinson et al., 2015; Ruzicka et al., 2012). For the models that separated GZ in multiple 285 

groups, individual EE values ranged from near zero for sea nettles (Chrysaora spp.) and large 286 

scyphozoans to over 0.9 for small jellies and filter feeders (e.g., Chiaverano et al., 2018). Thus, 287 

in our model, we set the initial fPr values in the MC to range from 0.2-0.55 for cnidarians, 0.4-0.9 288 

for ctenophores, and 0.25-0.55 for tunicates. We aimed for a total GZ Pr/P ratio of 0.45, 289 

consistent with the mean Ecopath EE value.  290 

  291 

2.2.3 Export to depth sub-model 292 

The second component of the model calculates the depth attenuation of gelatinous-293 

mediated carbon exported out of the surface ocean. This carbon pool includes dead or decaying 294 

carcasses and fecal matter. As described in Section 2.2.2, fecal pellets are produced by material 295 

that is consumed but not assimilated, resulting in the egestion flux Eg (eq. 2). Falling carcasses 296 

result from assimilated carbon that is not respired, consumed, exuded lost during reproductive 297 

processes, or consumed by predators, resulting in the non-predatory mortality flux M in eq. (1).  298 

These fluxes serve as inputs to an export model which calculates the contribution of GZ to C-299 

export over 1-D columns on the 1o grid of biomass and GZ production estimates. The cumulative 300 
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biomass of sinking material is calculated over a year, assuming no net accumulation or loss over 301 

that time scale (i.e., dB/dt = 0 in eq. (1)). We then use the sinking speed and temperature-302 

dependent remineralization equation developed by Lebrato et al. (2011; ref. eq. 9), which used a 303 

single first-order kinetic decay constant parameterized for GZ-associated sinking material. Ocean 304 

temperatures for this component were obtained from WOA13v2. 305 

POC production from the bioenergetics model were ‘released’ at 20 m, 20 m, and 50 m 306 

for export originating from cnidarians, ctenophores, and tunicates, respectively. These depths 307 

were chosen after evaluation from the average depths of different GZ living biomass within the 308 

JeDI database; salps tended to be found at much deeper depths than cnidarians and ctenophores, 309 

thus their release depth was greater. For the grid cells that had a maximum depth of 30 m or less, 310 

the sinking biomass was released at the surface. For the grid cells with a maximum depth 311 

between 30 and 60 m, sinking biomass was released at intermediate depths (10 m, 10 m, and 25 312 

m for cnidarians, ctenophores, and tunicates, respectively). 313 

A range of sinking rates for GZ carcasses were used: between 1000-1200 m d-1, 800-1000 314 

m d-1, and 800-1200 m d-1, respectively, for cnidarians, ctenophores, and tunicates (see Table 315 

S3). These values were derived from Lebrato, Mendes, et al. (2013), which found sinking rates 316 

of 1000-1100 m d-1 for scyphozoan cnidarians (though Periphylla sank at >1500 m d-1), 400-600 317 

m d-1 for whole ctenophores, 1100-1500 m d-1 for partial ctenophores, and 800-1700 m d-1 for 318 

salps. While considerable uncertainty exists in the sinking speeds of gelatinous carcasses, as a 319 

first step, we chose a range of values for this model that reflected the low to middle range of 320 

sinking speeds published by Lebrato, Mendes, et al., (2013). 321 

Fecal matter tends to sink slower, though reported sinking rates for salp fecal pellets 322 

range from < 80 m d-1 to > 2000 m d-1 (Caron et al., 1989; Lebrato, Mendes, et al., 2013; Yoon et 323 
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al., 2001); the value range we used was 100-1200 m d-1. Rates of sinking cnidarian and 324 

ctenophore fecal matter is unknown, so we used generic values for sinking POC instead (100 m 325 

d-1; Turner, 2015). To reduce the computational cost of the model, only discrete sinking rates 326 

were implemented where ranges were reported (see Table S3).  327 

Export flux values past 100 m, past 1000 m, and reaching the seafloor were extracted for 328 

each 1° grid cell. Global flux estimates were then derived in a manner analogous to the biomass 329 

estimates: grid cells were binned by biome, the (arithmetic) mean was calculated, and a global 330 

estimate was derived from the area-weighted sum of the fluxes across the biomes. Here we use 331 

the arithmetic mean despite non-normality in the distribution of fluxes in order to conserve 332 

budgets. Fluxes associated with the slowest, fastest, and mean of all the sinking rates were 333 

reported. These flux estimates were validated against values at single point sites, which were 334 

pulled from the literature. In the global domain, estimates of export flux and benthic transfer 335 

efficiency (benthic Teff; defined as the proportion of export production at 100 m reaching the 336 

seafloor) were compared against literature values (e.g. Dunne et al., 2007; Henson et al., 2012; 337 

Laufkötter et al., 2016), and outputs from the COBALT ocean biogeochemistry model (Stock et 338 

al., 2014). 339 

 340 

2.2.4 Estimating the uncertainty in the GZ-mediated carbon flux 341 

 Significant uncertainty exists regarding the appropriate parameters for a GZ model, as 342 

there have been relatively few experiments and an enormous amount of physiological and 343 

ecological variability within the gelatinous zooplankton. Therefore, we focused efforts on a 344 

systematic exploration of parameter space. This consisted of 3 biomass cases (high, medium, 345 
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low), with an ensemble of Monte Carlo (MC) parameter uncertainty estimates associated with 346 

each case, and a range of sinking speeds for the export model.  347 

We used a MC method to simulate 30,000 random values of 26 different model 348 

parameters for the upper ocean bioenergetics model. Parameter values were initialized according 349 

to a combination of literature values or best available data, and distributed according to a 350 

statistical distribution appropriate for the biological process that it described (e.g. Gaussian, log-351 

normal, weighted mean). For a couple parameters (see Table 2), the literature-derived variances 352 

were too narrow and did not result in sufficient numbers of accepted parameters; for those, we 353 

expanded the variance (while keeping the same mean) for initialization. Full details regarding the 354 

mean, variance, and statistical distribution of initialized parameter values are in Table 2.  355 

Candidate models were accepted or rejected based on three criteria:  356 

1) The fraction of grid cells in which respiration needs to be scaled back to match 357 

assimilated ingestion (to prevent negative production) cannot exceed 0.4, which roughly 358 

represents the fraction of the world’s oceans in oligotrophic gyres;  359 

2) The fraction of grid cells in which GZ consumption needs to be scaled back to match 360 

prey production (to prevent GZ from consuming more food than was available) cannot exceed 361 

0.7, to allow for both oligotrophic regions and bloom areas; 362 

3) The ratio of respiration to assimilated ingestion has to fall within biological limits, 363 

which are 0.2-0.8. Although the respiration fraction may vary by taxa, age, and condition 364 

(Costello, 1991; Hansson & Norrman, 1995; Kideys et al., 2004; Kremer & Reeve, 1989; Madin 365 

& Purcell, 1992; Uye & Shimauchi, 2005), we thought it would be sensible to keep a single set 366 

of broad limits for all taxa. 367 
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For the baseline case, 481 cnidarian (1.6%), 1148 ctenophore (3.8%), and 7701 tunicate 368 

(25%) parameter sets were accepted out of all the MC runs (Fig. S2). For the other biomass 369 

cases, accepted parameter sets were similar to the baseline: 435/1028/7480 (high biomass) and 370 

508/1267/7903 (low biomass) for cnidarian/ctenophore/tunicates, and the mean accepted 371 

parameter values were also not significantly different (Table S4). For each case, a 100-member 372 

ensemble was computed; parameters for the ensemble members were selected at random from 373 

the accepted parameter sets. The flux of carbon to depth was calculated for each of these 374 

ensemble members under a range of sinking speeds as described in Section 2.2.3. Results are 375 

reported for the ensemble mean, as well as 95% confidence intervals, which were calculated 376 

using a non-parametric bootstrap method. 377 

 378 

3. Results 379 

We revised the global mean estimates of gelatinous zooplankton (GZ) biomass to be 510 380 

Tg C, comprising of 290 Tg C cnidarians, 210 Tg C ctenophores, and 11 Tg C pelagic tunicates, 381 

which was 13 times higher than L14 due to the modified methodology (Fig. 1, Table S5, Text 382 

S1). Estimates of spatial standard deviation (s) was 1.3 Pg C for all GZ and 560 Tg, 1.2 Pg, and 383 

1.5 Pg C for cnidarians, ctenophores, and tunicates, respectively, with the highest spatial 384 

variability in the coastal biome (Text S1, Table S5). These values are contrasted against the 385 

standard deviation of the long-term mean, calculated using Condon et al. (2013), which were 386 

180, 120, and 0.6 Tg C for cnidarians, ctenophores, and tunicates, respectively. A detailed 387 

description of the biomass calculation is available in Text S1, and differences from previous 388 

estimates will be discussed further in Section 4. 389 
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The biome-based biomass analysis shows an overall similar characteristic biomass for 390 

cnidarians and ctenophores, with the exception of ctenophore biomass in the high chlorophyll 391 

permanently stratified (HCPS) biome (roughly an order of magnitude lower; Fig 1b, Table S5). 392 

For tunicates, their characteristic biomass in the low chlorophyll (LC) biome was roughly half 393 

(0.076 mg C m-3) of their biomass in the other high chlorophyll biomes (0.31-0.34 mg C m-3), 394 

but a similar relationship was not evident in the cnidarians and ctenophores. However, spatial 395 

variability was higher for cnidarians and ctenophores, particularly in the coastal biome (6.3 and 396 

5.5 mg C m-3, respectively). Indeed, the highest biomass values in the whole dataset were 397 

cnidarians in the coastal biome, with values exceeding 10 g C m-3 (Fig 1b). 398 

Model results show substantial carbon fluxes in the upper 200 m by GZ. From the 399 

baseline biomass case, all GZ consumed, on average, 10.9 (95% confidence intervals of 400 

ensembles: 9.6-13) Pg C y-1, of which 39%, or 4.2 (3.6-4.9) Pg C y-1 was egested as fecal matter 401 

and 6.7 (6.0-7.6) Pg C y-1 was assimilated. Of the assimilated carbon, 27% (mean: 1.5; CIs: 1.3-402 

1.7 Pg C y-1) was respired, leaving a total GZ production of 4.9 (4.5-5.3) Pg C y-1. The GZ 403 

production was then routed to DOC via exudation and reproductive loss (31%, or 1.5 Pg C y-1), 404 

predators (45%, or 2.2 Pg C y-1), and finally, 24% to non-predation mortality (mean: 1.2; CIs: 405 

1.0-1.4 Pg C y-1). Total POC production in the top 200 m by GZ was 5.4 (4.6-6.3) Pg C y-1, 406 

through fecal matter and carcasses (Fig. 2). Results from the other two biomass cases show that 407 

the fluxes did not substantially differ from the base case. Top 200 m POC production ranged 408 

from 3.7-5.0 Pg C y-1 in the low biomass (-1s) case to 5.0-6.8 Pg C y-1 in the high biomass (+1s) 409 

case (Table S6). 410 

Despite their much lower biomass, the tunicates contributed substantially more to GZ 411 

carbon fluxes than cnidarians or ctenophores. For the baseline case, tunicates constituted 47% 412 
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(2.1-2.6 Pg C y-1) of the total GZ production, whereas cnidarians and ctenophores made up 29% 413 

(1.2-1.6 Pg C y-1) and 26% (1.1-1.3 Pg C y-1), respectively. Of the total POC production, 414 

tunicates contributed the majority (72%, or 3.3-4.5 Pg C y-1) due to their large fecal pellet 415 

production (81% of total). However, tunicate carcass production was lower than that of 416 

cnidarians, both as a total flux (0.51 vs. 0.68 Pg C y-1) and as a percentage of their individual 417 

production (22% tunicates vs. 48% cnidarians), because more of the tunicate production was 418 

routed to other pools. Ctenophores contributed a very modest amount (9%, or 0.37 Pg C y-1) to 419 

total fecal matter production and an even smaller fraction (2.5%, or 30 Tg C y-1) to carcasses 420 

(Fig. 2). For the other biomass cases, results by taxa were fairly similar to the base case 421 

(considering that separate Monte Carlo simulations were done for each case), with cnidarian and 422 

ctenophore flux differences fairly minor. For tunicates, flux differences by case were roughly 423 

commensurate with the magnitude of biomass changes (Table S6). 424 

The biomass-specific production rates, obtained by dividing production rates by biomass 425 

estimates, are an emergent property of the model, and can be compared against laboratory 426 

measured specific growth rate. We compiled literature values for GZ daily specific growth, 427 

which range from 5-66% d-1 (mean: 15% d-1) for cnidarians, 6-87% d-1 (mean: 29% d-1) for 428 

ctenophores, and 14-71% d-1 (mean: 33% d-1) for tunicates (Table S7). In the baseline case of the 429 

model, mean daily specific GZ production rates (biome-scaled) were 1.04% d-1 for cnidarians, 430 

1.07% d-1 for ctenophores, and 11.8% d-1 for tunicates. These values fell below the compiled 431 

range of GZ specific growth rates for all taxa, though these values represent mean daily specific 432 

growth rates averaged over the year. If accounting for a shorter growing season (e.g., 60-90 433 

days), then the modeled values (4.2-6.4% d-1 for cnidarians, 4.4-6.5% d-1 for ctenophores, and 434 

48-72% d-1 for tunicates) fall within the reported range for all three GZ groups, with cnidarians 435 
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and ctenophores on the lower side and tunicates on the higher side of their respective ranges. 436 

This indicates that the model provides a sensible estimate of GZ production.  437 

Production of particulate organic carbon (POC) was comprised mainly of fecal matter 438 

(78%), and secondarily of carcasses (“jelly-falls"; 22%), though the relative contribution of jelly-439 

falls to total export flux increased with depth due to their faster sinking rates (24-29% at 100 m 440 

to 28-35% at the seafloor). In the upper 200 m, sinking POC production totaled 5.4 (CIs: 4.6-6.3) 441 

Pg C y-1 (Fig. 2). Of this POC production, 3.5 (2.0-4.9) Pg C y-1 was exported past 100 m (export 442 

depth), 1.8 (0.67-3.0) Pg C y-1 was exported past 1000 m (sequestration depth), and 1.1 (0.39-443 

2.0) Pg C y-1 reached the seafloor (ranges span the 5% CI of the slow sinkers to the 95% CI of 444 

the fast sinkers of all biomass cases; for mean values see Fig. 2). This corresponds to a biome-445 

scaled transfer efficiency (Teff) of roughly 30-61% from 100 m to 1000 m, and 20-41% from 100 446 

m to the seafloor. However, when coastal areas (bottom depth < 200 m) are ignored, then Teff 447 

decreases to 27-58% from 100 m to 1000 m, and 13-36% from 100 m to the seafloor; these 448 

values are still substantially higher than that of bulk (mostly non-GZ) POC from other estimates 449 

(Buesseler, Lamborg, et al., 2007; Henson et al., 2012; Weber et al., 2016). 450 

Tunicates contributed the most to export flux, particularly through their fecal pellet flux. 451 

On average, the tunicate export flux in the LC biome was not significantly lower than that of the 452 

high chlorophyll biomes, though in the HCPS biome, tunicate fecal pellets flux was nearly 2x 453 

that of the LC biome (Fig. 3a). However, the biome-averaged values mask some spatial 454 

variation, particularly between the northern vs. southern hemispheres. Meridional means reveal 455 

the highest seafloor fluxes in the N. Hemisphere HCSS/HCPS biomes, whereas those same 456 

biomes in the S. Hemisphere had comparatively much lower and variable fluxes (Fig. 3b). 457 

Further, results resolved on the 1o grid show areas of elevated GZ seafloor fluxes in the North 458 
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Pacific, eastern equatorial Pacific, and northern Arabian Sea (Fig. 3c). These areas were not all 459 

associated with high fecal matter flux, which points at an important role for cnidarians and 460 

overall jelly-falls for GZ seafloor fluxes as well. 461 

However, high GZ seafloor fluxes do not necessarily imply that those locations are 462 

important beyond background levels of non-GZ POC flux, as some of those areas highlighted in 463 

Fig. 3c also coincide with areas of high net primary productivity (NPP). Instead, an examination 464 

of the GZ export ratio (e-ratio; Fig. 4a) identify locations where GZ export at 100 m may be 465 

elevated beyond background NPP values. Overall, the global mean e-ratio for GZ export was 466 

0.070, varying mildly from 0.057 in the LC biome to 0.087 in the HCSS biome. There are some 467 

areas where the e-ratio was elevated (>0.2), e.g. in the South China Sea, but they were overall 468 

fairly sparse. Conversely, the GZ benthic Teff (Fig. 4b) and its factor difference compared to the 469 

benthic Teff in COBALT (Fig. 4c) identify potential “hotspots”, or areas where GZ may have an 470 

elevated impact on POC flux beyond what is currently represented in models. These factor 471 

differences range from relatively modest in the LC biome (2.75x) to moderately high in the 472 

coastal and HCPS biomes (4-4.5x) to very high in the HCSS biome (8.4x higher than COBALT; 473 

Fig. 4c). 474 

Limited observations of GZ-mediated export exist, which allow for some single point 475 

validation of the model, with the caveat that misfits are inevitable when comparing quantities 476 

meant to reflect annual mean magnitudes with individual studies. These GZ export observations 477 

are primarily from cnidarians in the form of benthic depositions, and tunicates (salps and 478 

pyrosomes), which include both benthic depositions and fecal matter from sediment traps. 479 

Ctenophores remain an unknown quantity in this respect; to our knowledge, no records of 480 

ctenophore benthic depositions or fecal matter exist. Results are given in Table 3 and Fig. 5. 481 
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Compared to observations of tunicate fecal pellets, the model fell within the observational range 482 

for nearly all sites: NW Atlantic (Madin et al., 2006; Wiebe et al., 1979), the Bermuda Atlantic 483 

Time Series (BATS) site in the Sargasso Sea (Stone & Steinberg, 2016), Station M in the NE 484 

Pacific (Smith Jr et al., 2014; Wilson et al., 2013), and at various sites in Southern Ocean, 485 

including off the Western Antarctic Peninsula (Phillips et al., 2009), Lazarev Sea (Perissinotto & 486 

Pakhomov, 1998), and in the Southern Atlantic region (Iversen et al., 2017). However, model 487 

results for tunicate fecal pellets were low for another site in the NE Pacific, where the 488 

observations only matched some model outlier points (Matsueda et al., 1986), and high 489 

compared to Caron et al. (1989) in the subtropical NW Atlantic. While most of the observations 490 

were short surveys, there were data from two long-term time series, at Station M and BATS 491 

(Smith Jr et al., 2014; Stone & Steinberg, 2016; Wilson et al., 2013), though the BATS data 492 

products are also outputs of species-specific models built on top of population time series data 493 

(Stone & Steinberg, 2014). At those two sites, the extremes of the model’s uncertainty bounds 494 

exceeded values from the validation datasets, but the 25-75% quantiles from the model were 495 

encompassed within the observational interannual variability.  496 

In terms of tunicate carcasses, the observations were again encompassed within the 497 

model ranges for most sites: the NW Atlantic (Wiebe et al., 1979), the BATS site (Stone & 498 

Steinberg, 2016), Station M in the NE Pacific (Smith Jr et al., 2014), and the Ivory Coast 499 

(Lebrato & Jones, 2009), though the observational range of the latter site was large and the 500 

model only represented the lower bounds. The model was also very low compared to 501 

observations from the Tasman Sea (Henschke et al., 2013), and biased high compared to 502 

observations from the NW Mediterranean (Lebrato, Molinero, et al., 2013). Overall, the single 503 
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point comparisons indicated that the model performed reasonably well in terms of tunicate fecal 504 

matter and carcass export. 505 

There are only a few observations of cnidarian carcass depositions (jelly-falls), largely 506 

available due to opportunistic sampling in coastal regions. The model results fell within the 507 

observational range for the Chesapeake Bay (Sexton et al., 2010) and Sea of Japan (Yamamoto 508 

et al., 2008), but had difficulty reproducing the high values from the Gulf of Oman (Billett et al., 509 

2006) and the Norwegian fjords (Sweetman & Chapman, 2015). Since the model uses outputs 510 

from the 1-degree COBALT model, it is understandable and somewhat expected that high fluxes 511 

from narrow, deep fjords would be underrepresented. Further, the jelly carcass observations from 512 

the Gulf of Oman represents a single mass deposition event, and may represent an anomaly 513 

compared to mean annual jellyfish fluxes in that region. However, because of the limited number 514 

of available observations of cnidarian jelly-falls, we can only say that the model appears to be 515 

biased low for these fluxes compared to the observations. 516 

 517 

4. Discussion 518 

We developed a data-driven model with uncertainty analysis to estimate potential GZ-519 

mediated carbon flows in the global ocean, which suggests that a GZ biomass standing stock of 520 

510 Tg C can produce 3.7-6.8 Pg C y-1 (integrated, top 200 m) of POC, of which 1.6-5.2 Pg C y-1 521 

(43-76%) is exported past 100 m, 0.6-3.2 Pg C y-1 reaches 1000 m (16-47%), and 0.4-2.1 Pg C y-522 

1 (11-31%) falls to the seafloor. While a data-driven model is subject to some fundamental 523 

limitations compared to a coupled ocean biogeochemical model (discussed further below), even 524 

values at the low end of the considerable range of outcomes explored in this model are globally 525 

significant. Consistent with other efforts (e.g., Lebrato et al. 2019), our model shows that the 526 
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elevated sinking rates for GZ-associated carbon relative to other forms of organic carbon leads to 527 

relatively high transfer efficiencies (Teff) from the surface to the benthos.  528 

Overall, modeled GZ-associated Teff from 100 m to 1000 m were 38-62%, which is lower 529 

by 20-35% when compared to Lebrato et al., (2019). This discrepancy is likely due to the overall 530 

lower carcass sinking rates in our model compared to data from Lebrato, Mendes, et al., (2013) 531 

as well as the separation of sinking carcasses vs. fecal pellets in our model. GZ-associated Teff 
 532 

values were higher at high latitudes, due to the temperature-dependent remineralization rates, 533 

with latitudinal patterns consistent with that of bulk POC as identified by Marsay et al. (2015) 534 

and Weber et al. (2016). However, actual GZ Teff values were still many times greater. Fit to a 535 

Martin curve (Martin et al., 1987) using data from 100 m, 1000 m, and the seafloor, the more 536 

efficient GZ-associated carbon export can be represented by a global mean power law 537 

attenuation coefficient (b) of 0.18 ± 0.003, which is much lower than the typical, bulk POC value 538 

of 0.86 (Buesseler & Boyd, 2009), and regional variations, which span 0.4-2.0 (Buesseler, 539 

Lamborg, et al., 2007; Francois et al., 2002; Marsay et al., 2015). This highlights one of the key 540 

results of this work; namely, that the relative importance of GZ-associated carbon flux increases 541 

with depth, and the estimated range of 0.4-2.1 Pg C y-1 in GZ seafloor flux can be quite 542 

significant in fueling benthic food webs. 543 

We validated our model in two ways: first, by comparing specific growth rates from our 544 

model against a compilation of literature values for all three GZ groups, and second, by 545 

comparing export and seafloor flux values at point sites against observations of cnidarian and 546 

tunicate carcass depositions and fecal matter flux (Fig. 5, Table 3). The validation efforts showed 547 

that broadly, the model agreed with the limited number of direct GZ-mediated export flux 548 

observations, particularly with respect to tunicate fluxes. Data from long-term time series are 549 
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very rare, but at two sites where data and/or data products exist, the 25-75% quantiles of the 550 

tunicate fecal pellet flux fell within the observed interannual variability, but the model’s outliers 551 

were beyond the observational bounds (Smith Jr et al., 2014; Stone & Steinberg, 2016; Wilson et 552 

al., 2013). For cnidarians, the model appeared to be biased low compared to the observations, 553 

which were all jelly-falls data from coastal sites (Billett et al., 2006; Sexton et al., 2010; 554 

Sweetman & Chapman, 2015; Yamamoto et al., 2008), which may be due to a combination of 1) 555 

underrepresentation of GZ prey (mesozooplankton) in coastal zones in the 1° resolution 556 

COBALT model, and 2) uneven sampling of sporadic jelly-fall events that may not be 557 

representative of mean cnidarian seafloor fluxes. There are no observations on ctenophore 558 

carcass depositions, to our knowledge, though the model also suggested that ctenophore carcass 559 

flux would be relatively insignificant (< 0.5% of the total export flux). Additional observational 560 

data on GZ export flux that span multiple seasons or years, particularly at non-coastal sites, 561 

would provide valuable constraints on interannual and spatial variability, and would greatly 562 

enhance future modeling efforts. 563 

 564 

4.1 Model uncertainties and constraints 565 

GZ populations are by nature patchy and ephemeral, responding rapidly to changes in the 566 

biotic and abiotic environment (Pitt et al., 2014). Many species are only seasonally abundant, 567 

with life spans of three months or less (Pitt et al., 2014). At dense prey concentrations, GZ can 568 

exhibit extremely high growth rates (Table S7), as their high water content and large size enables 569 

them to attain much higher clearance rates than crustacean zooplankton with a similar carbon 570 

biomass (Acuña et al., 2011). However, during food limitation, the population typically collapses 571 

(Purcell & Decker, 2005). These population dynamics naturally make estimates of GZ biomass, 572 
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and associated biomass-based modeling, difficult. Furthermore, observational estimates of GZ 573 

biomass were historically collected in highly varied ways, such that the data types in the JeDI 574 

database range from presence/absence (trawl, plankton net, anecdotal), presence only (remotely 575 

operated vehicle, visual survey, museum specimens), categorical (diving, aerial surveys, 576 

beach/boat/dock count), and concentration (plankton net, trawl, in-situ imagers) (Condon et al., 577 

2012, 2015; updated figure from L14 Appendix S1 in Fig. S3). The lack of systematic sampling 578 

for GZ is a significant challenge in generating a global dataset, but L14 used the concentration 579 

data and a subset of the categorical data (e.g. from aerial surveys, Houghton et al., 2006) to 580 

compile a ‘best available’ dataset for GZ. We supplemented the L14 dataset with additional 581 

concentration-based datasets from different regions, notably the Southern Ocean (Atkinson et al., 582 

2017), which improved spatial coverage to encompass all major ocean basins.  583 

Even with the additions in the Southern Ocean and elsewhere (Section 2.1), GZ 584 

observations were only present in 11% of all ocean 1º grid cells. (In comparison, 585 

mesozooplankton data from the NOAA COPEPOD database were available in 23% of 1º grid 586 

cells; Moriarty & O’Brien, 2013). GZ observations also tended to be biased in the Northern 587 

Hemisphere and towards coasts. Therefore, we opted for a biome-based approach rooted in the 588 

major Banse (1992) biomes to estimate global GZ biomass and modeled fluxes. Biome- or 589 

latitudinal-based approaches have been particularly successful in other cases where observational 590 

data were sparse or patchy (e.g. Fay & McKinley, 2013; Martiny et al., 2013), as they provide 591 

some correction for sampling bias and allow for the broader generalization of sparse datasets. 592 

While Banse biomes are coarser than other alternatives (e.g., Longhurst, 1995; Sarmiento et al., 593 

2004) this resolution is consistent with the data sparsity as well as the goals of this contribution 594 

in estimating the global contribution of GZ to export flux. Evaluating the different GZ taxa 595 
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(cnidarians, ctenophores, tunicates) separately and using the biome-based approach for data 596 

extrapolation, combined with the increased spatial coverage, resulted in biomass estimates that 597 

were over 10 times higher than the values from L14 (see Text S1 for full discussion).  598 

Increasing spatial coverage in poorly represented ocean regions had a significant impact 599 

in refining flux estimates, but due to the sparsity of the data as well as time-averaging, the model 600 

results are only a coarse view of the magnitude of global GZ carbon cycling. We have explored 601 

the implications of biases in the underlying data from extensive testing of the model, as well as 602 

running three separate biomass cases. These biomass cases showed that modest variations in 603 

biomass (40-60%) at individual grid cells did not substantially change model results for 604 

cnidarians and ctenophores (e.g., Fig. 3a), which indicates that these groups were largely 605 

constrained by bottom-up factors (availability of zooplankton prey). In contrast, tunicate fluxes 606 

modulated commensurate with biomass changes, which suggests that they were less bottom-up 607 

constrained. Overall, the results suggest that the impact of increases or decreases in GZ biomass 608 

depends on which taxa being affected and their food-web characteristics.  609 

In addition to biomass, physiological rate parameter uncertainties are the other major 610 

source of uncertainty for this model, and lies at the heart of future challenges to incorporate 611 

prognostic GZ into ocean biogeochemical models. Rates are often measured in the lab, in 612 

controlled environments, and with a few species, which may insufficiently represent the range of 613 

biological rates within the diverse GZ (c.f., Madin & Deibel, 1998). The Monte Carlo (MC) 614 

parameter selection procedure was designed to account for and constrain some of this 615 

uncertainty, and reveal areas in which literature-based parameter values may be inconsistent with 616 

a global model formulation. Specifically, initial tests of the MC showed that respiration 617 

parameters were too restrictive, and increasing the range of the respiration and ESD allometric 618 
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scaling parameters (for cnidarians and ctenophores, since R was ESD dependent) was necessary 619 

for sufficient simulations to pass the acceptance criteria (see Fig. S2, Table S4). Furthermore, 620 

predation on GZ is a highly important and relatively unconstrained factor that was inversely 621 

related to jelly-falls. Recent reviews have highlighted the prevalence of GZ as prey (Hays et al., 622 

2018), and here we have used an estimate, based on 30 Ecopath models with explicit GZ, that 623 

45% of all GZ production is consumed by predators. The individual GZ taxa predation levels 624 

varied, from 36-60% of production (global mean); these values were constrained by other 625 

requirements from the MC and the single-point validation). We recognize that there are many 626 

unknowns with respect to GZ predation, and other factors that were excluded from consideration 627 

(e.g. life history; Henschke et al., 2018), but these global GZ production and predation levels 628 

represent initial values upon further work can be done, and the discrepancies between literature 629 

and model parameters highlights areas where additional experiments are needed. 630 

Biological rate constraints are one amongst many for fully evaluating the impact of GZ 631 

on the ocean carbon cycle. Others, such as biogeochemical constraints and food-web interactions 632 

were beyond the scope of this study but are nonetheless critical. A coupled (i.e., “online”) model 633 

with GZ integrated into an ocean biogeochemical model could better explore feedbacks, such as 634 

between food-webs, GZ, and recycled vs. exported nutrients, in a manner that could better 635 

constrain estimates of carbon export than a data-driven model. In our current study, we have 636 

identified a possible range of outcomes and their relative importance to the biological pump. 637 

 638 

4.2 Gelatinous carbon export 639 

Global estimates of carbon export vary by over threefold, from 4 to 13 Pg C y-1 (Dunne et 640 

al., 2007; Henson et al., 2011; Laws et al., 2000); our estimates of GZ-export at 100 m (1.6-5.2 641 
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Pg C y-1) also varies by a factor of three, and when considering the upper and lower bounds 642 

separately, thus comprises 32-40% of total POC export. While some of these GZ-associated 643 

fluxes such as salp fecal pellets may already be incorporated into global export flux due to their 644 

presence in sediment traps (Gleiber et al., 2012; Wilson et al., 2013), other fluxes such as GZ 645 

carcasses are likely not included, due to their large size. Since our estimates of GZ carcass flux at 646 

100 m ranged from 0.48-1.2 Pg C y-1, these unaccounted export fluxes, even at the low end of the 647 

range, would be globally significant. Current estimates of export flux are typically derived from 648 

sediment traps and thorium isotope (234Th) data (Henson et al., 2012; Marsay et al., 2015). 649 

Sediment traps have relatively narrow openings, have biases due to the trap boundary layer 650 

(Buesseler, Antia, et al., 2007), and miss nearly all but the smallest GZ carcasses (e.g. doliolids; 651 

Takahashi et al., 2013) in their samples (Lebrato et al., 2012). Similarly, since GZ are likely 652 

weaker contributors to thorium scavenging in surface waters relative to other sinking particles 653 

due to their low surface area to volume ratios, and the GZ C:234Th ratios are not well reflected in 654 

sediment traps, their contribution to sinking flux is not well quantified by the thorium approach.  655 

Modeled GZ-export fluxes were constrained by primary and secondary production, and 656 

the derived GZ-associated e-ratio (global mean: 0.07, Fig. 4a) is consistent with GZ being a 657 

highly significant yet non-dominant contributor to globally averaged surface export fluxes (Earth 658 

system models yield global mean export ratios between 0.09-0.24; Laufkötter et al., 2016). It was 659 

only at deeper depths that the GZ-model divergence from ESM-predicted fluxes increases. 660 

Tunicate POC comprised over three-quarters of the export flux, with cnidarians 661 

comprising most of the remainder, all with substantial geographic variability (Fig. 3). These fast-662 

sinking (>1000 m d-1; Lebrato et al., 2013) materials contribute disproportionately large fluxes as 663 

depth increases, such that GZ-mediated seafloor flux at depths > 50 m (0.35-2.0 Pg C y-1) could 664 
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be contributing anywhere from 11-140% of benthic POC flux, based on current estimates (1.4-665 

3.2 Pg C y-1; Dunne et al., 2007). Indeed, if considering that the highly sporadic and patchy GZ 666 

carcass flux is unlikely to be accounted for in POC flux estimates, the seafloor carcass flux at 667 

depths > 50 m (0.27-0.5 Pg C y-1) may increase benthic POC flux estimates by 8-35%. 668 

In oceanic regions such as the North Pacific, Southern Ocean, and to a smaller degree, the 669 

Eastern Equatorial Pacific, all High Nitrate Low Chlorophyll (HNLC) regions, GZ-mediated 670 

benthic flux may be contributing a disproportionate amount relative to other sources of POC 671 

(Fig. 4c). While there are some cases of highly selective predation by cnidarians and ctenophores 672 

(e.g., on fish larvae; Purcell, 1985), GZ as a whole are able to feed at much higher predator-to-673 

prey size ratios than non-gelatinous zooplankton (Conley et al., 2018; Hansen et al., 1994). In 674 

HNLC regions where iron is limiting for large phytoplankton (diatom) growth, the proliferation 675 

of gelatinous filter-feeders that can achieve a 10,000:1 predator-to-prey size ratio may represent 676 

one pathway for elevated transfer efficiencies to depth. These areas are likely to be where the 677 

impact of GZ on export flux and benthic carbon deposition will be the greatest, and where GZ-678 

mediated fluxes could disproportionally benefit benthic feeding crustaceans and fishes 679 

(Sweetman et al., 2014). 680 

 681 

4.3 Fate of gelatinous carbon and the future ocean 682 

The results reported here provide a global estimate of the flux of carbon through GZ in 683 

the oceans and its fate. GZ production in the upper ocean (3.9-5.8 Pg C y-1) is equivalent to 8-684 

12% of NPP, but their contribution to POC flux increases with depth, such that GZ-POC transfer 685 

efficiency is potentially greater than non-GZ POC by 5-fold. The GZ carbon reaching the 686 

seafloor can, in turn, rapidly leach DOC, feed benthic scavengers, and stimulate the seafloor 687 
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microbial community (Sweetman et al., 2014; Titelman et al., 2006). A broad suite of deep sea 688 

organisms scavenge GZ detritus, including fish such as grenadiers and hagfish (Smith et al., 689 

2016; Sweetman et al., 2014), crustaceans such as galatheid crabs, amphipods, and decapod 690 

shrimp (Sweetman et al., 2014), and echinoderms including echinoids and ophiuroids (Lebrato & 691 

Jones, 2009). As such, episodic jelly-falls are often associated with periodic mass occurrences of 692 

benthic organisms (Billett et al., 2006). Gelatinous zooplankton may be modest components of 693 

the upper ocean ecosystem, but for their biomass, their contribution to carbon sequestration 694 

through the biological pump and as a food source for deep sea ecosystems is disproportionately 695 

large. Including these processes into global models would have implications for increasing the 696 

production and seasonality of benthic meiofauna and their potential responses to climate change 697 

(Yool et al., 2017). 698 

Assimilation of global GZ biomass with allometric metabolic scaling equations allows 699 

for an improved estimation of gelatinous carbon fluxes in the upper oceans and to depth 700 

compared to other efforts that do not take metabolic rates into account (Lebrato et al., 2019). 701 

Consistent with assessments that the unique gelatinous body plan maximizes carbon and energy 702 

use efficiency (Pitt et al., 2013), our model highlights the outsized role of the relatively modest 703 

GZ biomass in funneling globally significant carbon fluxes to the deep sea. However, none of 704 

these efforts incorporate the full set of biogeochemical and ecosystem interactions. The marine 705 

carbon cycle is often cited as having less uncertainty under climate projections than other 706 

systems (i.e. terrestrial ecosystems; Friedlingstein et al., 2014), yet ESMs predict export 707 

production to decrease under climate change (-7 to -18% in CMIP5 models by 2100 under RCP 708 

8.5; Bopp et al., 2013), with widely varying pathways and drivers (Laufkötter et al., 2016). 709 

Furthermore, models have historically overlooked deep-sea biological fluxes, such as jelly-falls, 710 
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which may add to both the magnitude and variability of climate-carbon feedbacks. These 711 

biological processes are short-lived yet significant events that have been challenging to quantify 712 

using conventional methods. For example, if observations of jelly-fall events were also 713 

incorporated into datasets of benthic oxygen flux (Jahnke, 1996), then biogeochemical modelers 714 

could then tune models to be globally consistent with mid-depth oxygen fields while integrating 715 

the contributions of GZ biomass.  716 

To better understand the marine biological pump and associated impacts to air-sea fluxes 717 

(Kwon et al., 2009), there needs to be additional efforts from both modelers and observationalists 718 

on the role of gelatinous zooplankton in deep carbon transport. Our study suggests that these 719 

fluxes are globally significant and should not be ignored in ocean biogeochemical models. 720 

Efforts at including one or more gelatinous functional types in a way that captures their global 721 

fluctuations in abundance as well as their relationship to lower trophic level plankton may 722 

improve our ability to project future changes to the marine biological pump. 723 

  724 
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Tables and Figures 
 
Table 1. List of variables, descriptions, and units used in the model. Also showing which 
variables were used in the Monte Carlo (MC) simulations. ** The generalized allometric scaling 
equations are: y = mxn, which can also be represented as log(y) = n*log(x) + log(m). Here, the b2 
(allometric scaling intercept) terms are the log(m) terms, and technically are unitless. For 
simplicity, we list the units of m as the units of the b2 terms.  
 

Var. Description Equation or Value 
(Definition) 

Units MC 
used 

AE Assimilation efficiency  Unitless X 
b Individual GZ biomass  g C indiv.-1  
B GZ biomass S = % ∗ 9 g C m-3  
cT Temperature constant  Unitless X 
CR Clearance rate eq. 4 m3 indiv.-1 y-1  
dB/dt GZ annual production rate eq. 1 g C m-3 y-1  
E Exudation rate * = TD ∗ 1 g C indiv.-1 y-1  
Ea Activation energy  eV  
Eg Egestion rate eq. 2 g C m-3 y-1  
ESD Equivalent spherical diameter  cm indiv.-1  
fE Fraction of production to exudation  Unitless X 
fRL Fraction of production to reproductive loss   Unitless X 
fPr Fraction of production to predation   Unitless X 
I Ingestion rate eq. 3 g C indiv.-1 y-1  
k Boltzmann constant 8.617x105 eV K-1  
n GZ Numeric density  Indiv. M-3  
P Production rate 1 = ()* ∗ ,) − / g C indiv.-1 y-1  
Pr Predation rate 12 = TUV ∗ 1 g C indiv.-1 y-1  
pb Prey biomass  g C m-3  
R Respiration rate eqs. 5,6  g C indiv.-1 y-1  
RL Reproductive loss rate /0 = T?W ∗ 1 g C indiv.-1 y-1  
SST Sea surface temperature  degrees Kelvin  
T Temperature at average depth X = YH ∗ MMX degrees Kelvin  
bCR1 Clearance rate allometric scaling slope  Unitless X 
bCR2 Clearance rate allometric scaling intercept   m3 (g C)-1 y-1 X 
bESD1 ESD – biomass scaling slope  Unitless X 
bESD2 ESD – biomass scaling intercept  cm (g C)-1 X 
bR1_ch Resp. rate scaling slope (tunicate)  Unitless X 
bR1_cn,ct Resp. rate scaling slope (cnid., cten.)  Unitless X 
bR2_ch Resp. rate scaling intercept (tunicate)  y-1 X 
bR2_cn,ct Resp. rate scaling intercept (cnid., cten.)  g C cm-1 y-1 X 
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Table 2. Ranges and distributions of parameter values used in the MC simulations. For each 
parameter, 30,000 random values were generated following the noted distribution, which were 
used for model runs. Where necessary, parameter values were converted to standard units. Error 
terms on the regression coefficients are standard deviations, which were used to generate the 
range of MC values. Initial tests indicated that these standard deviations were too low for the  
ESD and respiration allometric scaling parameters, and were thus increased to provide a broader 
range (see footnotes). 

 

1 log(CR) = bCR1 log(B)  + bCR2; ref. (Acuña et al., 2011) 
2 log(CR) = bCR1 log(B) + bCR2;  see Table S1 for references and regression model fit. 
3 Conversion between carbon biomass (B, mg C ind-1) and equivalent spherical diameter (ESD, cm): log(ESD) = 
bESD1 log(B) + bESD2; ref. (Pitt et al., 2013). St. dev. values for bESD1 and bESD2 were increased by a factor of 10. 
4 log(R) = bR1 log(ESD) + bR2 with p < 0.001; ref. (Pitt et al., 2013). St. dev. values for bR1 and bR2 were increased 
by a factor of 10. 
5 log(R) = bR1 log(ESD) + bR2 with p < 0.01; ref. (Pitt et al., 2013). St. dev. values for bR1 and bR2 were increased by 
a factor of 10. 
6 log(R) = bR1 log(B) + bR2;  see Table S2 for model and references. St. dev. values for bR1 and bR2 were increased by 
a factor of 5. 
7 AE was set to a mean of 0.8 for cnidarians and ctenophores (values could not exceed 1), but were lower for 
tunicates (mean 0.5, though were confined between 0.1 and 0.9). AE ranges from 28-81% for Salpa fusiformis 
depending on diet (Andersen, 1986), and ~ 61% for Cyclosalpa bakeri (Madin & Purcell, 1992). S. thompsonii AEs 
can range from 0.73-0.9 and 0.65-0.76 for 13 mm and 30 mm aggregates, respectively (Pakhomov et al., 2006).  
10 Temperatures at depth values were extracted from an average profile for the top 200 m of the world’s ocean (from 
WOA13 long-term mean temperatures (Locarnini et al., 2013)). The mean depths of upper ocean cnidarians, 
ctenophores, and chordates (20 m, 20 m, and 60 m, respectively) were extracted from the JeDI database (Condon et 
al., 2015). Log-normal distributions of depths were generated around those means, and then associated with an 
average temperature at depth. cT represents the ratio of temperature at depth z to temperature at the surface.  

Parameter Units Cnidarians Ctenophores Tunicates Distribution 

Clearance rate (CR) L ind-1 d-1 
bCR1: 0.81 ± 0.52 1 

bCR2: 15.8 ± 1.24 
bCR1: 1.2 ± 0.57 2 
bCR2: 12.2 ± 0.52 

Gaussian  

Equivalent spherical 
diameter (ESD) 

cm 
bESD1: 0.33 ± 1.3 3 
bESD2: -0.098 ± 2.9 

NA Gaussian  

Respiration  ml O2 ind-1 
h-1 

log© ~ log(ESD) ©(R) ~ log (B) 

Gaussian  bR1: 2.59 ± 6.9 4 
bR2: 9.22 ± 3.8 

bR1: 2.21 ± 21 5 

bR2: 9.44 ± 11 
bR1: 1.05 ± 2.3 6 

bR2: 9.37 ± 1.3 

AE (assimilation 
efficiency) 

unitless 
0.32-1.0 
(mean:  
0.8 ± 0.1) 

0.32-1.0 
(mean:  
0.8 ± 0.1) 

0.1-0.9 7 
(mean: 0.5 ± 0.2)   

Gaussian 

cT (coefficient of 
temperature) unitless 

0.924-0.997 10 

(mean: 0.986; 
depths 6-50 m) 

0.924-0.997 10 

(mean: 0.986; 
depths 6-50 m) 

0.626-0.988 10 

(mean: 0.924; 
Depths 18-145 m) 

Log-normal 

fE (exudation fraction)  unitless 
0-0.2 11 

(mean: 0.1) 
0.15-0.45 11 

(mean: 0.3) 
0.1-0.4 13 

(mean: 0.25) 
Weighted 
mean 

fRL (reproductive loss 
fraction) 

unitless 
0-0.08 14 
(mean: 0.04) 

0-0.16 14 
(mean: 0.08) 

0.08-0.16 
(mean: 0.12) 

Weighted 
mean 

fPr (predation fraction) unitless 
0.2-0.55 15 

(mean: 0.375) 
0.4-0.85 15 

(mean: 0.61) 
0.25-0.55 15 

(mean: 0.4) 
Weighted 
mean 
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11 Exudation fraction was lower for cnidarians than ctenophores (Condon et al., 2010; Costello, 1991; Hansson & 
Norrman, 1995; Kremer, 1977; Pitt et al., 2009) 
13 The tunicate exudation fraction was set to moderately high values due to their feeding with mucous meshes.  
14 These values are likely dependent on life history (holoplanktonic or meroplanktonic). Aurelia aurita is estimated 
to contribute 2-4% of ingested C towards reproduction (Hansson & Norrman, 1995). Higher reproductive loss 
ranges were set for ctenophores and tunicates due to their holoplanktonic and hermaphroditic life history strategies.  
15 The predation fraction, fPr, is equivalent to the ecotrophic efficiency (EE) term from the Ecopath models, which 
represents the rate of biomass production going into higher trophic levels. Predation by other GZ and by lower 
trophic levels is thus not considered. Ecopath models with GZ reported an EE range of 0.45. Here, we maintained an 
overall mean fPr of 0.45 over all GZ, but set ctenophore predation to be higher than cnidarians or tunicates due to 
lack of evidence of ctenophore jelly-falls, which suggests at a greater role for predation vs non-predation mortality.  
 



Table 3. Comparison between observations and the model outputs of gelatinous carcasses and fecal matter at various depths. 
Observational data are available as both rates and single event/standing stock observations (ss) [‘Raw value’], and conversion of the 
latter to a rate assumes that the single event represents the entirely of the annual carbon flux in that grid cell [‘Transformed value’]. 
Models’ values are given as the absolute range and bootstrapped 95% confidence intervals, incorporating all three biomass cases and 
each of their 100 ensemble members. See also Fig. 5. Abbreviations are as follows: (Taxa) PT = pelagic tunicates, CN = cnidarians, 
(Type) F = fecal matter, C = carcasses, (Loc) UO = upper ocean, S = seafloor. 
 

Location Taxa Species Type 

Observations Model 

Ref. 
Raw value Data 

type 

Depth 
range 
(m) 

Transformed 
value 
(g C m-2 y-1) 

Loc 

Total range 
(min to 
max)  
(g C m-2 y-1) 

95% 
Confidence 
Intervals  
(g C m-2 y-1) 

NW Atlantic PT Salpa aspera F 
5-91 mg C m-2 
night-1 rate 300 1.8-33 UO 0.075 – 58 (0.88, 25) 1 

NW Atlantic PT 

S. cylindrica,  
S. maxima,  
Pegea 
confoederata 

F 0.01-0.07 mg C 
m-2 d-1 

rate 50 3.–5E-3 - 
0.0255 

UO 0.028 – 56 (0.33, 12) 2 

So. Ocean (West Antarctic P.) PT S. thompsonii F 4-20 mg C m-2 d-1 rate 100-
500 

0.36-1.8 UO 4.0E-3 – 29 (0.12, 10) 3 

So. Ocean (Lazarev Sea) PT S. thompsonii F 88 mg C m-2 d-1 rate 0-300 7.92 UO 3.5E-3 – 12 (0.15, 5.2) 4 

So. Ocean (South Atlantic) PT S. thompsoni F 
0.1-5.6 mg C m-2 
d-1 rate 

100-
300 0.036-2.1 UO 4.1E-5 – 1.4 (1.7E-3, 0.20) 5 

NW Atlantic PT S. aspera F 
8.5-137 mg C m-2 
d-2 rate > 500 3.1-50 S 8.7E-3 – 41 (0.24, 11) 6 

NW Atlantic PT S. aspera C 3.6 mg C m-2 d-1 rate > 500 1.31 S 1.6E-3 – 10 (0.036, 2.5) 6 

NE Pacific PT Salps F 8.7 mg C m-2 d-1 rate 4240 3.17 S 3.6E-8 -1.2 (1.3E-6, 0.27) 7 

NE Pacific (Station M) PT S.  fusiformis F 0-4.8 mg C m-2 d-

1 
rate 3500-

4000 
0-1.75 S 2.3E-4 – 12 (3.1E-3, 1.8) 8,9 

NE Pacific (Station M) PT S.  fusiformis C 
0-0.5 mg C m-2 d-

1 rate 
3500-
4000 0-0.1825 S 2.2E-4 – 2.5 (7.0E-3, 0.38) 8 

Ivory coast (SE Atlantic) PT P. atlanticum C 1-22 g C m-2 ss 
900 to 
1100 1-22 S 0 – 2.2 (0.020, 0.97) 10 

NW Mediterranean PT P. atlanticum C 
0.03-0.07 (max 
1.35)  
mg C m-2 mo-1 

rate 319-
416 

3.6E-4 – 
8.4E-4 (max 
0.016) 

S 1.2E-3 – 4.4 (0.038, 1.5) 11 
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Tasman Sea PT 
Salps, 
pyrosomes C 16 t C km-2 y-1 rate 

30-
2500 16 S 4.0E-4 – 4.6 (0.035, 1.5) 12 

BATS (Sargasso Sea) [model] PT Salps F 
586 +/- 1140 mg 
C m-2 y-1 

rate 
200-
3200 

0-1.726 S 1.7E-10 – 13 (2.7E-9, 2.8) 13 

BATS (Sargasso Sea) [model] PT Salps C 
23.0 +/- 19.5 mg 
C m-2 y-1 

rate 
200-
3200 

0.0035-
0.0425 

S 6.8E-5 – 2.9 (5.5E-3, 0.61) 13 

            

Gulf of Oman, Arabian Sea CN Crambionella 
orsini C 1.5-78 g C m-2 ss 300-

3300 
1.5-78 S 0 – 1.6 (0, 0.72) 14 

Lurefjorden, Norway CN Periphylla 
periphylla C 0-72.8 mg C m-2 

d-1 
rate 447 6.36-11.4 S 3.6E-5 – 1.2 (2.2E-3, 0.41) 15 

Chesapeake Bay CN 
Chrysaora 
quinquecirrha C 

0.17-112.37 mg C 
m-2 y-1 

rate 10-20 
1–7E-4 - 
0.112 

S 4.–E-5 - 0.53 (3.3E-3, 0.26) 16 

Sea of Japan CN 
Nemopilema 
nomurai C 

0.2-5.1 ind. 1000 
m-2 ss 

146-
354 0.562-14.32 S 4.5E-4 – 3.0 (0.020, 1.8) 17 

1 (Madin et al., 2006) 
2 (Caron et al., 1989) 
3 (Phillips et al., 2009) 
4 (Perissinotto & Pakhomov, 1998) 
5 (Iversen et al., 2017) 
6 (Wiebe et al., 1979) 
7 (Matsueda et al., 1986) 
8 (Smith Jr et al., 2014) 
9 (Wilson et al., 2013) 
10 (Lebrato & Jones, 2009) 
11 (Lebrato, Molinero, et al., 2013) 
12 (Henschke et al., 2013) 
13 (Stone & Steinberg, 2016) 
14 (Billett et al., 2006) 
15 (Sweetman & Chapman, 2015) 
16 (Sexton et al., 2010) 
17 (Yamamoto et al., 2008) 

 

 



Figures 

 

Figure 1. Standing stock biomass of gelatinous zooplankton (GZ). (a) Biomass maps in a global, 

1º grid showing the three dominant taxonomic groups: cnidarians, ctenophores, and pelagic 

tunicates. There are some light grey grid cells (Tunicates, Southern Ocean); these indicate true 

zeros in the dataset. (b) Taxa- specific biomass split by biome, which was used to aggregate 

values for a global estimate. Cnidarians: 300 Tg C, Ctenophores: 310 Tg C, Pelagic tunicates: 17 

Tg C, and combined: 630 Tg C. Biome abbreviations are: Coast = shallow coastal, LC = low 

chlorophyll, HCSS = high chlorophyll seasonally stratified, and HCPS = high chlorophyll 

permanently stratified. Box-plots show the median, 25% and 75% quartiles (box) and the 1.5x 

interquartile range (whiskers), with gray points indicating outliers. 

 

Figure 2. Ensemble mean results for the upper ocean (values in red) and export to depth (values 

in blue) sub-models, shown for all GZ combined, and cnidarians, ctenophores, and pelagic 

tunicates. Values are given in units of Pg C y-1. Results are only shown for the baseline case. 

Non-parametric, bootstrapped, 95% confidence intervals (CIs) were calculated from the 100-

member ensembles, and are shown in the parentheses. For the depth export sub-model, CIs were 

calculated from the slowest and fastest sinking rates at the export depth (100 m), sequestration 

depth (1000 m), and seafloor. Abbreviations are as follows: I = Ingestion, AE = assimilation 

efficiency, RL = reproductive losses, E = exudation, R = respiration, Pr = predation, M = 

senescence/mortality, and Eg = egestion.  
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Figure 3. Contributions to seafloor flux. (a) Mean GZ-associated carbon flux associated with 

carcasses and fecal matter at 100m for each ocean biome. Fluxes are further partitioned by GZ 

group. (b) Biome-scaled latitudinal averages and (c) global distribution of seafloor carbon flux 

(mg C m-2 y-1). 

 

Figure 4. Export ratio (e-ratio) and benthic transfer efficiency (Teff) from GZ-associated carbon 

export, and comparisons with the GFDL COBALT v.1 biogeochemical model, showing (a) GZ-

associated e-ratio, (b) GZ-associated benthic Teff, as defined as the fraction of export flux 

reaching the seafloor, and (c) the factor increase of benthic Teff for GZ-associated carbon 

compared to values from the GFDL COBALT v.1 biogeochemical model (for internal 

consistency). Global mean values are scaled by biomes. 

 

Figure 5. Pointwise comparison of the modeled vs. observed POC fluxes for tunicate carcasses, 

tunicate fecal pellets, and cnidarian carcasses. Model outputs for each case span all ensembles 

and sinking speeds. For snapshot observations, raw values were converted to fluxes by assuming 

the observed standing stock represented the entirety of the annual POC flux within that grid cell. 

References and details are given in Table 3. 
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