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 2 

Abstract 24 

To better quantify the ocean's biological carbon pump, we resolved the diversity of sinking 25 

particles that transport carbon into the ocean's interior, their contribution to carbon export, and 26 

their attenuation with depth.  Sinking particles collected in sediment trap gel layers from 4 27 

distinct ocean ecosystems were imaged, measured, and classified.  The size and identity of 28 

particles was used to model their contribution to particulate organic carbon (POC) flux.  29 

Measured POC fluxes were reasonably predicted by particle images.  Nine particle types were 30 

identified, and most of the compositional variability was driven by the relative contribution of 31 

aggregates, long cylindrical fecal pellets, and salp fecal pellets.  While particle composition 32 

varied across locations and seasons, the entire range of compositions was measured at a single 33 

well-observed location in the subarctic North Pacific over 1 month, across 500 m of depth.  The 34 

magnitude of POC flux was not consistently associated with a dominant particle class, but 35 

particle classes did influence flux attenuation.  Long fecal pellets attenuated most rapidly with 36 

depth whereas certain other classes attenuated little or not at all with depth.  Small particles 37 

(<100 µm) consistently contributed ~5% to total POC flux in samples with higher magnitude 38 

fluxes.  The relative importance of these small particle classes (spherical mini pellets, short oval 39 

fecal pellets, and dense detritus) increased in low flux environments (up to 46% of total POC 40 

flux).  Imaging approaches that resolve large variations in particle composition across ocean 41 

basins, depth, and time will help to better parameterize biological carbon pump models. 42 
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Introduction 43 

 Particles that sink out of the surface ocean are an important component of the global 44 

carbon cycle because they transport carbon away from the atmosphere and into the deep ocean 45 

(Martin 1990; Maier-Reimer et al. 1996).  Sinking particles are one component of the biological 46 

carbon pump, together with physical subduction of carbon to depth and excretion/egestion of 47 

carbon by vertically migrating zooplankton. The amount of carbon transported by the biological 48 

carbon pump is highly variable and difficult to accurately constrain (5-12 Pg-C year-1, Boyd and 49 

Trull 2007; Henson et al. 2011), leading to uncertainties in carbon cycle models. These 50 

uncertainties are caused, in part, by the variety of ecological mechanisms that generate particles 51 

and the variety of pathways that carbon can take on its way to the deep ocean. After 52 

phytoplankton fix carbon in the surface, these cells can sink directly or they can be consumed by 53 

zooplankton and egested in fecal pellets, which have highly variable carbon densities and sinking 54 

speeds (Alldredge et al. 1987; Urban-Rich et al. 1998; Turner 2015).  Alternatively, 55 

phytoplankton carbon can be incorporated into aggregates and other amorphous detritus 56 

(Alldredge and Gotschalk 1989; Passow et al. 1994).  To further complicate the process, carbon 57 

can transition from one particle pool to another as it sinks through the mesopelagic and interacts 58 

with grazers and microbes.  Each of these particle types are thought to transport carbon with 59 

differing efficiencies through the mesopelagic (Buesseler et al. 2007).  To better constrain the 60 

biological carbon pump, mechanistic models must predict the flow of carbon through these 61 

pathways and particle types with depth (Siegel et al. 2014).  As we understand more about the 62 

types of particles sinking through the water column, the accuracy of these models will improve, 63 

and we will be able to better predict the magnitude of carbon flux and its attenuation with depth. 64 
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 The perceived importance of different particle types in exporting carbon has changed 65 

over approximately 50 years of study. For example, Turner (2002) reviewed early studies of the 66 

biological carbon pump that attributed most carbon export to zooplankton fecal pellets.  As more 67 

studies were conducted, fecal pellets were found to attenuate rapidly with depth and the 68 

dominant flux contributor was instead attributed to phytodetrital aggregates.  After additional 69 

years of study, the perceptions have shifted again (Turner 2015).  Now it is understood that no 70 

single paradigm describes the biological pump across the global ocean, except perhaps that 71 

particle composition is highly variable in time and space, as are the effects of those particle types 72 

on POC export and attenuation (Passow and Carlson 2012; Turner 2015; Boyd et al. 2019).  73 

Earlier studies of the biological pump focused on the influential role of large sinking particles 74 

(Fowler and Knauer 1986), and recent studies have identified an important role for small (<100 75 

µm) and slowly settling (<20 m d-1) particles (Alonso-González et al. 2010; Baker et al. 2017; 76 

Bol et al. 2018).  In spite of their small size, these particles have been observed in mesopelagic 77 

sediment traps (Durkin et al. 2015) and the increasing recognition of "particle injection pumps" 78 

suggests that they can be efficiently transported out of the surface mixed layer through physical 79 

processes (Barth et al. 2002; Omand et al. 2015; Stukel et al. 2017) or produced at depth from 80 

disaggregation of larger particles (Briggs et al. 2020).  The perceived importance of various 81 

processes and particle types have also changed as technology has advanced. For example, 82 

episodic fluxes can now be detected by autonomous instruments (Briggs et al. 2011; Estapa et al. 83 

2013; Huffard et al. 2020) but are not captured in steady state models or by many traditional 84 

observational designs.  These often cryptic events can sometimes account for a large percentage 85 

of the total carbon exported in an ecosystem (Smith et al. 2018). 86 
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 In situ imaging promises to expand observations of sinking particles, and potentially lead 87 

to improved estimates of the ocean's biological carbon pump (Picheral et al. 2010; Bishop et al. 88 

2016; McGill et al. 2016). These approaches assume that the quantity of carbon export can be 89 

predicted by the quantity and character of sinking particles observed in sensor imagery.  Here, 90 

we demonstrate how the biological characteristics of particles collected in sediment traps 91 

(identity, size, abundance) can be used to predict the magnitude and attenuation of carbon flux 92 

with depth.  This study also explores how the composition of sinking particles affects carbon flux 93 

across locations, time, and depth. Our ultimate goal is to use imaging tools to provide the 94 

quantitative, particle-resolving observations of carbon flux that are needed to generate 95 

mechanistic, ecologically-realistic models of the biological carbon pump. 96 

 97 

Materials 98 

 Cruises and sampling platforms - Samples from cylindrical sediment traps with 99 

polyacrylamide gel layers were collected at the New England shelf break aboard the R/V 100 

Endeavor on 3-7 November 2015 (EN572) and 13-18 June 2016 (EN581).  Samples were also 101 

collected at two locations in the subtropical North Pacific and one location in the California 102 

Current on a transit between Honolulu, Hawaii and Portland, Oregon aboard the R/V Falkor 103 

between 24 January-20 February, 2017 (FK170124).  Additional samples were collected during 104 

the NASA EXPORTS field campaign near Ocean Station PAPA in the subarctic North Pacific 105 

during three successive collection periods ("epochs") between 10 August-12 September 2018 106 

(Supplemental Fig. 1, Table 1; Estapa et al. in review; Siegel in review).  Sediment trap tubes 107 

were deployed on various platform designs, including neutrally-buoyant sediment traps (Estapa 108 

et al. 2020), surface tethered sediment traps (Knauer et al. 1979) and on the base of a Wirewalker 109 
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 6 

profiler (Rainville and Pinkel 2001).  The neutrally-buoyant traps carried 4 collection tubes with 110 

a diameter of 12.7 cm and height of 70 cm (Estapa et al. 2020). At the New England shelf break, 111 

the surface-tethered trap was comprised of gimbaled trap frames (KC Denmark) clipped on a 112 

surface-tethered, free drifting array with five collection depths.  Each of the 5 trap frames carried 113 

four 7 cm diameter 45 cm high collection tubes. In the subarctic Pacific, the surface-tethered trap 114 

frames carried four 12.7 cm diameter collection tubes at 5 depths. The Wirewalker trap consisted 115 

of one 4-tube trap frame (KC Denmark) tethered by a bungee below the profiling part of the 116 

Wirewalker drifting array. Sample depths and durations are indicated in Table 1. 117 

 118 

Table 1. Summary of sampling locations labeled on map in Supplemental Figure 1, 119 

including cruise, deployment location, environment type, deployment dates, trap platforms, 120 

collection depths (meters), deployment duration (days), and imaging magnifications and 121 

illumination method. Environments were considered "high" flux if POC fluxes were > 2 122 

mmol m-2 d-1. bf=brightfield, obl=oblique, HNLC=high nutrient low chlorophyll, 123 

NBST=neutrally-buoyant trap, STT=surface-tethered trap, WWtrap=Wirewalker trap. 124 

Map  Cruise Location Environment Dates Platform Depths (m) Duration (d) Magnifications 

1 
EN572 

R/V Endeavor 

New England shelf 

break 

39.8°N, 71°W 

coastal, 

high flux 

4 Nov - 6 Nov 

2015 

NBST 146 1.3 
7´, 20´, 40´, 

115´ 

(bf) 

WW 150 2.17 

STT 
50,60,100,1

50,200 
2.29 

2 
EN581 

R/V Endeavor 

New England shelf 

break 

39.8°N, 71°W 

coastal, 

high flux 

14 June -17 June 

2016 

NBST 100 3.11 
7´, 20´, 40´, 80´ 

(bf) STT 
60, 100, 

150, 200 
3.41 

3 
FK170124 

R/V Falkor 

subtropical North 

Pacific 

22.3°N, 151.9°W 

oligotrophic, 

low flux 

28 Jan - 2 Feb 

2017 
NBST 150 2.88 

7´, 20´, 50´, 

115´ 

(bf & obl) 
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 125 

  Sediment trap sampling- To prepare tubes for deployment, seawater was collected using 126 

a CTD rosette or directly from the ship seawater flow through system, and filtered through a 1 127 

μm filter cartridge. Trap tubes were filled with filtered water overlying either 500 mL of 0.1% 128 

formalin brine (0.6 M NaCl, 0.1% formalin, 3 mM borate buffer) or a jar containing a 129 

polyacrylamide gel layer that was approximately 1 cm thick (Durkin et al. 2015).  Identically 130 

4 
FK170124 

R/V Falkor 

subtropical Pacific 

27.7°N, 139.5°W 

oligotrophic, 

low flux 
5 Feb - 8 Feb 2017 WWtrap 150 3.06 

7´, 20´, 50´, 

115´ 

(bf & obl) 

5 
FK170124 

R/V Falkor 

California Current 

34.7°N, 123.5°W 

coastal, 

high flux 

12 Feb - 14 Feb 

2017 
NBST 150 2.6 

7´, 20´, 50´, 

115´ 

(bf & obl) 

12 Feb - 13 Feb 

2017 
WWtrap 150 1.67 

13 Feb - 14 Feb 

2017 
WWtrap 150 1.04 

6 

NASA 

EXPORTS 

R/V Revelle 

subarctic North Pacific 

50.1°N, 145.1°W 

HNLC, 

low flux 

15 Aug - 21 Aug 

2018 

Epoch 1 

NBST 

96, 97, 159, 

207, 209, 

342 

4.69-5.27 
7x, 20x, 50x, 115x 

(obl) 

STT 
95, 330, 

500 
5.65 

7 

NASA 

EXPORTS 

R/V Revelle 

subarctic North Pacific 

50.4°N, 145.1°W 

HNLC, 

low flux 

24 Aug - 28 Aug 

2018 

Epoch 2 

NBST 

101, 103, 

152, 199, 

203, 337 

2.8-4.08 

7x, 20x, 50x, 115x 

(obl) 

STT 

105, 155, 

205, 340, 

510 

4.34 

8 

NASA 

EXPORTS 

R/V Revelle 

subarctic North Pacific 

50.6°N, 144.9°W 

HNLC, 

low flux 

31 Aug - 5 Sept 

2018 

Epoch 3 

NBST 

104, 104, 

147, 198, 

334 

3.92-4.98 

7x, 20x, 50x, 115x 

(obl) 

STT 

105, 155, 

205, 340, 

510 

5.33 
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 8 

prepared tubes were incubated in parallel onboard the ship to serve as process blanks.  Upon 131 

recovery, collection tubes were allowed to settle for at least 1 h before the water overlying the 132 

gel was siphoned off.  Jars containing polyacrylamide gel were removed from trap tubes and the 133 

remaining overlying water was carefully pipetted off the gel.  Gels were stored at 4 °C and most 134 

were imaged within the following 2 days before being stored at -80 °C (see imaging methods 135 

below).  Tubes containing formalin brine were drained through a 350 μm or 335 μm nylon mesh 136 

in order to separate and collect zooplankton that swam into the sample.  These zooplankton 137 

“swimmers” were visually detected on the mesh using a dissecting microscope (Olympus 138 

SZX16) and removed using clean forceps.  Non-zooplankton particles remaining on the mesh 139 

screens were rinsed back into the sample.  On the EXPORTS and Falkor cruises, formalin-brine 140 

tubes were combined, and then split into 8 equal fractions using a custom built sample splitter 141 

(Lamborg et al. 2008).  On the Endeavor cruises, the tubes from a given depth were combined 142 

into a single sample.  Sample fractions were filtered onto precombusted, 25 mm glass fiber or 143 

quartz microfiber filters (Whatman GF/F or QMA) for particulate organic carbon quantification.  144 

Particulate organic carbon (POC) was determined using slightly different methodologies among 145 

research cruises and is described in detail in the Supplementary Methods.  Briefly, POC was 146 

measured directly in some samples by combustion elemental analysis after fuming filters with 147 

concentrated acid to remove particulate inorganic carbon (PIC).  In other samples, POC fluxes 148 

were calculated by separately measuring PIC and subtracting those values from the total 149 

particulate carbon measured by combustion elemental analysis (see Supplementary Methods). 150 

 Gel trap sample imaging- Polyacrylamide gel layers were imaged on a dissecting 151 

microscope (Olympus SZX16) with either a Lumenera Infinity 2 (FK170124 and EXPORTS) or 152 

an Allied Vision Technologies StingRay (EN572 and EN581) camera attachment.  The 153 
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 9 

Lumenera camera resolved small particles better than the StingRay camera due to the greater 154 

pixel resolution. Particles collected in gel layers during EN572 and EN581 were imaged under 155 

brightfield illumination.  Particles collected in gel layers during EXPORTS were imaged under 156 

oblique illumination.  Particles collected in gel layers during FK170124 were imaged under both 157 

brightfield and oblique illumination, generating two separate sets of images for each sample and 158 

were used to determine whether illumination method affected particle detection and modeled 159 

POC fluxes.  The POC fluxes modeled from brightfield illuminated samples were slightly lower 160 

than obliquely-lit samples due to lower detection of POC fluxes by small particle types and semi-161 

translucent aggregates, though the uncertainty in total modeled fluxes often overlapped 162 

(Supplemental Figure 2).  Data collected at the New England shelf break from brightfield 163 

illuminated images therefore most-likely underestimated fluxes by small and translucent 164 

particles.   165 

 All gel layers were imaged at 4 increasing magnifications, though the combination of 166 

magnifications varied by cruise (Table 1). Images were captured of non-overlapping fields of 167 

view spatially distributed across the gel area that excluded jar edges. At 7´, nearly every area of 168 

the gel surface was imaged, excluding areas near the jar edges.  At 20´, a grid of images was 169 

randomly distributed across the entire gel surface.  At 40´ and 50´, images were collected across 170 

two orthogonal transects of the gel diameter.  At 80´ and 115´, images were collected across one 171 

transect of the gel diameter.  At magnifications greater than 7´, multiple focal planes within a 172 

field of view were imaged to capture particles embedded in different depths of the gel layer and 173 

varied between two and nine focal planes.  The number of focal planes imaged was consistent 174 

across all fields of view for a given magnification but varied across cruises due to variation in gel 175 

thickness and the vertical distribution of particles in the gel.   All images from the Falkor and 176 
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 10 

Endeavor cruises are available at www.bco-dmo.org/project/675296 (last accessed May 29, 177 

2020).  Images from the EXPORTS cruise are available at 178 

seabass.gsfc.nasa.gov/archive/MLML/durkin/EXPORTS/exportsnp/associated (last accessed 179 

May 29, 2020). 180 

 Some of the gel layers collected during the EXPORTS cruise were imaged after being 181 

stored at -80 °C and thawed. To determine whether measured particle properties changed after 182 

gel layers were frozen, samples collected during FK170124 were thawed after being stored for 183 

approximately 1 year at -80 °C and imaged again under both brightfield and oblique 184 

illumination. The POC fluxes modeled from obliquely lit particles did not differ after gels had 185 

been frozen (Supplemental Figure 3) but were consistently lower when imaged under brightfield 186 

illumination.  Freezing samples prior to imaging should not affect inter-sample comparisons 187 

when imaged under oblique illumination. 188 
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 189 

Figure 1. Schematic illustration of image processing methods including a) detection of 190 

particles, b) combination of multiple focal planes from the same field of view and collection 191 

of particle measurements, and c) combination of flux measurements from optimal 192 

magnification ranges. Processing steps for brightfield images are indicated by solid arrows 193 

while processing of oblique images also included steps indicated by arrows with dashed 194 

lines. 195 
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 12 

 Image processing and particle detection- Particles in gel images were quantified with an 196 

image processing protocol created using functions available in python’s Sci-Kit Image (Python 197 

code available at github.com/cadurkin, accessed May 29, 2020 and in Supplemental File 1).  The 198 

protocol (Fig. 1) is similar to that reported by Huffard et al. (2020) and described in detail in the 199 

Supplemental Methods.  Briefly, particles present in each micrograph were detected through a 200 

series of image transformation steps that maximize the detection of entire particle areas while 201 

minimizing the detection of imaging noise.  The background was removed, a brightness 202 

threshold was applied, and an edge-detection kernel transformation was used to identify the in-203 

focus particles (Fig. 1a).  Duplicate particles detected in multiple focal planes were removed and 204 

the remaining particles were counted and measured (Fig. 1b).  205 

 Assigning particle image identities- Particles were categorized into 9 different sinking 206 

particle classes (Fig. 2, Table 1).  Identities were assigned by manually identifying particle 207 

images. Aggregates were defined as loosely packed detritus with irregular edges. Dense detritus 208 

was defined as densely packed amorphous material, often brown or golden in color. Large, loose 209 

pellets were similar to dense detritus but were also elongated like a fecal pellet. We presume that 210 

the main zooplankton source of these pellets in our samples was pyrosomes, a type of colonial 211 

pelagic tunicate. This assumption is based on our observations of pyrosomes in the California 212 

Current, where we observed most of these pellets.  Pyrosomes were unintentionally caught on 213 

top of the trap baffles and in the gel layers, generated intense bioluminescence at night, and were 214 

observed in situ in high abundance several weeks later during a separate study with a remotely 215 

operated vehicle (Durkin, personal observation).  Long fecal pellets were defined as long, thin, 216 

cylindrical fecal pellets with a smooth edge, such as the chitin-encased pellets produced by 217 

euphausiids.  Short fecal pellets were also smooth-edged pellets but with an oval or ellipsoid 218 
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shape, such as those produced by larvaceans.  Mini pellets were defined as small (usually <100 219 

µm ESD), spheres such as those produced by rhizarians and microzooplankton (Gowing and 220 

Silver 1985).  A small number of individual organisms considered to be passively sinking were 221 

also detected, including Rhizarians, primarily Phaeodaria, and various phytoplankton, usually 222 

diatoms.  Pteropods, copepods, amphipods, foraminifera, and other zooplankton that probably 223 

swam into the gel and human-produced fibers were also detected but not considered passive flux 224 

and not included in the categories of sinking particles.  Unidentifiable objects were also detected 225 

and were likely caused by out-of-focus particles, shadows, smudges, or noise detected by the 226 

image processing steps that are sensitive to the particular thresholds used. The percent of particle 227 

candidates that were unidentifiable increased with decreasing size; >50% of particle candidates 228 

smaller than 40 µm fell into this category whereas ~20% of all particle candidates larger than 40 229 

µm could not be identified.  The increase in imaging noise or contamination in smaller particle 230 

sizes classes is consistent with the trends in background noise detected in gel process blanks 231 

(Durkin et al. 2015). 232 
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Figure 2. Example micrograph collages of each sinking particle classification, including a) 233 

aggregates, b) dense detritus, c) large loose fecal pellets, d) long cylindrical fecal pellets, e) 234 

salp fecal pellets, f) Rhizaria, primarily Phaeodarians, g) phytoplankton cells, h) mini 235 

pellets, i) short (ellipsoid or oval) fecal pellets.  Scale bars in panels g and h: 100 µm, scale 236 
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bars in panels a-f and i: 1000 µm. Examples include particles collected across multiple 237 

locations. 238 

 Calculating particle fluxes- Only identifiable, sinking particle classes from the dataset 239 

were considered in calculations of sinking flux.  For each imaging magnification, particles were 240 

grouped by their equivalent spherical diameter (ESD) into logarithmically-scaled size bins with 241 

edges at (2#)|k=3.512  μm. To calculate number fluxes at each magnification, the number of 242 

particles counted in each size bin was divided by the total imaged surface area of the gel and the 243 

trap collection time.  Uncertainty of the number flux was estimated by applying these same 244 

calculations to the counting uncertainty (square root of the number of particles counted, ie. 245 

Poisson distribution). Each imaging magnification had an optimal size range for resolving 246 

particles and these ranges were combined from each magnification to generate the combined 247 

number flux (Fig. 1c, Durkin et al. 2015). These size ranges differed slightly between images 248 

collected during both cruises at the New England shelf break using the StingRay camera versus 249 

the images collected during the Pacific Ocean cruises using the Lumenera camera.  250 

 Modeling carbon fluxes- The carbon flux by each particle type was determined by 251 

modeling particle volumes, calculating the carbon per unit volume, and multiplying the carbon 252 

per particle by the measured particle number fluxes in each size category.  Equations used to 253 

model the volume of each particle type are listed in Table 2. To estimate the volume of non-254 

spherical fecal pellets based on the automated image measurements, a relationship between pellet 255 

width and ESD was established as follows.  First, widths of a subset of pellets collected at all 256 

sampling locations were manually measured using tools in ImageJ (Schneider et al. 2012) and 257 

included 1415 long fecal pellets, 563 large loose fecal pellets, 596 short fecal pellets, and 186 258 

salp fecal pellets (Supplemental Fig. 4).  The biological basis for a linear relationship between 259 
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width and ESD is that larger animals can produce correspondingly wider pellets with a larger 260 

total ESD.  This direct linear relationship can be used to estimate the width of short fecal pellets 261 

and salp fecal pellets.  The width:ESD of short fecal pellets was 0.54, with a normalized root 262 

mean squared difference (NRMSD) of 2%. The width:ESD of salp pellets was 0.63 (NRMSD = 263 

6%).  This linear relationship is not valid when long pellets fragment into smaller pieces that still 264 

have a large width, as occurs with the long fecal pellets and the large loose fecal pellets 265 

(Supplemental Fig. 4).  The relationship between width (w, in µm) and ESD of these pellet types 266 

was instead described by a hyperbolic equation. 267 

 w  = (X × ESD)/(Y+ESD)   (Equation 1) 268 

The best-fit parameters of X and Y were 187 µm and 424 µm for long fecal pellets 269 

(NRMSD=7%) and 553 µm and 996 µm for large loose fecal pellets (NRMSD=9%).  Pellet 270 

lengths were calculated for each pellet shape given the modeled widths and measured 2-271 

dimensional area (Table 2). Length (l) and width (w) were used to calculate the volume of each 272 

pellet in a given size category.  Salp fecal pellets were modeled as cuboids where pellet depth 273 

was assumed to be one quarter of the width (Silver and Bruland 1981).  Particle volumes were 274 

converted to carbon units using published relationships and best-fit parameters to Equation 2  275 

 C = A × VB   (Equation 2) 276 

where C is the carbon per particle (mg), A is a scaling coefficient (mg μm-3), V is particle 277 

volume (μm-3) and B is a unitless exponent parameter. 278 

 279 

 280 

 281 
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Table 2. Assumptions and equations used to model the particulate organic carbon content 282 

of each particle type.  Parameters for equation 2 were used from various reference studies: 283 

ref 1: this study, 2: Silver and Bruland (1981), 3: Iversen et al. (2017), 4: Menden-Deuer 284 

and Lessard (2000), 5: Stukel et al. (2018). ESD=equivalent spherical diameter. 285 

Classification Shape width length Volume 
C=A×VB   (Equation 2) 

A B ref 

aggregate sphere w = ESD l = ESD V=-
.
× / × (012

3
).  0.1×10-9 0.8 1 

dense detritus sphere w = ESD l = ESD V=-
.
∗ / × (012

3
). 0.1×10-9 0.83 1 

large loose 

fecal pellet 
cylinder w = 55.	×	012

0127	889
 l = 

:	×	(;<=> )>

?
 V=l× / × (?

3
)3 0.1×10-9 0.83 1 

long fecal 

pellet 
cylinder w = @AB	×	012

0127	-3-
 l = 

:	×	(;<=> )>

?
 V=l× / × (?

3
)3 0.1×10-9 1 1 

short fecal 

pellet 
ellipsoid w = 0. 54 × ESD l = 012

>

?
 V=-

.
× G

3
× / × (?

3
)3 0.1×10-9 1 1 

mini pellet sphere w = ESD l = ESD V=-
.
× / × (012

3
). 0.1×10-9 1 1 

salp fecal 

pellet 
cuboid w = 0. 63 × ESD l = 

:	×(;<=> )>

?
 V=l × w × ?

-
 0.04×10-9 1 2,3 

rhizaria sphere w = ESD l = ESD V=-
.
× / × (012

3
). 0.004×10-9 0.939 4,5 

phytoplankton sphere w = ESD l = ESD V=-
.
× / × (012

3
). 0.288×10-9 0.811 4 

 286 

The optimize.minimize function in python was used to find the values of A and B for particle 287 

categories in the first six rows of Table 2 that gave the best fit to log transformed, bulk carbon 288 

fluxes measured in trap tubes.  In the fitting process, the same value of A was assumed for all six 289 

of these particle categories and B=1 was assumed for all compact fecal pellet categories (long, 290 

short, mini).  Shared B values were assumed for dense detritus and large, loose fecal pellet and a 291 
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separate B value was assumed for aggregates.  Literature values of A and B were applied to salp 292 

fecal pellets, rhizaria, and phytoplankton (Table 2). In total, three parameters were fit to 13 293 

observations from trap platforms that carried both a polyacrylamide gel layer and poisoned brine 294 

(Fig. 3), and included samples from location 1,2,3 and 5 in Table 1. Observations made during 295 

the EXPORTS cruise in the subarctic N. Pacific were not included in fitting parameters because 296 

gel images were used to correct POC fluxes and therefore were not an independent measurement 297 

(Estapa et al. in review). The gel particle sample collected at one subtropical station (location 4, 298 

Table 1) did not have a corresponding bulk POC flux measurement.  Only one of the three gel 299 

particle samples collected in the California Current had a corresponding bulk POC flux sample 300 

collected on the same platform.  The standard error of model parameters was estimated by the 301 

square root of the inverse Hessian matrix. 302 

The best-fit value of A for the six modeled particle categories (0.1×10-9 ± 0.04×10-9 mg 303 

µm-3) falls in the middle of the range of reported carbon densities for fecal pellets (González et 304 

al. 1994; Lundsgaard and Olesen 1997; Urban-Rich et al. 1998).  The values of B less than 1 305 

represent the effect of packaging differences among particle types, with relatively lower carbon 306 

density as particle sizes increase as found by Alldredge (1998). The aggregate B value was 0.80 307 

± 0.05, and dense detritus and large loose fecal pellet B value was 0.83 ± 0.11.  Values of A and 308 

B  were different than those calculated for aggregates by Alldredge (1998) who measured 309 

particles larger than 1 mm3 while nearly all of aggregates observed in this study were smaller.  310 

Our parameters predict the same aggregate POC contents as Alldredge’s parameters for 311 

aggregates with an ESD of 709 µm.  Particles smaller than this size are predicted to have a lower 312 

POC content than would be predicted by Alldredge's parameters.  The best fit parameters for 313 

non-aggregate particle types was not sensitive to whether we used Alldredge's aggregate 314 
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parameters or instead fitted our own. Uncertainty of modeled POC fluxes for a given size bin and 315 

particle class were calculated by multiplying the modeled carbon contents by the calculated 316 

number flux uncertainties.  The uncertainties within each size bin were propagated to estimate 317 

the uncertainty of the total modeled POC flux by each particle type integrated across all sizes.  318 

All particle counts, fluxes, modeled volumes, and modeled POC fluxes across size bins are 319 

presented in Supplemental File 2, including counts of non-sinking particle classes. 320 

 Statistical analyses- A principal component analysis (PCA) was performed to identify 321 

groups of samples with similar relative particle compositions.  The modeled POC flux of each 322 

particle type in a sample was normalized to the total modeled carbon flux in the sample.  The 323 

covariance matrix of this normalized data was calculated using python function numpy.cov. The 324 

scipy.linalg.eig function was used to calculate eigenvalues and vectors from which component 325 

loadings and scores were determined.  326 

 Flux attenuation was assessed for each particle type at locations where traps were 327 

deployed at multiple depths.  Flux attenuation slopes of each particle type from all cruise data 328 

was calculated using the Martin (1987) power law equation:  329 

  Fz = Fref (z/zref)-b (Equation 3) 330 

where carbon flux (Fz) of any particle type at depth (z) is determined by the attenuation 331 

coefficient (b) and the flux at the reference depth (Fref). The reference depth was considered to be 332 

the depth at which photosynthetically active radiation (PAR) was at 1% of surface values.  This 333 

depth was 78 m in the subarctic North Pacific and at 58 m and 43 m at the New England shelf 334 

break in November and June, respectively.  The least-squares, best-fit values for b and Fref 335 

describing log-transformed modeled carbon fluxes were calculated using python's 336 

optimize.minimize function.  The choice of reference depth only affects the best fit value of Fref, 337 
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and does not influence the best fit value of b. To calculate the uncertainty of these parameter 338 

estimates, we generated 200 simulated datasets of modeled POC flux, distributed randomly 339 

within the normal distribution of the measurement uncertainty, which was based on the number 340 

of particles counted.  The mean and standard deviation of modeled parameters were calculated 341 

from all simulations in which the minimization function converged on model parameters.  342 

Attenuation curves were fit to the data only if the standard deviation of modeled parameters (our 343 

measure of uncertainty) was less than 50% of the parameter value.  If the minimization function 344 

never converged on model parameters or the standard deviation of parameter values was greater 345 

than 50%, the data were considered to be inconsistent with a power law flux attenuation model. 346 

 347 

Figure 3.  Particulate organic carbon (POC) fluxes modeled from particle images versus 348 

measured from formalin-preserved bulk collector tubes.  Black line equals 1:1 relationship. 349 

Vertical error bars represent modeled uncertainty in POC flux calculated from the 350 

propagated counting uncertainties of particles (Poisson distribution).  Horizontal error 351 

bars represent analytical uncertainty of combined triplicate tubes for New England (NE) 352 
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shelf deployments and the standard deviation among splits for subtropical Pacific and 353 

California (CA) current deployments. 354 

 355 

Results 356 

Reproducibility and bias across samples 357 

 Modeled POC fluxes reported here may be affected by stochastic collection of particles 358 

in the trap tubes, small-scale spatial variation in particle fluxes among trap platforms, and 359 

collection biases of the trap platforms that collected the fluxes.  To assess the influence of 360 

stochastic particle collection, triplicate gel layers were deployed on the same Wirewalker trap 361 

platform during the November cruise to the New England shelf break (Supplemental Fig. 5a).  362 

Modeled POC fluxes among these three samples were similar, with small variation among 363 

replicates (maximum difference of 2.2 mmol C m-2 d-1, or 35% of the mean flux). The effect of 364 

small-scale spatial variability on modeled POC flux was assessed across duplicate neutrally-365 

buoyant trap platforms deployed at the same time and depth in the subarctic North Pacific 366 

(Supplemental Fig. 5b).  On 2 of 5 occasions the uncertainties in modeled POC fluxes did not 367 

overlap and these differences (1.1-2.2 mmol C m-2 d-1, or 43-113% of mean flux) were slightly 368 

higher than differences among replicate tubes on the same platform (Supplemental Fig. 5a 369 

compared to 5b).  To determine whether modeled POC fluxes were affected by trap platform 370 

type, replicate traps of different platform types were co-deployed on 13 occasions (Supplemental 371 

Fig. 5c, 5d).  The modeled POC flux collected by the Wirewalker trap did not differ from the 372 

flux collected by the neutrally-buoyant trap on the two occasions when they were co-deployed, 373 

suggesting that this unconventional trap design functioned as intended.  The modeled POC flux 374 

collected by the surface-tethered trap was greater than that collected by the neutrally-buoyant 375 
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trap on 8 out of 12 occasions and was never lower than the neutrally-buoyant trap.  This apparent 376 

collection bias is consistent with measured differences in POC fluxes collected by these two 377 

platform types (Estapa et al. in review).  Differences between the modeled POC fluxes collected 378 

by the surface-tethered and neutrally-buoyant traps were comparable to differences caused by 379 

small scale spatial variation (Supplemental Fig 5b) (0.17-7.9 mmol C m-2 d-1, or 31-114% of 380 

mean flux).  Overall, the degree of variability in modeled POC flux among samples and 381 

platforms was consistent with previous sediment trap studies addressing variability in bulk 382 

chemical fluxes (Owens et al. 2013; Baker et al. 2020). 383 

 384 

Flux composition patterns across sites 385 

 Particle export was similar at two locations sampled in the North Pacific subtropical gyre 386 

in February 2017.  All sinking particles were smaller than 1000 µm and primarily composed of 387 

aggregates, dense detritus, and short fecal pellets (Fig. 4).  Particles smaller than 100 µm were 388 

largely composed of mini pellets (7% and 9% of total modeled POC flux at locations 3 and 4).  389 

In the California Current, particles smaller than 1000 µm were similar in composition to those in 390 

the subtropical locations (aggregates, dense detritus, and short fecal pellets, mini pellets).  391 

Modeled POC fluxes in the California Current were also composed of particles larger than 1000 392 

µm including long fecal pellets (35±6% of total flux) and large, loose fecal pellets likely 393 

produced by pyrosomes (10±2% of total flux) (Fig. 4).  Phaeodarian rhizaria also accounted for 394 

18±14% of the POC flux by particles >1000 µm (3±3% of the total modeled POC flux). 395 
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 396 

Figure 4.  Differences in wintertime sinking particle composition in the North Pacific at 397 

a&b) two subtropical locations (locations 3 and 4, Table 1) and c) the California Current at 398 

a depth of 150 m in February 2017. Colors indicate the contribution of each particle type to 399 

the modeled particulate organic carbon (POC) flux in each particle size bin measured as 400 

equivalent spherical diameter (ESD). The mean of all three samples collected concurrently 401 

in the California current are shown. 402 

 Carbon flux at the New England shelf break in November 2015 was dominated by 403 

particles larger than 1000 µm at all depths (50 m - 200 m; 63 ± 14%), largely composed of 404 

phytodetrital aggregates (36 ± 11%) and dense detritus (17 ± 7%) that visibly contained large 405 

diatom cells (e.g. Coscinodiscus; Fig. 5a).  Salp fecal pellets and long fecal pellets composed 406 

most of the remaining POC flux (14 ± 11% and 27 ± 6%, respectively).  In November, modeled 407 

fluxes attenuated with depth similar to measured POC fluxes whereas in June the modeled POC 408 
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fluxes did not match the measured POC fluxes profile as well. June particle fluxes at this 409 

location (Fig. 5b) were very different from November, with long fecal pellets exporting nearly all 410 

sinking carbon at all depths (60-200 m; 83±8%) and attenuated rapidly in the upper 100 m. 411 

 412 

Figure 5.  Depth profiles of mean modeled particulate organic carbon (POC) flux a) at the 413 

New England shelf break in November 2015 and b) June 2016 and in the subarctic North 414 

Pacific during successive sampling periods c) epoch 1, d) epoch 2, and e) epoch 3.  When 415 

replicate trap platforms were deployed at the same depth horizon values indicate the mean 416 

of modeled fluxes (see Table 1).  Top figure in each panel shows modeled POC flux by each 417 

particle type, with colors corresponding to the key in Figure 4.  Bottom figure in each panel 418 

shows mean modeled POC flux by three size categories of particles collected in all traps. 419 
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Dashed line indicates average measured POC fluxes collected in formalin-poisoned trap 420 

tubes.  Error bars indicate the analytical uncertainty of three combined trap tubes. 421 

Horizontal grey line indicates depth of 1% surface photosynthetically active radiation. 422 

 Modeled carbon flux in the subarctic North Pacific was an order of magnitude lower at 423 

all observed depths (95 - 510 m), and matched the scale and general depth profile of measured 424 

fluxes (Estapa et al. in review) even though carbon modeling parameters were not fit from this 425 

location (Fig 5c-e). Particle composition varied drastically with depth and across the three 426 

deployment periods. Long fecal pellets were a major component of carbon export out of the 427 

euphotic zone and attenuated rapidly with depth.  In spite of their small size (<100 µm), 428 

numerically abundant mini pellets contributed between 7% and 36% of the total carbon flux 429 

(mean across depths: 17 ± 9% ).  Salp fecal pellet fluxes were numerically rare (usually 1 or 2 430 

pellets observed per sample and never more than 7), but had an outsized influence on the 431 

magnitude and of carbon flux and varied across the sampling periods. 432 

 433 

 Relationship of particle compositions among samples 434 

 The composition of sinking particles was highly variable across coastal, open ocean, 435 

temperate, and subtropical environments (n=49 samples).  To identify samples with similar 436 

particle compositions, a PCA was performed on the fractional composition of each particle type 437 

within each sample (flux of each particle type normalized to total of all types in a sample; Fig. 438 

6). Variability in relative particle composition among samples was primarily driven by the 439 

contribution of three particle classes to carbon flux: aggregates, long fecal pellet, and salp fecal 440 

pellets (Fig. 6a).  The first principal component accounted for 51% of the variance, and was 441 

dominated by an inverse relationship between relative salp fecal pellet flux and relative long 442 
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fecal pellet flux.  The second principal component accounted for 31% of the variance, was nearly 443 

parallel to increases in relative aggregate flux, and opposed to the relative fluxes of long fecal 444 

pellet flux and salp fecal pellet flux.  Samples appeared to cluster along the directions of these 445 

three dominant particle classes and often separated by location or season (Fig. 6b). An exception 446 

to this pattern was found in the samples collected in the subarctic North Pacific (n=30) over a 447 

period of one month where fluxes were associated with all three of the major particle types (Fig. 448 

6c).  At this location, the dominant particle type varied with depth: long fecal pellets were 449 

exported just below the euphotic zone (~100 m) while aggregates and salp fecal pellets 450 

contributed to most of the carbon export as depth increased. 451 

 452 
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Figure 6.  Principal component analysis of relative particle composition covariance from 453 

nine particle categories in all 49 samples. Carbon fluxes in each sample were normalized to 454 

total flux by all particle types prior to this analysis of the covariance matrix. a) Nine 455 

component vectors with seven labeled. Particles include various fecal pellet types (long, 456 

mini, salp, short), detritus (aggregates and dense), and individual cells such as rhizaria.  457 

Phytoplankton and large loose fecal pellet carbon flux vectors are near the origin and are 458 

not labeled. b) Variation in particle composition across locations and samples. Colors 459 

indicate sample location. c) Variation in particle composition in the subarctic North Pacific 460 

samples only. Colors indicate approximate sampling depth. d) Variation in particle 461 

composition among all sampling locations with relation to total modeled POC fluxes.  462 

Circles sizes indicate magnitude of total modeled POC fluxes in mmol C m-2 d-1. Samples 463 

were collected in the subarctic North Pacific (Pac), the New England (NE) shelf break, and 464 

the California (CA) current. 465 

 466 

 Efficiency of carbon export among particle types 467 

 One, perhaps surprising, result to come from this analysis is that the magnitude of the 468 

modeled flux was not related to the particle type that primarily composed the fluxes.  Each of the 469 

dominant particle types (long fecal pellets, aggregates, or salp fecal pellets) was associated with 470 

both high and low magnitude total carbon flux (Fig. 6d).  Instead, each particle type had a 471 

different effect on the rate at which carbon attenuated with depth (Fig 7, Supplementary Table 472 

2).  Across a spectrum of flux environments and seasons, specific particle types shared similar 473 

attenuation profiles across locations and sampling periods. Aggregate fluxes out of the euphotic 474 

zone attenuated moderately with depth (b = -0.8±0.3).  The attenuation slope of aggregates was 475 
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poorly constrained (>70% uncertainty) when total aggregate fluxes were low in June at the New 476 

England shelf break, and was not included in this assessment.  Long fecal pellet fluxes out of the 477 

euphotic zone attenuated more rapidly with depth (b=-1.8±0.3).  The attenuation slope of long 478 

fecal pellets was poorly constrained at the New England shelf break in November (>90% 479 

uncertainty), and these samples were not considered in the assessment. Mini pellets also 480 

attenuated with depth (b=-1±0.1).  The attenuation slope of mini pellets collected at the New 481 

England shelf break in June was highly uncertain (>70%) and not considered further.  The other 482 

particles that contributed substantially to POC flux (salp fecal pellets, dense detritus, short fecal 483 

pellets) had depth profiles of flux inconsistent with exponential attenuation and, in some cases, 484 

fluxes may have increased with depth. (Fig. 7). 485 

 486 

 487 

Figure 7.  Changes in modeled particulate organic carbon (POC) flux with depth by major 488 

particle types identified by the principal component analysis (PCA).  Large loose fecal 489 
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pellets, phytoplankton and rhizaria fluxes not analyzed here because they were numerically 490 

rare at these locations and/or contributed little to the modeled POC flux.  Fluxes were 491 

normalized to the modeled flux at the 1% photosynthetically active radiation (PAR) light 492 

level (top three panels).  Particle types for which flux attenuation curves could not be 493 

modeled were normalized to the average flux of the shallowest traps (bottom three panels). 494 

Note changes in scale of the x-axes.  Colors indicate sampling location where multiple 495 

depths were observed, including the subarctic North Pacific during all three sampling 496 

epochs, and at the New England shelf break in November 2015 and June 2016.  Error bars 497 

represent the uncertainty of modeled POC flux calculated from the propagated uncertainty 498 

of particle counts (Poisson distribution). Solid lines indicate the slope of attenuation if 499 

uncertainties of this estimate were ≤ 50%.  Dashed lines in top three panels indicate the 500 

slopes that did not fit this criterion. 501 

 502 

Contribution of small particles to carbon export 503 

Particles with an ESD smaller than 100 µm accounted for between 1% and 46% of modeled total 504 

POC fluxes (Fig. 8).  In samples with relatively high total POC fluxes (2-22 mmol C m-2 d-1), the 505 

percent contribution by small particles was 5±3%. At locations where POC flux was lower than 2 506 

mmol C m-2 d-1, the percent contribution of small particles was higher on average (19±13%). 507 

 508 
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 509 

Figure 8. The contribution of small particles to total POC flux. a) Fraction of modeled 510 

particulate organic carbon (POC) flux by small (< 100 µm) particles versus the total 511 

modeled POC flux.  Vertical dashed line separates samples with relatively low (<2 mmol C 512 

m-2 d-1) and high modeled POC flux.  b) Boxplot distribution of the fraction of POC flux by 513 

small particles in samples with low and high modeled POC flux. Horizontal center line 514 

indicates the mean, boxes extend to the first quartile, whiskers indicate the range of 515 

quartiles, and points indicate data outliers. NE = New England, CA = California. 516 

 517 

Discussion  518 

 We quantified the particle types responsible for gravitational carbon export across a range 519 

of ecosystems and seasons through detailed visual observations and measurements.  These 520 

snapshots of carbon export indicated that the relative contribution of aggregates, long fecal 521 

pellets, and salp fecal pellets had the largest effect on the variability of POC composition among 522 

the 49 samples.  Among the nine particle types that represent different carbon flux pathways, no 523 

single type explained the high or low flux magnitudes observed across these disparate 524 

environments. Instead, each particle type showed a different depth attenuation pattern. We 525 
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suggest that identification of particles through imagery can reasonably improve the prediction of 526 

the magnitude of carbon flux and its potential to attenuate with depth. 527 

 Our observations provide momentary snapshots of the biological pump across very 528 

different ecosystems.  Though we did not capture the full range of conditions that occur at any 529 

one location, some general patterns still emerge related to 1) the effect of trophic transformation 530 

of POC on flux attenuation, 2) the influence of episodic fluxes generated by gelatinous 531 

zooplankton, and 3) carbon export by small particles. 532 

 The transfer of carbon to depth appeared to be affected by the degree to which sinking 533 

particles were transformed by zooplankton grazers and microbes.  Particles collected in the 534 

subtropical Pacific were primarily detrital (aggregates, dense detritus) and were likely the most 535 

trophicly-processed particles among all the locations sampled in this study. Based on the depth 536 

attenuation patterns observed at other locations, the abundant small particle types observed in 537 

this environment (mini pellets, short fecal pellets, dense detritus) likely attenuated little with 538 

depth.  These findings are consistent with previous studies of the subtropical gyre that reported 539 

low export but high transfer efficiency (Buesseler and Boyd 2009). At other locations where 540 

sinking particles were primarily generated by mesozooplankton, the effect on flux attenuation 541 

was very different. The large and relatively fast-sinking pellets collected in the California 542 

Current, the New England shelf break in June, and in the subarctic North Pacific were likely 543 

produced by euphausiids, copepods, and amphipods and may have provided a more direct export 544 

pathway out of the surface ocean compared to the subtropical sampling locations.  However, 545 

these long fecal pellets also attenuated very rapidly with depth (b=1.8±0.3), consistent with 546 

previous studies that measured high attenuation of crustacean fecal pellets in the upper water 547 

column (Alldredge et al. 1987; Urban-Rich et al. 1999).  In the subarctic North Pacific, long 548 
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fecal pellets sinking in the upper 100 m of the mesopelagic were likely fragmented and 549 

consumed by mesopelagic zooplankton, respired by bacteria, and/or transferred to other sinking 550 

particle classes (e.g. dense detritus, aggregates).  The food supplied to mesopelagic organisms by 551 

fragmentation of long fecal pellets may ultimately be repackaged into other sinking pellet types 552 

(e.g. short pellets produced by larvaceans).  Based on these observations, we hypothesize that 553 

when mesozooplankton fecal pellets drive fluxes out of the surface ocean, particle 554 

transformations in the mesopelagic will be relatively dynamic due to fragmentation, degradation, 555 

and packaging into other particle categories.  In this study, the least-processed particles were 556 

observed at the New England shelf break in late fall, where large phytodetrital aggregates 557 

dominated POC flux and contained large phytoplankton cells (primarily Coscinodiscus).  This 558 

apparent aggregation and export of a fall diatom bloom attenuated moderately with depth 559 

(b=0.8), similar to the global average b value of 0.86 calculated by Martin et al. (1987).  560 

Phytodetrital aggregates therefore appeared to be a more efficient carbon export pathway than 561 

the long fecal pellets generated by crustaceous zooplankton. 562 

 Our observations also confirmed the episodically influential role of gelatinous 563 

zooplankton in generating sinking particles.  Salp fecal pellets have long been recognized to have 564 

an outsized and episodic influence on carbon export (e.g. Iseki 1981; Bruland and Silver 1981; 565 

Caron et al. 1989), and their importance was reconfirmed during our month-long observations in 566 

the subarctic Pacific.  The low numerical abundance of salp pellets increased the uncertainty of 567 

our estimates, but our observations still suggested that they attenuated little with depth, likely 568 

due to their rapid sinking speeds (>1000 m d-1, Phillips et al. 2009).  The true effect of salp fecal 569 

pellets on carbon export is probably overlooked by many sampling programs, especially in the 570 

upper ocean where trap deployment durations are short and trap collection areas are relatively 571 
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small.  In the California Current, we also observed abundant large-loose pellets that were most 572 

likely generated by pyrosomes.  Episodic pyrosome blooms may also play an outsized role in 573 

carbon export, similar to salps, though the influence of these pellet types has not been studied in 574 

as much detail. 575 

 These observations from distinct flux environments help to better resolve the importance 576 

of small particles (< 100 µm) in the biological carbon pump.  When POC fluxes were relatively 577 

high (>2 mmol C m-2 d-1), small particles consistently contributed around 5% to the total POC 578 

flux, suggesting a constant relationship with large particle flux.  In low flux environments, this 579 

coupling of small particles with large particles appeared to weaken and become more variable, 580 

and their contribution to POC flux increased to 19% on average (range = 1-46%).  These 581 

observations are consistent with previous estimates of carbon flux contributions by small 582 

particles in the low flux Sargasso Sea (18-78%; Durkin et al. 2015) and the higher flux 583 

Porcupine Abyssal Plain (5-25%; Bol et al. 2019).  584 

 Our observations also challenge the conventional wisdom that small particles attenuate 585 

rapidly with depth, and indicate that not all small particles are created equal.  Unlike previous 586 

work (Durkin et al. 2015), we did not observe an increase in the relative contribution of all small 587 

particles to POC flux with depth.  Even so, short fecal pellet fluxes either did not attenuate or 588 

increased with depth in the mesopelagic, likely due to production by mesopelagic zooplankton 589 

such as larvaceans. This observation is consistent with those of Silver and Gowing (1991). Mini 590 

pellet fluxes were elevated in the upper 150 m of the mesopelagic, and decreased at deeper 591 

depths, but are produced by microzooplankton (cilliates, dinoflagellates, phaeodarians, 592 

radiolarians) and hydromedusae (Gowing and Silver 1985) that can reside in the mesopelagic.  593 

Dense detritus did not appear to attenuate with depth, and its source is more uncertain.  These 594 
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particles could be fragmented or amorphous fecal pellets or just very densely packed aggregates.  595 

Some Phaeodarians could also be mistaken for dense detritus (e.g. Phaeogymnocellida, Gowing 596 

and Coale 1989; Nakamura and Suzuki 2015). 597 

 We suggest that small particles attenuated little with depth because these particles are 598 

both produced at depth and have rapid settling speeds relative to their size.  McDonnell and 599 

Buesseler (2010) measured faster average sinking speeds in small particle size classes (<100 600 

µm), and attributed differences to the higher density and streamlined shapes of small particles. 601 

Similarly, Alldredge and Gotshalk (1988) measured lower sinking speeds of aggregates than 602 

would be expected from their size alone, and attributed the discrepancy to the low density and 603 

high drag of these large particles.  The data presented here and in previous studies indicate that 604 

our assumptions about carbon export based on particle sizes should be reevaluated (Iversen and 605 

Lampitt 2020). 606 

 Our experience helped to identify some technical methods that we recommend for future 607 

studies. First, we found that storing gel layers in the freezer prior to imaging is a good alternative 608 

if immediate imaging at sea is not possible.  In some frozen samples, gels contained air bubbles 609 

after thawing which did not always outgas.  Our particle ID protocol excluded these bubbles 610 

from flux calculations, but their presence could still obscure some large particles.  This problem 611 

can be avoided if the entire gel area is imaged at low magnification while at sea before freezing 612 

for additional high magnification imaging on land.  Importantly, the accuracy of imaging after 613 

freezing depended on illumination method.  Even in fresh samples, oblique lighting of particles 614 

was quantitatively better than brightfield illumination at detecting small and translucent particles.  615 

After freezing, particles disrupted by a freeze-thaw processes are increasingly translucent and are 616 

increasingly under-detected by brightfield illumination.  One benefit of brightfield lighting is that 617 
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it requires shorter image exposure times, which can make imaging in rough sea states easier.  618 

Computational processing of brightfield images is also faster because it does not require analysis 619 

of multiple color channels.  However due to the improved informational content and accuracy, 620 

we recommend using oblique lighting to quantify particle POC fluxes.   621 

 Our approach to model POC fluxes from particle imagery can be improved with 622 

additional observations that pair chemical measurements of POC flux with imagery.  In some 623 

locations, our model parameters did not predict variation in POC flux accurately and we do not 624 

know whether that was caused by poor model parameterization or by methodological issues 625 

during a particular cruise. For example, modeled POC flux at the New England shelf break in 626 

June did not match the measured depth attenuation profile of POC flux.  A large number of 627 

amphipods were picked out of the formalin-preserved particles used to measure POC flux and 628 

may have influenced the measurement in an unknown way.  Additionally, the brightfield 629 

illumination used to image the gel layers during this cruise systematically underestimated flux of 630 

translucent and small particles, which could have been an important component of the measured 631 

fluxes.  For example, individual coccolithophore cells (both Emiliania- and Helicosphaera-like) 632 

and terrestrial pollen spores were qualitatively abundant within the gel layers, but could not be 633 

accurately quantified because their sizes (~5-20 µm) were below the resolution of the camera and 634 

they were relatively translucent under brightfield illumination. 635 

 More observations would also improve our parameterization of long fecal pellet carbon 636 

fluxes.  Long pellets have a large influence on modeled POC fluxes but have highly variable 637 

carbon contents that are poorly constrained by a single parameterization. Long fecal pellets are 638 

produced by a variety of organisms whose fecal pellet carbon densities vary across species and 639 

with food availability (Urban-Rich et al. 1998; Atkinson et al. 2012).  Our modeled POC density 640 
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for these pellets (0.1 * 10-9 mgC µm-3) is well within the wide range of published values but 641 

slightly higher than the value used by Wilson et al. (2008), who chose 0.08 mgC mm-3 as a mid-642 

range value.  Discrepancies between our modeled POC fluxes and the measured values could be 643 

caused by the large natural variation in the carbon density in these particle types when these 644 

pellets are a large fraction of the total flux, such as at the New England shelf break in June of 645 

2016.  Additional observations will help us to determine whether additional model parameters 646 

should be added and whether the existing parameters can be refined. 647 

 Current approaches that collect snapshots of carbon export in the mesopelagic cannot 648 

resolve the variability that occurs over days, weeks, and months or the episodic processes that 649 

have an outsize role in carbon export (e.g. salp fecal pellet fluxes).  This study showed extreme 650 

variability in the type of particles and their contribution to flux with depth, and this variability 651 

was evident across seasons or even within a few weeks at the same location.  Understanding this 652 

variability will be required to parameterize models of the biological pump.  To obtain such data, 653 

we need technologies that can make sustained observations that are highly resolved in time.  This 654 

study demonstrates that images of sinking particles can be used to reasonably predict the 655 

magnitude of POC flux and possibly to predict attenuation of flux with depth.  This suggests that 656 

in situ imaging technologies that resolve and identify sinking particles have the potential to 657 

significantly improve quantification and monitoring of the biological carbon pump (Giering et al. 658 

2020).  Efforts to develop these instruments are already underway (Bishop et al. 2016; McGill et 659 

al. 2016; Bourne et al. 2019) and produce images analogous to those analyzed in this study.  If 660 

mechanistic models of the biological pump can reasonably predict the generation of different 661 

particle classes in the euphotic zone, the type of data presented here can be used to extend those 662 

models to accurately predict carbon flux and attenuation through the mesopelagic. 663 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted February 17, 2021. ; https://doi.org/10.1101/2021.02.16.431317doi: bioRxiv preprint 

https://doi.org/10.1101/2021.02.16.431317
http://creativecommons.org/licenses/by-nc-nd/4.0/


 37 

References 664 

 Alldredge, A. 1998. The carbon, nitrogen and mass content of marine snow as a function of 665 

aggregate size. Deep Sea Res. Part I 45: 529–541. doi:10.1016/S0967-0637(97)00048-4 666 

Alldredge, A. L., and C. Gotschalk. 1988. In situ settling behavior of marine snow. Limnol. 667 

Oceanogr. 33: 339–351. doi:10.4319/lo.1988.33.3.0339 668 

Alldredge, A. L., and C. C. Gotschalk. 1989. Direct observations of the mass flocculation of 669 

diatom blooms: characteristics, settling velocities and formation of diatom aggregates. 670 

Deep Sea Res. Part A 36: 159–171. 671 

Alldredge, A. L., C. C. Gotschalk, and S. MacIntyre. 1987. Evidence for sustained residence of 672 

macrocrustacean fecal pellets in surface waters off Southern California. Deep Sea Res. 673 

Part A 34: 1641–1652. doi:10.1016/0198-0149(87)90113-0 674 

Alonso-González, I. J., J. Arístegui, C. Lee, and others. 2010. Role of slowly settling particles in 675 

the ocean carbon cycle. Geophys. Res. Lett. 37: L13608. doi:10.1029/2010GL043827 676 

Atkinson, A., K. Schmidt, S. Fielding, S. Kawaguchi, and P. A. Geissler. 2012. Variable food 677 

absorption by Antarctic krill: Relationships between diet, egestion rate and the 678 

composition and sinking rates of their fecal pellets. Deep Sea Res. Part II 59–60: 147–679 

158. doi:10.1016/j.dsr2.2011.06.008 680 

Baker, C. A., M. L. Estapa, M. Iversen, R. Lampitt, and K. Buesseler. 2020. Are all sediment 681 

traps created equal? An intercomparison study of carbon export methodologies at the 682 

PAP-SO site. Prog. Oceanogr. 184: 102317. doi:10.1016/j.pocean.2020.102317 683 

Baker, C. A., S. A. Henson, E. L. Cavan, and others. 2017. Slow-sinking particulate organic 684 

carbon in the Atlantic Ocean: Magnitude, flux, and potential controls. Glob. Biogeochem. 685 

Cycles 31: 1051–1065. doi:10.1002/2017GB005638 686 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted February 17, 2021. ; https://doi.org/10.1101/2021.02.16.431317doi: bioRxiv preprint 

https://doi.org/10.1101/2021.02.16.431317
http://creativecommons.org/licenses/by-nc-nd/4.0/


 38 

Barth, J. A., T. J. Cowles, P. M. Kosro, R. K. Shearman, A. Huyer, and R. L. Smith. 2002. 687 

Injection of carbon from the shelf to offshore beneath the euphotic zone in the California 688 

Current. J. Geophys. Res. Oceans 107: 10–1. doi:10.1029/2001JC000956 689 

Bishop, J. K. B., M. B. Fong, and T. J. Wood. 2016. Robotic observations of high wintertime 690 

carbon export in California coastal waters. Biogeosciences 13: 3109–3129. 691 

Bol, R., S. A. Henson, A. Rumyantseva, and N. Briggs. 2018. High-Frequency Variability of 692 

Small-Particle Carbon Export Flux in the Northeast Atlantic. Glob. Biogeochem. Cycles 693 

32: 1803–1814. doi:10.1029/2018GB005963 694 

Bourne, H. L., J. K. B. Bishop, T. J. Wood, T. J. Loew, and Y. Liu. 2019. Carbon Flux Explorer 695 

optical assessment of C, N and P fluxes. Biogeosciences 16: 1249–1264. doi:10.5194/bg-696 

16-1249-2019 697 

Boyd, P. W., H. Claustre, M. Levy, D. A. Siegel, and T. Weber. 2019. Multi-faceted particle 698 

pumps drive carbon sequestration in the ocean. Nature 568: 327–335. 699 

doi:10.1038/s41586-019-1098-2 700 

Boyd, P. W., and T. W. Trull. 2007. Understanding the export of biogenic particles in oceanic 701 

waters: Is there consensus? Prog. Oceanogr. 72: 276–312. 702 

doi:10.1016/j.pocean.2006.10.007 703 

Briggs, N., G. Dall’Olmo, and H. Claustre. 2020. Major role of particle fragmentation in 704 

regulating biological sequestration of CO2 by the oceans. Science 367: 791. 705 

doi:10.1126/science.aay1790 706 

Briggs, N., M. J. Perry, I. Cetinić, C. Lee, E. D’Asaro, A. M. Gray, and E. Rehm. 2011. High-707 

resolution observations of aggregate flux during a sub-polar North Atlantic spring bloom. 708 

Deep Sea Res. Part I 58: 1031–1039. doi:10.1016/j.dsr.2011.07.007 709 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted February 17, 2021. ; https://doi.org/10.1101/2021.02.16.431317doi: bioRxiv preprint 

https://doi.org/10.1101/2021.02.16.431317
http://creativecommons.org/licenses/by-nc-nd/4.0/


 39 

Bruland, K. W., and M. W. Silver. 1981. Sinking rates of fecal pellets from gelatinous 710 

zooplankton (Salps, Pteropods, Doliolids). Mar. Biol. 63: 295–300. 711 

doi:10.1007/BF00395999 712 

Buesseler, K. O., and P. W. Boyd. 2009. Shedding light on processes that control particle export 713 

and flux attenuation in the twilight zone of the open ocean. Limnol. Oceanogr. 54: 1210. 714 

Buesseler, K. O., C. H. Lamborg, P. W. Boyd, and others. 2007. Revisiting carbon flux through 715 

the ocean’s twilight zone. Science 316: 567–570. 716 

Caron, D. A., L. P. Madin, and J. J. Cole. 1989. Composition and degradation of salp fecal 717 

pellets: Implications for vertical flux in oceanic environments. J. Mar. Res. 47: 829–850. 718 

doi:10.1357/002224089785076118 719 

Durkin, C. A., M. L. Estapa, and K. O. Buesseler. 2015. Observations of carbon export by small 720 

sinking particles in the upper mesopelagic. Mar. Chem. 175: 72–81. 721 

doi:10.1016/j.marchem.2015.02.011 722 

Estapa, M., K. O. Buesseler, C. A. Durkin, and others. in review. Biogenic sinking particle fluxes 723 

and sediment trap collection efficiency at Ocean Station Papa. Elementa. 724 

Estapa, M. L., K. Buesseler, E. Boss, and G. Gerbi. 2013. Autonomous, high-resolution 725 

observations of particle flux in the oligotrophic ocean. Biogeosciences 10: 5517–5531. 726 

doi:10.5194/bg-10-5517-2013 727 

Estapa, M., J. Valdes, K. Tradd, J. Sugar, M. Omand, and K. Buesseler. 2020. The neutrally 728 

buoyant sediment trap: two decades of progress. J. Atmospheric Ocean. Technol. 729 

doi:10.1175/JTECH-D-19-0118.1 730 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted February 17, 2021. ; https://doi.org/10.1101/2021.02.16.431317doi: bioRxiv preprint 

https://doi.org/10.1101/2021.02.16.431317
http://creativecommons.org/licenses/by-nc-nd/4.0/


 40 

Fowler, S. W., and G. A. Knauer. 1986. Role of large particles in the transport of elements and 731 

organic compounds through the oceanic water column. Prog. Oceanogr. 16: 147–194. 732 

doi:10.1016/0079-6611(86)90032-7 733 

Giering, S. L. C., E. L. Cavan, S. L. Basedow, and others. 2020. Sinking Organic Particles in the 734 

Ocean—Flux Estimates From in situ Optical Devices. Front. Mar. Sci. 6: 834. 735 

doi:10.3389/fmars.2019.00834 736 

González, H. E., S. R. González, and G.-J. A. Brummer. 1994. Short-term sedimentation pattern 737 

of zooplankton, faeces and microplankton at a permanent station in the Bjørnafjorden 738 

(Norway) during April–May 1992. Mar. Ecol. Prog. Ser. 105: 31–45. 739 

Gowing, M. M., and S. L. Coale. 1989. Fluxes of living radiolarians and their skeletons along a 740 

northeast Pacific transect from coastal upwelling to open ocean waters. Deep Sea Res. 741 

Part A 36: 561–576. doi:10.1016/0198-0149(89)90006-X 742 

Gowing, M. M., and M. W. Silver. 1985. Minipellets: A new and abundant size class of marine 743 

fecal pellets. J. Mar. Res. 43: 395–418. doi:10.1357/002224085788438676 744 

Henson, S. A., R. Sanders, E. Madsen, P. J. Morris, F. Le Moigne, and G. D. Quartly. 2011. A 745 

reduced estimate of the strength of the ocean’s biological carbon pump. Geophys. Res. 746 

Lett. 38: L04606. doi:10.1029/2011GL046735 747 

Huffard, C. L., C. A. Durkin, S. E. Wilson, P. R. McGill, R. Henthorn, and K. L. Smith. 2020. 748 

Temporally-resolved mechanisms of deep-ocean particle flux and impact on the seafloor 749 

carbon cycle in the northeast Pacific. Deep Sea Res. Part II 173: 104763. 750 

doi:10.1016/j.dsr2.2020.104763 751 

Iseki, K. 1981. Particulate organic matter transport to the deep sea by salp fecal pellets. Mar Ecol 752 

Prog Ser 5: 55–60. 753 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted February 17, 2021. ; https://doi.org/10.1101/2021.02.16.431317doi: bioRxiv preprint 

https://doi.org/10.1101/2021.02.16.431317
http://creativecommons.org/licenses/by-nc-nd/4.0/


 41 

Iversen, M. H., and R. S. Lampitt. 2020. Size does not matter after all: No evidence for a size-754 

sinking relationship for marine snow. Prog. Oceanogr. 189: 102445. 755 

doi:10.1016/j.pocean.2020.102445 756 

Iversen, M. H., E. A. Pakhomov, B. P. V. Hunt, H. van der Jagt, D. Wolf-Gladrow, and C. Klaas. 757 

2017. Sinkers or floaters? Contribution from salp pellets to the export flux during a large 758 

bloom event in the Southern Ocean. Deep Sea Res. Part II 138: 116–125. 759 

doi:10.1016/j.dsr2.2016.12.004 760 

Knauer, G. A., J. H. Martin, and K. W. Bruland. 1979. Fluxes of particulate carbon, nitrogen, 761 

and phosphorus in the upper water column of the northeast Pacific. Deep Sea Res. Part A 762 

26: 97–108. doi:10.1016/0198-0149(79)90089-X 763 

Lamborg, C. H., K. O. Buesseler, J. Valdes, and others. 2008. The flux of bio- and lithogenic 764 

material associated with sinking particles in the mesopelagic “twilight zone” of the 765 

northwest and North Central Pacific Ocean. Deep Sea Res. Part II 55: 1540–1563. 766 

doi:10.1016/j.dsr2.2008.04.011 767 

Lundsgaard, C., and M. Olesen. 1997. The origin of sedimenting detrital matter in a coastal 768 

system. Limnol. Oceanogr. 42: 1001–1005. doi:10.4319/lo.1997.42.5.1001 769 

Maier-Reimer, E., U. Mikolajewicz, and A. Winguth. 1996. Future ocean uptake of CO2: 770 

interaction between ocean circulation and biology. Clim. Dyn. 12: 711–722. 771 

doi:10.1007/s003820050138 772 

Martin, J. H. 1990. Glacial-interglacial CO2 change: The Iron Hypothesis. Paleoceanography 5: 773 

1–13. doi:10.1029/PA005i001p00001 774 

Martin, J. H., G. A. Knauer, D. M. Karl, and W. W. Broenkow. 1987. VERTEX: carbon cycling 775 

in the northeast Pacific. Deep Sea Res. Part A 34: 267–285. 776 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted February 17, 2021. ; https://doi.org/10.1101/2021.02.16.431317doi: bioRxiv preprint 

https://doi.org/10.1101/2021.02.16.431317
http://creativecommons.org/licenses/by-nc-nd/4.0/


 42 

McDonnell, A. M., and K. Buesseler. 2010. Variability in the average sinking velocity of marine 777 

particles. Limnol. Oceanogr. 55: 2085–2096. 778 

McGill, P. R., R. G. Henthorn, L. E. Bird, C. L. Huffard, D. V. Klimov, and K. L. Smith. 2016. 779 

Sedimentation event sensor: New ocean instrument for in situ imaging and fluorometry of 780 

sinking particulate matter. Limnol. Oceanogr. Methods 14: 853–863. 781 

doi:10.1002/lom3.10131 782 

Menden-Deuer, S., and E. J. Lessard. 2000. Carbon to volume relationships for dinoflagellates, 783 

diatoms, and other protist plankton. Limnol. Oceanogr. 45: 569–579. 784 

Nakamura Y., Suzuki N. (2015) Phaeodaria: Diverse Marine Cercozoans of World-Wide 785 

 Distribution. In: S. Ohtsuka, T. Suzaki, T. Horiguchi, N. Suzuki, F. Not [eds], Marine 786 

 Protists. Springer. 787 

Omand, M. M., E. A. D’Asaro, C. M. Lee, M. J. Perry, N. Briggs, I. Cetinić, and A. Mahadevan. 788 

2015. Eddy-driven subduction exports particulate organic carbon from the spring bloom. 789 

Science 348: 222–225. 790 

Owens, S. A., K. O. Buesseler, C. H. Lamborg, J. Valdes, M. W. Lomas, R. J. Johnson, D. K. 791 

Steinberg, and D. A. Siegel. 2013. A new time series of particle export from neutrally 792 

buoyant sediments traps at the Bermuda Atlantic Time-series Study site. Deep Sea Res. 793 

Part I 72: 34–47. doi:10.1016/j.dsr.2012.10.011 794 

Passow, U., A. L. Alldredge, and B. E. Logan. 1994. The role of particulate carbohydrate 795 

exudates in the flocculation of diatom blooms. Deep Sea Res. Part I 41: 335–357. 796 

Passow, U., and C. A. Carlson. 2012. The biological pump in a high CO₂ world. Mar. Ecol. Prog. 797 

Ser. 470: 249–272. 798 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted February 17, 2021. ; https://doi.org/10.1101/2021.02.16.431317doi: bioRxiv preprint 

https://doi.org/10.1101/2021.02.16.431317
http://creativecommons.org/licenses/by-nc-nd/4.0/


 43 

Phillips, B., P. Kremer, and L. P. Madin. 2009. Defecation by Salpa thompsoni and its 799 

contribution to vertical flux in the Southern Ocean. Mar. Biol. 156: 455–467. 800 

doi:10.1007/s00227-008-1099-4 801 

Picheral, M., L. Guidi, L. Stemmann, D. M. Karl, G. Iddaoud, and G. Gorsky. 2010. The 802 

Underwater Vision Profiler 5: An advanced instrument for high spatial resolution studies 803 

of particle size spectra and zooplankton. Limnol. Oceanogr.-Methods 8: 462–473. 804 

Rainville, L., and R. Pinkel. 2001. Wirewalker: An Autonomous Wave-Powered Vertical 805 

Profiler. J. Atmospheric Ocean. Technol. 18: 1048–1051. doi:10.1175/1520-806 

0426(2001)018<1048:WAAWPV>2.0.CO;2 807 

Schneider, C. A., W. S. Rasband, and K. W. Eliceiri. 2012. NIH Image to ImageJ: 25 years of 808 

image analysis. Nat. Methods 9: 671. 809 

Siegel, D. A. in review. Overview of the EXport Processes in the Ocean from RemoTe Sensing 810 

(EXPORTS) Northeast Pacific Field Deployment. Elementa. 811 

Siegel, D. A., K. O. Buesseler, S. C. Doney, S. F. Sailley, M. J. Behrenfeld, and P. W. Boyd. 812 

2014. Global assessment of ocean carbon export by combining satellite observations and 813 

food-web models. Glob. Biogeochem. Cycles 28. doi:10.1002/2013GB004743 814 

Silver, M. W., and K. W. Bruland. 1981. Differential feeding and fecal pellet composition of 815 

salps and pteropods, and the possible origin of the deep-water flora and olive-green 816 

“Cells.” Mar. Biol. 62: 263–273. doi:10.1007/BF00397693 817 

Smith, K. L., H. A. Ruhl, C. L. Huffard, M. Messié, and M. Kahru. 2018. Episodic organic 818 

carbon fluxes from surface ocean to abyssal depths during long-term monitoring in NE 819 

Pacific. Proc. Natl. Acad. Sci. 115: 12235. doi:10.1073/pnas.1814559115 820 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted February 17, 2021. ; https://doi.org/10.1101/2021.02.16.431317doi: bioRxiv preprint 

https://doi.org/10.1101/2021.02.16.431317
http://creativecommons.org/licenses/by-nc-nd/4.0/


 44 

Stukel, M. R., L. I. Aluwihare, K. A. Barbeau, and others. 2017. Mesoscale ocean fronts enhance 821 

carbon export due to gravitational sinking and subduction. Proc. Natl. Acad. Sci. 114: 822 

1252–1257. doi:10.1073/pnas.1609435114 823 

Stukel, M. R., T. Biard, J. Krause, and M. D. Ohman. 2018. Large Phaeodaria in the twilight 824 

zone: Their role in the carbon cycle. Limnol. Oceanogr. 63: 2579–2594. 825 

doi:10.1002/lno.10961 826 

Turner, J. 2002. Zooplankton fecal pellets, marine snow and  sinking phytoplankton blooms. 827 

Aquat. Microb. Ecol. 27: 57–102. 828 

Turner, J. T. 2015. Zooplankton fecal pellets, marine snow, phytodetritus and the ocean’s 829 

biological pump. Prog. Oceanogr. 130: 205–248. doi:10.1016/j.pocean.2014.08.005 830 

Urban-Rich, J., D. A. Hansell, and M. R. Roman. 1998. Analysis of copepod fecal pellet carbon 831 

using a high temperature combustion method. Mar. Ecol. Prog. Ser. 171: 199–208. 832 

Urban-Rich, J., E. Nordby, I. J. Andreassen, P. Wassman, and T. Høisæter. 1999. Contribution 833 

by mezooplankton focal pellets to the carbon flux on Nordvestkbanken, north Norwegian 834 

shelf in 1994. Sarsia 84: 253–264. doi:10.1080/00364827.1999.10420430 835 

Wilson, S. E., D. K. Steinberg, and K. O. Buesseler. 2008. Changes in fecal pellet characteristics 836 

with depth as indicators of zooplankton repackaging of particles in the mesopelagic zone 837 

of the subtropical and subarctic North Pacific Ocean. Deep Sea Res. Part II 55: 1636–838 

1647. 839 

 840 

Acknowledgements 841 

This work was supported by an NSF EAGER award to CAD (OCE-1703664), MLE (OCE-842 

1703422), and MO (OCE-1703336), and also by the NASA EXPORTS program 843 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted February 17, 2021. ; https://doi.org/10.1101/2021.02.16.431317doi: bioRxiv preprint 

https://doi.org/10.1101/2021.02.16.431317
http://creativecommons.org/licenses/by-nc-nd/4.0/


 45 

(80NSSC17K0662), a NASA New Investigator award to MLE (NNX14AM01G), the Rhode 844 

Island Endeavor Program (RIEP), NASA's PACE mission, and the Schmidt Ocean Institute. We 845 

thank the captains and crews of the R/V Endeavor, R/V Falkor, and R/V Revelle who made this 846 

research possible. This work was greatly assisted and improved by the science parties of the 847 

EN572, EN581, Sea to Space, and EXPORTS expeditions, and also by Alyson Santoro, Dave 848 

Siegel, Jason Graff, Debbie Steinberg, Karen Stamieszken, Jessica Sheu, Annie Bodel, Steven 849 

Pike, Jessica Drysdale, Elly Breves, and Tom Connolly. The authors have no conflicts of interest 850 

to report. 851 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted February 17, 2021. ; https://doi.org/10.1101/2021.02.16.431317doi: bioRxiv preprint 

https://doi.org/10.1101/2021.02.16.431317
http://creativecommons.org/licenses/by-nc-nd/4.0/


Supplemental Tables and Figures 

 

 

Supplemental Figure 1. Map of sampling locations in the North Pacific Ocean (locations 3-

8) and North Atlantic Ocean (locations 1-2).  The continent of North America is shaded in 

black.  Numbers correspond to locations in Table 1. 
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Supplemental Figure 2.  Effect of sample illumination method on detection and modeling of 

particulate organic carbon (POC) flux in 5 samples collected during the FK170124 cruise. 

a) Total modeled POC flux under brightfield (BF) versus oblique (Obl) illumination. b) 

Modeled POC flux of each particle type under brightfield versus oblique illumination. c) 

Same as panel B but scaled to highlight particles types with low POC fluxes.  Error bars 

indicate the propagated uncertainty calculated from the number of particles counted in 

each classification and size bin.  Dashed line indicates a 1:1 relationship. fp=fecal pellet. 
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Supplemental Figure 3. Effect of freezing gel samples on the total particulate organic 

carbon (POC) flux modeled from three samples collected during the FK170124 cruise.  

Samples were imaged immediately after collection and again after freezing and thawing 

under both brightfield and oblique illumination.  Error bars indicate the propagated 

uncertainty calculated from the number of particles counted in each classification and size 

bin. 
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Supplemental Figure 4. Relationship between manually measured fecal pellet widths and 

their equivalent spherical diameter (ESD). A representative subset (n) of a) long fecal 

pellets, b) large-loose fecal pellets, c) short fecal pellets, and d) salp fecal pellets were 

measured from all sampling locations.  Dashed line represents a slope of 1, grey line is the 

relationship used for each pellet type. CA = California, NE= New England shelf break. 
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Supplemental Figure 5. Reproducibility of modeled particulate organic carbon (POC) 

fluxes based on a) intraplatform stochasticity in particle collection, b) interplatform 

variability at small spatial scales and c&d) differences in trap platform types. a) POC flux 

modeled from three gel layers on the same Wirewalker (WW) trap deployed at 150 m at 

the New England (NE) shelf break in November.  b) POC fluxes modeled from samples 

collected by duplicate neutrally-buoyant sediment traps (NBST) deployed at the same time 

and depth in the subarctic North Pacific.  Deployment periods denoted by E1 (epoch 1), E2 

(epoch 2), and E3 (epoch 3). c&d) POC flux modeled from samples collected by different 

trap platforms deployed at the same time and depth. c) Samples collected in the California 

(CA current) and New England shelf break. d) Samples collected in the subarctic North 

Pacific.  Replicates of the same platform type were averaged in panels c&d.  Error bars 
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indicate the propagated uncertainty calculated from the number of particles counted in 

each classification and size bin.   
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Supplemental Table 1. Flux attenuation slopes (b values) of major particle types identified 

by the PCA. Uncertainties associated with the b value of each deployment indicate the 

standard deviation of randomly generated data normally distributed within individual flux 

uncertainties.  Grey values were poorly modeled by the observations due to low 

observations of the particle type at the location or because their fluxes did attenuate 

exponentially with depth.  The mean across deployments includes well constrained (bold) 

values and the standard deviation among those values. Location include the New England 

(NE) shelf break and the subarctic North Pacific (Pac) during the sampling "epochs" E1, 

E2, and E3. 

Deployment aggregate 
long fecal 

pellets 
mini pellets 

dense 

detritus 

salp fecal 

pellets 

short fecal 

pellets 

NE shelf Nov 0.8±0.1 0.3±0.2 1±0.3 1±0.2 
no 

convergence 
0.9±0.4 

NE shelf June 0.1±0.2 1.6±0.1 0.2±0.2 0.05±0.09 0.02±0.06 0.02±0.05 

subarctic Pac. 

E1 
0.5±0.05 1.6±0.2 1.1±0.2 0.2±0.1 0.1±0.2 0.1±0.2 

subarctic Pac. 

E2 
0.6±0.08 1.8±0.2 0.8±0.1 0.02±0.05 

no 

convergence 
0.03±0.1 

subarctic Pac. 

E3 
1.2±0.08 2.3±0.2 1.1±0.2 0.4±0.2 

no 

convergence 
0.07±0.2 

mean ± std 0.8±0.3 1.8±0.3 1±0.1 NA NA NA 
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Supplemental Methods 

Particulate organic carbon fluxes- Particulate organic carbon (POC) was determined using 

slightly different methodologies on the Endeavor, Falkor, and EXPORTS cruises because of 

differences in the sampling objectives of the projects.  For instance, parallel collection of 

samples for the radionuclide 234Th during EXPORTS (Estapa et al., in revision) required 

substitution of low-background QMA filters for GF/F filters, and the availability of different 

analytical techniques for particulate inorganic carbon varied among projects. The reader is 

directed to Chaves et al. (in review) for detailed discussion of the different methods’ caveats.  

Particulate organic carbon collected from Endeavor deployments was determined directly by 

fuming dry GF/F filters over concentrated hydrochloric acid for 24 h, followed by combustion 

elemental analysis (Exeter Analytical CE-440).  Particulate organic carbon collected from Falkor 

deployments was determined by difference between total carbon (TC) and particulate inorganic 

carbon (PIC) on different sample splits.  Total carbon was determined by combustion elemental 

analysis of a GF/F split.  Particulate inorganic carbon was determined after filtering onto 

polycarbonate membranes and rinsing with pH 8.5-buffered Milli-Q water.  Membrane filters 

were dried, acidified (5% HNO3), and dissolved calcium and sodium were determined using 

flame atomic absorption spectroscopy (PerkinElmer AAnalyst 800).  Particulate inorganic 

carbon from the equivalent calcium carbonate was computed after a small sea salt correction 

based on the dissolved sodium concentration.  Particulate organic carbon was determined as the 

difference between TC and PIC.  Particulate organic carbon samples collected from the 

EXPORTS deployments was measured similarly to the Falkor deployments as the TC-PIC 

difference, but PIC was determined from QMA filters after β-counting for 234Th fluxes, 

gravimetric splitting, and then coulometric analysis (Honjo et al. 2000).  Bulk POC fluxes to 
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EXPORTS traps were not used to constrain the image-based particle carbon model presented 

below because large numbers of swimmers were present in the EXPORTS trap deployments.  

Instead, the particle area fluxes to the gels were used to help perform a correction for swimmer 

carbon remaining in trap samples after picking, described in detail by Estapa et al. (in review).  

All POC flux data are available at 

https://seabass.gsfc.nasa.gov/archive/SKIDMORE/estapa/EXPORTS/EXPORTSNP (last 

accessed 6/2/2020), 

https://seabass.gsfc.nasa.gov/archive/SKIDMORE/estapa/Opt_Sed_Trap_Cal (last accessed 

6/2/2020), and https://www.bco-dmo.org/dataset/765429 (last accessed 6/2/2020).   

 

Image processing and particle detection  

All brightfield-illuminated images were converted to unsigned integers of 8 bits (uint8) greyscale 

using the skimage.color.rgb2grey function, which applies the equation Y = (0.2125´red) + 

(0.7154´green) +(0.0721´blue).  To remove the background from each brightfield image, the 

median pixel value calculated from a blank gel image was subtracted from a median filtered 

greyscale image and this median-filtered difference was then subtracted from the uint8 greyscale 

image.  To identify particle candidates, a threshold filter was applied to the greyscale images to 

select the darkest pixels, creating a binary image.  All holes in the binary particle image were 

filled using ndimage.morphology.binary_fill_holes function in Python's scipy.  

 Because out-of-focus particles and other noise in the image can also be detected by a 

simple thresholding filter of pixel brightness, additional processing steps were taken to identify 

only particles with in-focus outer edges. A Sobel filter was applied to the greyscale images to 

identify locations where large changes in pixel brightness occur over a small area (i.e. edge 
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detection).  An eroded particle mask was created from the binary image of particle candidates 

and was used to mask the interior pixels of the Sobel filtered image.  A brightness threshold was 

applied to the masked, Sobel-filtered image to identify locations with sharp gradients in pixel 

brightness that occurred on the outer edges of particle candidates.  Finally, particles were 

recorded if locations with in-focus edges overlapped with pixel locations of particle candidates 

identified in the binary image.  The pixel area, location, and the Sobel-filter edge brightness of 

each particle were recorded (Fig. 1a). 

The background of an obliquely-lit image has an intermediate pixel brightness, so 

particles with intermediate brightness, such as brown fecal pellets, will not be detected by a 

simple thresholding approach sensitive only to the brightest and darkest pixels.  For this reason, 

color channels were also incorporated into analysis of obliquely-lit micrographs. Otherwise, the 

oblique analysis was identical to the processing steps used for brightfield images.  To remove the 

background from obliquely lit images, these same background-removal calculations were applied 

to the greyscale, red, and blue image channels separately.  To highlight brown particles with 

intermediate pixel brightness, the background-removed blue channel image was subtracted from 

the background-removed red channel image.  To detect particle candidates, a threshold filter was 

applied to detect the brightest and darkest pixels in the greyscale image and the brightest pixels 

in the red channel-minus-blue-channel image.  The in-focus particles were then identified and 

recorded in the same way as described for the brightfield images. 

Some large particles were detected within multiple focal planes of the same field of view.  To 

avoid counting the same particle more than once, additional processing steps were applied to 

remove duplicates from the measured particle dataset within each field of view.  For each 

particle in an image, neighboring particles were detected within 150 pixels of the particle 
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location’s bounding box.  This neighboring area size was chosen due to the design of the 

microscope, whose focusing mechanism shifts the image side-to-side, and the rocking of the 

ship, which caused slight movement of particles while imaging.  Neighboring particles were 

considered duplicates if their areas were within 70% of each other and they were imaged in 

different focal planes. The 70% area threshold was selected by manually checking a subset of the 

images. Even so, a small number of particles may have been counted twice while another small 

number of particles may have been incorrectly identified as duplicates and omitted from 

enumeration.  The particle with the sharpest edges based on the Sobel-filtered edge brightness 

values was retained in the dataset for further analysis (Fig. 1b). 

 Measured properties of each particle included surface area (µm2), major axis length (µm), 

minor axis length (µm), perimeter, pixel coordinates of the bounding box, and coordinates of 

each pixel in the particle.  Equivalent spherical diameter (ESD) was also calculated from the 

surface area and recorded along with image file names, field of view, and focal plane.  The data 

from every measured particle detected in a sample at a single magnification was saved as a 

comma-delimited text file. The particle measurements from all four magnifications were then 

combined and each particle image was extracted from original gel micrographs and saved into a 

directory of individual particle images for that sample. 

 

Chaves, J. E., I. Cetinić, G. Dall’Olmo, and others. in review. Particulate organic carbon 

sampling and measurement protocols: consensus towards future ocean color missions, In 

IOCCG Ocean Optics and Biogeochemistry Protocols for Satellite Ocean Colour Sensor 

Validation. IOCCG Protocol Series. 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted February 17, 2021. ; https://doi.org/10.1101/2021.02.16.431317doi: bioRxiv preprint 

https://doi.org/10.1101/2021.02.16.431317
http://creativecommons.org/licenses/by-nc-nd/4.0/


Estapa, M., K. O. Buesseler, C. A. Durkin, and others. in review. Biogenic sinking particle fluxes 

and sediment trap collection efficiency at Ocean Station Papa. Elementa. 

Honjo, S., R. Francois, S. Manganini, J. Dymond, and R. Collier. 2000. Particle fluxes to the 

interior of the Southern Ocean in the Western Pacific sector along 170°W. US South. 

Ocean JGOFS Program AESOPS 47: 3521–3548. doi:10.1016/S0967-0645(00)00077-1 

 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted February 17, 2021. ; https://doi.org/10.1101/2021.02.16.431317doi: bioRxiv preprint 

https://doi.org/10.1101/2021.02.16.431317
http://creativecommons.org/licenses/by-nc-nd/4.0/

