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Abstract

The composition of sinking particles and the mechanisms leading to their transport ultimately control how

much carbon is naturally sequestered in the deep ocean by the “biological pump.” While detrital particles often

contain much of the sinking carbon, sinking of intact phytoplankton cells can also contribute to carbon export,

which represents a direct flux of carbon from the atmosphere to the deep ocean by circumventing the surface

ocean food web. Phytoplankton that contributed to carbon flux were identified in sinking material collected by

short-term sediment trap deployments conducted along a transect off the eastern shore of South America. Particu-

late organic carbon flux at 125 m depth did not change significantly along the transect. Instead, changes occurred

in the composition and association of phytoplankton with detrital particles. The fluxes of diatoms, coccolitho-

phores, dinoflagellates, and nano-sized cells at 125 m were unrelated to the overlying surface population abundan-

ces, indicating that functional-group specific transport mechanisms were variable across locations. The dominant

export mechanism of phytoplankton at each station was putatively identified by principal component analysis and

fell into one of three categories; (1) transport and sinking of individual, viable diatom cells, (2) transport by aggre-

gates and fecal pellets, or (3) enhanced export of coccolithophores through direct settling and/or aggregation.

Sinking particles in the ocean are composed of both

organisms (e.g., phytoplankton and zooplankton) and detri-

tal material (e.g., fecal pellets and aggregates). Together these

particles contribute to the biological pump: the process by

which carbon is exported from the surface ocean, where it is

in semi-equilibrium with the atmosphere, and naturally

sequestered in the deep ocean (Volk and Hoffert 1985). Esti-

mates of the amount of carbon transported to the deep

ocean by sinking particles vary widely (Boyd and Trull 2007;

Henson et al. 2011; Siegel et al. 2014), in part because the

production of sinking particles depends on complex ecologi-

cal processes, which yield particles with different carbon

content and sinking velocities (De La Rocha and Passow

2007). Resolving the composition of sinking particles and

characterizing the ecological processes that produce them is

necessary to identify the mechanisms causing variability in

carbon export in the ocean.

The composition of sinking particles can affect both the

magnitude and efficiency of carbon flux from the surface

ocean through the mesopelagic zone and into the deep ocean

(Boyd and Newton 1999; Wilson et al. 2008; Wiedmann

et al. 2014). Detrital material often composes the largest frac-

tion of sinking particulate organic carbon (POC) (Fowler and

Knauer 1986; Guidi et al. 2008b). Several studies have identi-

fied changes in the abundance and composition of large fecal

pellets and organic aggregates by examining particles individ-

ually (Ebersbach and Trull 2008; Guidi et al. 2008a; Wied-

mann et al. 2014), and have linked these observations to

changes in the magnitude and efficiency (i.e., attenuation

with depth) of carbon flux (Wilson et al. 2008; Wiedmann

et al. 2014). Depending on the study location and season,

either aggregates or fecal pellets can be responsible for similar

proportions of carbon flux (Waite and Nodder 2001; Ebers-

bach and Trull 2008), suggesting that particle identification

is important to determine the particular ecological mecha-

nism that drives carbon flux at specific locations and times.
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The composition of the phytoplankton community also

affects the magnitude and efficiency of carbon export. Dia-

toms and coccolithophores may have a strong influence on

carbon flux because their biomineral frustules and coccoliths

provide ballast that increases the sinking speed of particles

(Armstrong et al. 2002; Klaas and Archer 2002). Averaged over

many observations, the biomineral produced by coccolitho-

phores, calcium carbonate, has been associated with low car-

bon flux and high efficiency carbon export whereas the

biomineral produced by diatoms, silica, has been linked with

high carbon flux and low efficiency carbon export (Armstrong

et al. 2002; Klaas and Archer 2002; Lam et al. 2011). However,

at any individual time or location, the mechanistic connec-

tion between phytoplankton biominerals and particle flux is

often inconsistent (Trull et al. 2008), causing some to ques-

tion the degree to which phytoplankton biominerals control

carbon flux (De La Rocha and Passow 2007). The magnitude

and efficiency of particle flux at a single location changes sea-

sonally, likely due to changes in the phytoplankton commu-

nity and the degree of grazing and degradation that occurs

before particles sink out of the euphotic zone (Boyd and New-

ton 1999; Buesseler and Boyd 2009). Identifying how phyto-

plankton become associated with sinking particles could help

explain variability in both the magnitude and efficiency of

carbon flux across locations and over time.

Phytoplankton can become associated with sinking par-

ticles by three primary mechanisms. The first and most

direct mechanism of phytoplankton transport is gravita-

tional settling of individual phytoplankton cells. Phyto-

plankton tend to sink faster when they experience low

nutrient conditions (Smayda 1971; Bienfang et al. 1982),

providing a possible adaptive advantage by transporting

cells out of unfavorable surface conditions (Smetacek 1985).

In several studies, the observed sinking speed of individual

cells was not fast enough to effectively transport phyto-

plankton from the surface ocean (Smayda 1971; Kiørboe

et al. 1996; Waite and Nodder 2001), while in other studies

individual phytoplankton cells with increased sinking

speeds were capable of sinking out of the surface ocean

(Waite et al. 1992a,b). It is not clear under what conditions

individual settling cells are transported through the water

column, but there is increasing evidence that small par-

ticles, the size of individual phytoplankton cells, can be a

significant component of sinking carbon in the water col-

umn (Dall’Olmo and Mork 2014; Durkin et al. 2015;

Puigcorb�e et al. 2015). Aggregation of phytoplankton cells

is a second process that transports phytoplankton out of

the surface ocean and is a particularly important mecha-

nism for the transport of small cells like eukaryotic nano-

plankton, picoplankton, and cyanobacteria (Waite et al.

2000; Ebersbach et al. 2014). A modeling study indicated

that cyanobacteria can export carbon in proportion to their

production in the surface, possibly due to the incorporation

of cyanobacterial cells into sinking aggregates (Richardson

and Jackson 2007). Observations confirmed that cyanobac-

teria sink in large aggregates that are rapidly degraded at

depth (Waite et al. 2000; Lomas et al. 2010; Lomas and

Moran 2011). Aggregation can also be important for the

transport of diatoms, and several studies in diatom-

dominated environments have found that high magnitude

carbon export did not occur until diatoms formed large

aggregates (Jackson et al. 2005; Martin et al. 2011). When

this occurs, diatom blooms are apparently decoupled from

grazing pressure, enabling a pulse of aggregated cells to be

rapid transported to the seafloor (Beaulieu 2002). A third

mechanism, zooplankton fecal pellets, can also transport

phytoplankton cells, and cells may remain intact after pas-

sage through the gut and packaging inside the pellet (Silver

and Bruland 1981; Fowler and Fisher 1983; Jansen and

Bathmann 2007). Each of these mechanisms (direct gravita-

tional settling, aggregation, and packaging inside fecal pel-

lets) can lead to the association of different phytoplankton

types with the export flux of sinking organic carbon. Physi-

cal mixing is an important mechanism leading to the

downward transport of phytoplankton and their associated

particles (Gardner et al. 1995; Omand et al. 2015), but these

particles must also continue to sink after downward mixing

by one of the above described mechanisms if they are to

escape being transported back upward during the next mix-

ing event. At any given time or place, phytoplankton may

also be transported by a combination of these mechanisms

occurring at the same time, or sequentially through the

water column. Links between surface primary production,

export mechanisms, and sinking carbon flux for different

types of phytoplankton are largely unknown.

In this study, we measured the sinking carbon flux on a

transect off the eastern shore of South America and identi-

fied potential biological mechanisms responsible for the

observed fluxes by characterizing the composition of sinking

phytoplankton and particles. The goals of this study were to

identify phytoplankton types that contribute to carbon

export, constrain the mechanisms that lead to the export of

phytoplankton and relate these mechanisms to the observed

carbon flux across locations.

Methods

Sampling locations and water column properties

Samples were collected during the DeepDOM cruise in the

South Atlantic Ocean aboard the R/V Knorr along a 8482 km

transect from Montevideo, Uruguay to Bridgetown, Barbados

from 29 March 2013 to 04 May 2013 (Table 1). Surface water

and particle flux samples (described below) were collected

from 19 stations, and sinking particle composition was deter-

mined at 9 of the 19 stations. Water column properties were

determined at each station using a conductivity temperature

depth (CTD, Seabird) instrument equipped with a Biospheri-

cal QSP-200L4S photosynthetically available light (PAR)
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sensor mounted on a rosette with Niskin bottles. The mixed

layer depth was defined as the depth when down-cast tem-

perature measurements decreased by more than 0.158C m21.

The bottom of the euphotic zone was defined as the depth

at which PAR equaled 1% of the surface value. PAR data was

not available at several stations because all CTD cast depths

conducted at these stations were deeper than the sensor’s

pressure rating (Table 1). The concentrations of macronu-

trients in seawater collected in Niskin bottles at 5 m were

measured on a hybrid Technicon AutoAnalyzerII and

Table 1. The location and timing of sediment trap deployments in the South Atlantic Ocean, mixed-layer (ML) and euphotic zone
(EZ) depths, the average particulate organic carbon (POC) flux with the standard deviation of triplicate or range of duplicate samples,
particulate inorganic carbon (PIC) flux, and surface nutrient concentrations.

Station Location

Deployment

date

Length

(h)

ML

(m)

EZ

(m)

POC flux

replicates Geltrap

POC flux

(mg m22 d21)

PIC flux

(mg m22 d21)

Surface nutrients

(lM)

NO3 NH4 PO4 Si

2 388 S

44.978 W

29 Mar 2013 34 98 129 3 - 41 6 8 9.7 0.3 0.03 0.18 1.05

4 31.258 S

418 W

01 Apr 2013 8.5 69 106 3 - 43 6 19 3.5 0 0.04 0.11 0.83

5 28.248 S

38.58 W

02 Apr 2013

02 Apr 2013

21.5

25

70 128 3

3

-

-

42 6 20

51 6 11

4.1

4.0

0 0.01 0.06 1.06

7 22.498 S

33.028 W

05 Apr 2013

06 Apr 2013

23

24

54 117 3

3

Yes

Yes

30 6 6

30 6 12

1.3

1.2

0.53 0.01 0.07 1.91

8 178 S

298 W

09 Apr 2013 10.5 7 143 3 - 19 6 10 1.7 0 0.04 0.22 0.85

9 13.58 S

27.58 W

11 Apr 2013 15.5 48 135 2 Yes 38 6 5 3.4 0 0.12 0.16 1.42

10 9.58 S

268 W

12 Apr 2013 13 74 - 2 Yes 46 6 0.4 4.7 0.05 0.05 0.17 1.33

11 5.78 S

248 W

14 Apr 2013 11.5 72 - 3 - 52 6 6 4.2 0.03 0.05 0.15 2.32

12 5.78 S

268 W

15 Apr 2013 13.5 68 102 3 Yes 37 6 10 0.5 0.07 0.12 0.1 3.15

13 5.78 S

298 W

16 Apr 2013 11.5 78 - 3 - 56 6 12 9.5 0.06 0.01 0.11 0.5

15 2.68 S

28.58 W

18 Apr 2013

19 Apr 2013

30

16.5

48 83 3

3

Yes

Yes

34 6 2

34 6 2

3.9

3.1

0.16 0.01 0.12 0.91

16 08 N

33.498 W

22 Apr 2013 13 50 - 3 Yes 30 6 10 12.7 0.01 0 0.11 0.94

17 1.58 N

378 W

23 Apr 2013 15.5 45 82 2 - 39 6 5 8.1 0.14 0.14 0.12 0.93

18 3.58 N

398 W

25 Apr 2013 14 60 - 2 - 45 6 6 8.5 0.08 0.03 0.09 1.11

19 5.928 N

41.268 W

26 Apr 2013

26 Apr 2013

26

26.5

91 85 2

1

Yes

Yes

49 6 4

63

6.5

7.4

0.12 0.03 0.11 3.14

20 5.918 N

458 W

28 Apr 2013 17 100 - 2 - 52 6 11 7.4 0.07 0.02 0.11 1.65

21 6.58 N

488 W

29 Apr 2013

29 Apr 2013

17

17.5

138 91 2

1

Yes

Yes

63 6 2

26

4.6

5.0

0.003 0.02 0.14 1.64

22 8.258 N

508 W

01 May 2013 13.5 78 80 2 - 63 6 14 17.1 0 0.05 0.14 1.6

23 9.78 N

55.38 W

03 May 2013

03 May 2013

04 May 2013

04 May 2013

28.5

29

26

26.5

85 82 2

1

1

2

-

Yes

Yes

-

41 6 8

32

43

32 6 0.3

5.7

5.2

5.6

4.5

0.003 0.03 0.09 3.69
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Alpkem RFA300 system at Oregon State University and data

was provided by E. Kujawinski and K. Longnecker.

Surface chlorophyll a concentrations from satellite data

The mapped, monthly average of chlorophyll a (Chl a)

concentrations for April 2013 was obtained from the

MODIS-aqua satellite observations available at http://ocean-

data.sci.gsfc.nasa.gov. The HDF4 files made available by

NASA were converted into netcdf format using the

h4tonccf_nc4 tool in the HDF4 CF tool kit available from

the NASA ESDIS project (http://hdfeos.org/software/h4cflib.

php). Netcdf files of Chl a were visualized in R software (R

Development Core Team 2008) using the “oce” and “ncdf4”

libraries.

Surface phytoplankton collection and quantification

Seawater was collected from a depth of 5 m in Niskin bot-

tles attached to a CTD rosette. Whole seawater was preserved

in 1% gluteraldehyde by adding 2/3 seawater volume to 1/3

volume of 3% gluteraldehyde in 0.2 lm filtered seawater, for

a total volume of 450–500 mL. Samples were stored at 48C

until analysis onshore by microscopy. Preserved phytoplank-

ton were settled from samples in a 50 mL Uterm€ohl chamber

for at least 18 h (Hasle 1978). Phytoplankton were identified

and counted in 100 fields of view at 400X magnification on

a Zeiss Axiovert S100 microscope. Phytoplankton were cate-

gorized as diatom, dinoflagellate, or coccolithophore and

additionally classified by genus or morphological type when

possible. Cells that were approximately 5 lm in size, often

with flagella, were categorized as nano cells. Nano cells and

dinoflagellates represent a potential mixture of autotrophic,

mixotrophic or heterotrophic species. Cell concentrations

were calculated based on the fields of view counted and the

volume of seawater settled. Triplicate 50 mL sample volumes

from one station were settled and counted and the average

and standard deviation of cell abundances from three settled

samples did not differ from the abundances and counting

uncertainty determined from one settled sample. Therefore,

all samples were counted once and uncertainty was calcu-

lated as the square root of the number of cells counted,

assuming a Poisson distribution (Zar 1999).

Sediment trap design and deployment

Surface-tethered, drifting sediment traps were deployed

on arrival at a station. Sediment traps consisted of a large,

vertically hanging 2 m diameter conical net with a cod end,

hereafter referred to as a net trap (Peterson et al. 2005), with

an acoustically triggered closing mechanism. The purpose of

the net trap was to collect a large quantity of fresh sinking

material. To collect sinking particles for quantitative deter-

minations of carbon flux, a metal frame mounted with four

collection tubes, similar to a particle interceptor trap (PIT)

(Knauer et al. 1979; Karl et al. 1996), was attached to the

surface-tethered line 25 m above the net trap. The PIT tubes

were 12 cm in diameter and 70 cm in height. The net trap

was deployed at 150 m depth and the PIT tubes at 125 m

depth. An 8.8 lb float was attached to the top of the PIT

frame to reduce the occurrence of frame tilting during the

deployment period. The PIT tubes and net trap were below

the depth of the surface mixed layer at all locations except

at station 21, which had a mixed layer depth of 138 m

(Table 1).

The PIT tubes were prepared prior to deployment as previ-

ously described (Durkin et al. 2015). Seawater was collected

from a depth of 500 m at stations 1 (368S, 548W), 9, 16, and

22 (Table 1) with Niskin bottles attached to the CTD rosette

and the water was filtered through a 1 lm filter. To prepare

PIT tubes for carbon flux collection, tubes were filled with

filtered seawater and a layer of formalin brine (filtered sea-

water, 0.6 M NaCl, 0.1% formalin, 3 mM borate buffer) was

added to the bottom of the tube. To collect individually

sinking particles for identification by microscopy, a jar with

a thin layer of polyacrylamide gel was added to the bottom

of a PIT tube. The polyacrylamide gel was prepared as previ-

ously described (Durkin et al. 2015). The PIT tube frame typi-

cally contained replicate PIT tubes for carbon flux

measurements and one gel trap tube for particle imaging.

The number of replicates varied across stations and a gel trap

tube was not deployed at every station (Table 1). At stations

7, 15, and 23, two sediment trap arrays were deployed on

consecutive days. At stations 19, 21, and 23, two sediment

trap arrays were deployed at the same time. Three additional

tubes for carbon flux process blanks were prepared at stations

2, 7, and 15 and remained covered and in the dark on the

deck of the ship for the duration of the trap deployment.

Trap arrays were deployed for 19.5 h on average but varied

by station (Table 1).

Analysis of particulate carbon flux

Recovered PIT tubes were allowed to settle on the deck of

the ship for at least 1 h, after which the seawater overlying

the formalin brine was siphoned out of the tubes using a peri-

staltic pump. The brine layer was drained from the bottom of

the tube through a 350 lm mesh to remove large zooplank-

ton that may have actively entered the trap (i.e.,

“swimmers”). Screening has been shown to be an effective

method of removing swimmers at one location in the Sar-

gasso Sea (Owens et al. 2012), but may have removed aggre-

gates and fecal pellets that were larger than 350 lm at certain

locations of this study (Durkin et al. 2015). Particles in the

formalin brine layer were collected by vacuum filtration onto

a 25 mm diameter pre-combusted glass fiber filter. Filters were

stored at 2208C until processing on shore, where they were

dried in an oven at 50–608C. A filtered sample from one repli-

cate tube from each trap was weighed, and cut in half as in

prior studies (Lamborg et al. 2008; Trull et al. 2008; Owens

et al. 2012). Material appeared to be evenly distributed on the

filters. Each half was weighed again to determine the percent

of the total particles from that sample contained on each fil-

ter half. One filter half and the remaining replicate filters

from each trap were pelletized in tin capsules to measure total
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particulate carbon. The single remaining filter half from each

trap sample was used to measure particulate inorganic carbon

(PIC). Total particulate carbon was measured by the UC Davis

Stable Isotope Facility on an Elementar elemental analyzer.

Particulate inorganic carbon was measured at the Woods Hole

Oceanographic Institution by S. Manganini on a UIC coulom-

eter analyzer with an acidification module. To calculate PIC

flux, the PIC measurement was first scaled to the percentage

of the filter analyzed. The average PIC measured in all process

blanks (n 5 3) was subtracted from the PIC measured in each

individual sample. Blank-corrected sample measurements

were then divided by the deployment time and the surface

area of the trap (0.0113 m2). Particulate carbon flux was simi-

larly calculated from the total particulate carbon measure-

ments, with the average of nine process blanks subtracted

from each particulate carbon measurement. To calculate par-

ticulate organic carbon (POC) flux, the PIC flux was sub-

tracted from the total particulate carbon flux. To identify the

influence of measuring POC flux at a fixed depth across loca-

tions with changing water column properties, the linear corre-

lation between median POC flux at each station vs. mixed

layer depth or euphotic zone depth was determined. An anal-

ysis of variance (ANOVA) test was used to determine whether

significant differences in flux measurements occurred among

stations and a post-hoc Tukey’s test was used to identify

which stations were different from one another using tools in

R software.

POC flux measurements were compared with previously

published data from this region to determine whether the

regional-scale values obtained were influenced by the mea-

surement method or date of observation. Thorium-234 flux

data was obtained from the 2011 Dutch GEOTRACES study

by Owens et al. (2015), which sampled along a cruise track

similar to this study. Sampling stations on the Dutch GEO-

TRACES cruise were 35–430 km from the nearest sampling

stations on the DeepDOM cruise. The particulate C: 234Th at

100 m depth was calculated using the relationship deter-

mined in the study by Owens et al. (2015) and was multi-

plied by reported values of thorium-234 flux at 100 m to

calculate particulate carbon flux at 100 m. A 25 m offset in

depth and a 2 yr time difference occurs between the particu-

late carbon flux calculated from the Owens et al. (2015)

study and the POC flux measured in this study.

Particle and cell fluxes

Recovered gel traps settled on the deck of the ship for at

least 1 h before overlying water was siphoned off using a

peristaltic pump and the gel jar removed from the bottom of

the tube. The jar was allowed to settle for an additional hour

before gently siphoning off the water overlying the gel. Par-

ticles were identified and counted onboard the ship with a

TS100 Nikon inverted microscope at 100X magnification in

30 fields of view across the diameter of the gel. All focal

planes within the gel were observed for each field of view.

Particles were categorized as aggregate or fecal pellet and

cells were categorized as diatom, coccolithophore, dinoflagel-

late, or nano cell. Nano cells were confirmed to be cells at

higher magnification (400X) and they were not present in

gels that had not been deployed in traps. Similar to the sur-

face plankton quantifications, nano cells and dinoflagellates

must be considered as a potential mix of autotrophic, mixo-

trophic or heterotrophic life strategies because the fraction

of cells in each trophic category was not determined. Silico-

flagellates and zooplankton (e.g., foraminifera, radiolarians,

copepods) were inconsistently observed among stations and

always in low abundance when present. These particle types

were not included in the analysis because the counting

uncertainty was always high due to the low number of cells

observed (typically 0–3 cells). Cyanobacteria and picoplank-

ton are likely a component of plankton fluxes but were not

included in this analysis because these cells types could not

be resolved by the microscopic methods employed herein.

However, their contribution to the flux is indirectly included

in this study by the observation of aggregates, which likely

contain these cell types and are thought to be the main

mechanism transporting picoplankton out of the surface

(Waite et al. 2000; Lomas and Moran 2011). The fluxes of

individual particles and cells were calculated by dividing par-

ticle counts by the surface area counted and the deployment

time (particles m22 d21 or cells m22 d21). The particle flux,

cell flux, and surface cell abundance measurements were

compared pairwise to determine whether any sets of meas-

urements were significantly linearly correlated across the

transect.

The turnover rate of phytoplankton in the surface mixed

layer due to vertical export was determined by dividing cell

fluxes (cells m22 d21) by their abundance in the surface

(cells m23) integrated over the depth of the mixed-layer (m).

Turnover rate 5 flux 4 (abundance 3 mixed layer depth)

This calculation assumes that the cell abundance meas-

ured at 5 m is representative of their abundances throughout

the mixed layer, although the distribution may have been

heterogeneous. We also assume that the particles collected

in the traps are closely related in time and space to the

observed surface plankton community. This may be a valid

assumption because particles had to sink less than 125 m

before reaching the trap, a distance that most sinking par-

ticles travel in less than a few days (Trull et al. 2008). How-

ever, temporal and spatial offsets between the surface

plankton community and sinking particles are possible. Sig-

nificant differences in the export turnover rates among

plankton types were tested by an ANOVA with a post-hoc

Tukey’s test.

On-deck incubation experiments

On-deck incubation experiments were conducted to assess

the viability of sinking phytoplankton. Seawater from depths
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of 5 m and 150 m was collected from Niskin bottles attached

to the CTD rosette at stations 7, 15, and 23 and was filtered

through a 0.2 lm polycarbonate filter. Sediment trap mate-

rial collected in the net trap at stations 7, 15, and 23 was

divided into eight equal parts using a custom sample splitter

(Lamborg et al. 2008). Two parts of the divided sediment

trap material were separately filtered onto 47 mm diameter,

5 lm polycarbonate filters by gentle vacuum filtration. Mate-

rial collected on each filter was rinsed into separate bottles

with filtered seawater from either 5 m or 150 m. Particles

were resuspended in a total volume of 800 mL and divided

into 6, 125 mL aliquots in 200 mL translucent polyethylene

bottles. Three bottles were covered with black electrical tape

to prevent light from entering, resulting in four different

experimental treatments; particles in water from 5 m in the

light or the dark and particles in water from 150 m in the

light or the dark, with three replicate bottles of each treat-

ment. Bottles were incubated in a flow through, deck board

incubator shaded with blue film to mimic roughly 30% PAR.

Samples were incubated for a period of 3 d (stations 7 and

15) to 3.5 d (station 23) to provide enough time for cells to

divide and changes in abundance to be detected, which has

previously been observed after about 2 d (Rynearson et al.

2013). Samples were preserved in 1% gluteraldehyde by add-

ing 62.5 mL of 3% gluteraldehyde in filtered seawater to

each bottle.

The samples were analyzed on land by settling 50 mL

from each bottle in an Uterm€ohl chamber for at least 18 h.

Uterm€ohl slides were counted on a Zeiss Axiovert S100

microscope and cells were counted at various magnifications

and in different numbers of fields of view, depending on the

size of the cell, their abundance in the sample, and how

much aggregated organic material was on the slide. For incu-

bated samples from station 23, diatoms in dark bottles were

counted on the entire slide at 200X magnification. Diatoms

in light bottles were counted in 20 fields of view at 400X

magnification, except Coscinodiscus cells, which were

counted on the entire slide. Coccolithophores, dinoflagel-

lates, and nano cells were counted at 400X magnification in

20 fields of view in the light treatment samples and 40 fields

of view in the dark treatment samples. For incubated sam-

ples from station 15, diatoms were counted on half the slide

at 200X magnification and other phytoplankton types were

counted at 400X magnification in 20 fields of view in all

treatments. For incubated samples from station 7, diatoms,

coccolithophores, and dinoflagellates were counted on the

entire slide at 200X magnification and nano cells were

counted in 20 fields of view at 400X magnification.

The number of coccolithophore and dinoflagellate cells

observed in individual bottles was low (often<5 cells total),

necessitating the combination of counts from triplicate incu-

bation bottles to decrease the counting uncertainty, which

was the main source of variability for these cell types. Uncer-

tainty of combined triplicate counts was calculated as the

square root of the total number of counts. Diatoms and

nano cells were more abundant in the samples (always>20

cells observed, often>100 cells observed), and thus counting

uncertainty was not greater than the estimated abundance.

For these phytoplankton types, statistically significant differ-

ences between light and dark treatments were assessed

among triplicate samples using a t-test.

Principal component analysis

The relationships among surface plankton abundance,

surface nutrient concentrations, and particle flux composi-

tion along the transect was assessed by a principal compo-

nent analysis (PCA) for the purpose of identifying groups of

stations with similar characteristics. The analysis was con-

ducted with data from the nine stations where all of these

variables were measured. Carbon flux measurements were

not included in the PCA so that the variability and relation-

ships among stations could be related independent of carbon

flux. The PCA with scaled measurements was calculated

using tools in the “FactoMineR” library for R software. Dupli-

cate gel trap measurements of particle fluxes were available

at five of the nine stations assessed by the PCA, and for these

stations the averages of the two observations were used in

the analysis. To test whether the PCA results were sensitive

to variability among gel trap replicates, four random combi-

nations of gel trap data from each station were selected from

among the replicates and each unique combination of gel

trap observations was included in a separate PCA along with

surface nutrients and plankton abundances.

Stations with similar particle characteristics (i.e., grouped

together by the PCA) were compared to identify whether

these characteristics might influence the export turnover rate

of surface populations and POC flux. The number of export

turnover rate measurements in one of the three PCA groups

was less than 3, causing statistical tests for differences among

the three groups to be less robust. Therefore, measurements

from the two most similar PCA groups were combined and

compared with the remaining group of stations using the

Welch’s t-test; an appropriate test for comparing populations

with unequal sample sizes. Compared with export turnover

rate, more measurements of POC flux and POC flux anomaly

were made per station resulting in a greater number of obser-

vations per PCA group (n 5 9–19 observations), so an ANOVA

was instead used to test for statistically significant differences

in flux among the three PCA groups.

Results

Change in carbon flux across the transect

Average POC flux varied between 18 mg C m22 d21 and

63 mg C m22 d21 across the transect (Table 1). For the sta-

tions where replicate sediment trap deployments were con-

ducted, the standard deviation of POC flux among replicates

from the same trap was between 6% and 55% of the mean.

This variability among replicate tubes on the same trap was
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greater than or equal to the variability among replicate traps

deployed at the same stations (Table 1). For example, at sta-

tion 5 the standard deviation of POC fluxes collected by repli-

cate tubes on two different traps were 46% and 20% of the

average fluxes (Table 1). The average fluxes collected by the

two separate traps were 20% different, on par with tube-to-

tube variability, and were not significantly different from

each other (t-test, p>0.05, df 5 3). Because the greatest source

of variability in the POC flux measurements was between rep-

licate tubes on the same trap, and not among traps at the

same station, all replicate POC measurements from the same

station were combined (Fig. 1). Significantly different POC

fluxes (ANOVA and Tukey’s test p<0.05, df5 18) were

observed between stations 8 and 11, 8 and 13, 7 and 22, and

8 and 22. The POC fluxes observed in this study were similar

in magnitude and spatial variability to the POC fluxes calcu-

lated from the thorium-234 flux measured 2 yr previously at

100 m depth (Owens et al. 2015) (Fig. 1).

Spatial variation in POC flux may be caused by changes in

the distance between the bottom of the particle production

layer and the fixed trap sampling depth: particles may be

remineralized to different degrees before being captured in the

trap because they sink across variable distances (Buesseler and

Boyd 2009). The median POC flux had a significant positive

relationship with mixed layer depth across the transect

(r2 5 0.52, p<0.001, df5 17, Figs. 1, 2a). Median POC flux was

not related to the euphotic zone depth (r2 5 0.18, p>0.05,

df 5 17). To remove the influence of changing mixed-layer

depth on measured POC fluxes, the POC flux anomaly was

determined by subtracting the correlated POC flux value from

the measured POC flux values. The POC flux anomaly repre-

sents changes in POC flux across the transect that are not

related to changes in mixed layer depth, and the median POC

flux anomaly varied between 216 mg C m22 d21 and 118 mg

C m22 d21 (Fig. 2b). The range of POC flux anomalies observed

among stations was 26% smaller than the range of POC fluxes

observed, and none of the POC flux anomalies were signifi-

cantly different among stations (ANOVA, p>0.05, df 5 18).

PIC flux varied between 0.53 mg C m22 d21 and 17.1 mg

C m22 d21 and was significantly, positively correlated with

the POC flux measured from the same trap tube (r2 5 0.2,

p<0.01, df 5 25) but not the POC flux anomaly calculated

from the same tube (r2 5 0.1, p>0.05, df 5 25) (Table 1). PIC

flux was not significantly correlated with mixed-layer depth

(r2 5 0.05, p>0.05, df 5 17).

Particle and phytoplankton composition across

the transect

To investigate changes in the mechanisms leading to car-

bon flux across the transect, the composition of sinking par-

ticles was identified in gel traps at 125 m at nine locations.

Particles were composed of aggregates, fecal pellets, nano

Fig. 1. Measured POC fluxes and water column properties along the DeepDOM transect. Boxplot indicates observed particulate organic carbon
(POC) flux at 125 m at locations across the DeepDOM transect. The horizontal line inside the boxes indicates median, the box indicates the first quar-
tiles, and the whiskers indicate 1.5 times the interquartile range. Station ID is indicated along the top axis and corresponding along track distance of

the station is indicated along the bottom axis. The light grey line indicates the carbon flux at 100 m calculated from thorium-234 measurements col-
lected during the 2011 Dutch GEOTRACES cruise (Owens et al. 2015). Latitudinal locations from the GEOTRACES cruise were projected onto the

along track distance of the DeepDOM cruise. The dashed line indicates mixed-layer depth at each station of the DeepDOM cruise.
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cells, dinoflagellates, diatoms, and coccolithophores and the

relative abundance of these particle types changed across the

transect (Fig. 3). Nano cells were the most consistently

numerically abundant particle type observed in the gel traps

(29–57% of number flux), followed by aggregates (13–33% of

number flux). Fecal pellets and dinoflagellates were less con-

sistently observed and in lower abundance (0–10% of num-

ber flux each). Among the other cell-types observed, diatoms

contributed 2–34% of the number flux and coccolithophores

contributed 3–19% of the number flux. Coccolithophore cell

fluxes had no relationship with measured PIC flux (r2 5 0.01,

p>0.05, df 5 7).

The flux of plankton cells at 125 m was not correlated to

the abundance of their surface populations: surface abundan-

ces and cell fluxes varied across the transect but not in

tandem (Fig. 4). The abundance of dinoflagellates and nano

cells varied by twofold across the transect (11–28 cell mL21

and 126–215 cell mL21, respectively), while their observed

fluxes varied by 65-fold (0.004–0.243 3 106 cells m22 d21)

and sixfold (0.396–2.193 3 106 cells m22 d21), respectively.

Surface diatom abundance varied 14-fold across the transect

(2–21 cell mL21) and the flux of diatom cells varied 17-fold

(0.037–0.627 3 106 cells m22 d21). Surface coccolithophore

abundance varied sixfold (3–19 cell mL21) across the transect

excluding station 23, where no coccolithophores were

observed, and the flux of coccolithophore cells varied 10-

fold (0.046–0.465 3 106 cells m22 d21).

Identifying similar particle flux regimes

To categorize the relationships among plankton cells and

sinking particles across the transect, a principal component

Fig. 2. (a) Correlation between median POC flux and mixed-layer
depth along the transect (r2 5 0.5). (b) Boxplot of the DeepDOM POC
flux anomaly when the correlation with mixed-layer depth is removed

from each measurement.

Fig. 3. Sampling locations in the South Atlantic Ocean, overlaid on
average Chl a concentrations in April 2013 derived from the MODIS-

Aqua satellite. Pie charts at right indicate the composition of sinking par-
ticles based on numerical abundance at nine locations (station ID indi-
cated at the right of pie chart). The micrograph collage shows example

phytoplankton (left side) and particles (right side) in gel trap samples.
Particles include diatoms, coccolithophores, fecal pellets, and aggre-

gates. Images of nano cells and dinoflagellates were not available.
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analysis was conducted that included surface nutrient concen-

trations, surface phytoplankton abundance, and particle num-

ber fluxes. The first two principal components of the PCA

separated stations into three groups and explained 60% of the

total variability (Fig. 5). The first dimension was forced by detri-

tal particles (aggregates and fecal pellets), nano cell flux, dino-

flagellate flux, and surface coccolithophores in the positive

direction and by mostly diatom-related factors in the negative

direction (surface diatoms, surface silicic acid, surface ammo-

nium). The second dimension of the PCA was differentiated by

diatom flux in the positive direction and coccolithophore flux

and surface phosphate in the negative direction. Stations clus-

tered into three groups; group 1 included stations 12 and 23

and was influenced by diatom-related variables, among others;

group 2 included stations 7, 15, 16, and 19, and was located

along the dimension most strongly defined by detrital particle

flux; group 3 included stations 9,10, and 21 and was defined by

coccolithophore flux and surface phosphate and ammonium

concentrations. To determine whether the grouping of stations

by the PCA was sensitive to the variability in replicate gel trap

samples, random combinations of individual observations were

included in the PCA instead of the average of replicates (Sup-

porting Information Fig. 1). Stations clustered similarly in each

data variation used in the PCA.

Relationship among plankton cells, aggregates, and fecal

pellets

The PCA indicated that fecal pellet and aggregate flux had

a positive relationship with the flux of dinoflagellates, cocco-

lithophores, and nano cells. The flux of fecal pellets, aggre-

gates, and nano cells co-varied across the transect (Fig. 6a).

Nano cell fluxes were positively correlated with the number

flux of aggregates (r2 5 0.72, p<0.01, df 5 7) (Fig. 6b), and

their fluxes were highest at locations in groups 2 and 3 of

the PCA. Nano cell fluxes were correlated with fecal pellet

number flux (r2 5 0.51, p<0.05, df 5 7) across locations (Fig.

6c). No other pairs of measurements in the dataset directly

correlated with aggregate number flux or fecal pellet number

flux, suggesting that other plankton cell types had more vari-

able relationships with detrital particles across the transect.

Export turnover rate of surface plankton

To determine which environments enhanced the export

of each cell type from the surface, the export turnover rate

was determined for each PCA group (Fig. 7a). This rate repre-

sents the fraction of surface plankton exported out of the

mixed layer per day. The range of calculated turnover rates

(3 3 102322 3 1026 d21) indicates that a small fraction of

intact cells are lost from the surface due to export, but that

fraction can differ by three orders of magnitude depending

on the cell type and location. The average export turnover

rate of diatoms was 12 times larger than dinoflagellates, and

9 times larger than nano cells (ANOVA and Tukey test,

p<0.05, df 5 3). The export turnover rate of other cell types

averaged across all stations in the transect were not signifi-

cantly different from one another.

The export turnover rate of surface diatoms had no consist-

ent relationship with the station groupings from the PCA,

suggesting that each type of flux environment could export

surface diatom populations equally. The export turnover rate

of coccolithophores was higher at the stations in PCA group 3

(n 5 3) compared with the combined turnover rates at stations

in PCA groups 1 and 2 (n 5 5) (Welch t-test, p<0.05, df5 2.6).

The export turnover rates of nano cells was higher at group 2

and group 3 stations (n 5 7) compared with group 1 stations

(n 5 2) (Welch t-test, p<0.05, df 5 6.3), but the power of this

test is lower because only two observations were available

Fig. 4. Abundance at 5 m (solid line) and number flux in gel traps at
125 m (dashed line) of observed phytoplankton types. Data is shown

from stations where gel traps were deployed, as indicated along top
axis, at locations along the transect, indicated at the bottom axis.
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from group 1 stations. The export turnover rate of dinoflagel-

lates was not significantly different among stations in differ-

ent PCA groups (group 2 where n 5 4 vs. combined groups 1

and 3 where n 5 5).

The magnitude of POC flux (Fig. 7b) and the POC flux

anomaly (excluding the influence of mixed layer depth vari-

ability, Fig. 7c) was not significantly different among the

three groups of stations identified by the PCA (ANOVA,

p>0.05, df 5 2), indicating that different flux environments

can export similar amounts of POC to 125 m while preferen-

tially exporting different types of phytoplankton.

Viability of sinking phytoplankton cells

Sediment trap material from stations 7, 15, and 23 was

incubated on the deck of the ship to identify differences in

viability of sinking phytoplankton types. Phytoplankton in

the sediment trap material responded similarly when incu-

bated in water collected at 5 m vs. in water collected at

150 m (Table 2). Coccolithophore abundance was low in all

incubations (0.05–19 cells mL21) and did not change in any

of the experiments. Dinoflagellate abundance was also low

in the incubation experiments (0–10 cells mL21) and only

responded at station 7, where dinoflagellate abundance

increased sixfold in water from 5 m and up to 23-fold in

water from 150 m when incubated in the light compared

with when it was incubated in dark (no dinoflagellates were

observed in the corresponding dark incubation, so fold

change was calculated assuming that at least one cell was

present). The number of cells observed was too small to test

whether this response was significant. Nano cells were the

most abundant cell type observed in the incubated material

(360–4033 cells mL21) and at stations 7 and 15 their abun-

dance decreased between 3-fold and 5-fold in light bottles

relative to dark bottles in 150 m water (t-test, p<0.05,

df 5 4). At station 23, nano cell abundance increased three-

fold in light incubations relative to dark incubations in 5 m

water (t-test, p<0.05, df 5 4). Diatoms were abundant in

incubated material (0.51–1355 cells mL21) and were signifi-

cantly more abundant in all light incubations compared

with dark incubations (t-test, p<0.05, df 5 4). At stations 7

and 15, diatom abundance in light incubations compared

with dark incubations increased moderately (3-fold to 7-

fold). At station 23, diatoms increased more than 200-fold

when incubated in the light compared with the dark.

Overall, little to no change occurred in the abundance of

coccolithophores, dinoflagellates, and nano cells when sam-

ples were incubated in the light compared with the dark.

Diatom abundances also exhibited only small changes in

light vs. dark incubations except at station 23. At station 23,

diatoms exhibited the largest response of any phytoplankton

group in all incubations.

Discussion

Although a similar magnitude of carbon flux from the

surface was measured across the entire study region, the par-

ticle types responsible for carbon flux changed and the

mechanisms leading to particle export also differed among

stations. Similar changes in the mechanisms, but not the

magnitude, of carbon flux have been observed in a more

Fig. 5. Principal component analysis of the nine stations where gel traps where deployed, including surface phytoplankton composition, gel trap par-

ticle composition, and surface nutrient concentrations as scaled variables. (a) Station coordinates plotted by their eigen values and clusters of stations
are labeled by group. Circles indicate the 95% confidence interval of station clusters. (b) Coordinates of the variable forcing the first and second
dimension of the PCA. Labels for variables are as follows: agg (aggregate number flux), cocco (surface coccolithophore abundance), cocco flux (cocco-

lithophore number flux), diatom (surface diatom abundance), diatom flux (diatom number flux), dino (surface dinoflagellate abundance), dino flux
(dinoflagellate number flux), fp (fecal pellet number flux), nano (surface nano cell abundance), nano flux (nano cell number flux), and surface dis-

solved nutrient concentrations of Si, NO3, NH4, and PO4.
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temperate coastal region (Rivkin et al. 1996), suggesting that

these finding may be applicable across diverse ocean envi-

ronments. The changing composition of sinking particles

across a region with unchanging carbon flux suggests that

variability in the mechanisms of carbon flux might not be

reflected in bulk measurements.

The relatively low export turnover rates detected across

the transect for all phytoplankton types suggest that only a

small fraction of the surface population was transported out

of the surface as intact, individual cells, but these data indi-

cate that single cells should be considered an important

component of the particle flux. Phytoplankton tend to stay

in the surface layer because they can regulate their buoyancy

(Gross and Zeuthen 1948) and because turbulent mixing in

the surface layer can counter gravitational settling (Huisman

et al. 2002). Observations of phytoplankton cultures show

that the majority of cells within a population may sink too

slow to be effectively transported out of the surface ocean (<

1–10 m d21), but that a small fraction of the population

may sink almost 10 times faster than the average (Miklasz

and Denny 2010). This small fraction of rapidly settling cells

may represent an important contribution to export flux.

Alternatively, the individual cells observed within the gel

traps may be been transported predominantly within aggre-

gates or fecal pellets, which disaggregated at depth. Physical

processes may also have transported the small cells and par-

ticles observed in this study. All of these processes may have

occurred simultaneously, or to different degrees along the

transect. In each possible transport scenario, individual par-

ticles and cells were at least partially transported by their

own sinking velocity because they were collected in the

Fig. 6. (a) The number flux of aggregates (thick solid line), fecal pellets
(thin solid line) and nano cells (dashed line) along the cruise track (bot-

tom axis) at stations where gel traps were deployed (upper axis). Shad-
ing of points indicates the PCA grouping of each station; white 5 PCA
group 1, black 5 PCA group 2, grey 5 PCA group 3. (b) Linear correla-

tion between nano cell flux and aggregate flux. (c) Linear correlation
between nano cell flux and fecal pellet flux. The correlation coefficients

are labeled.

Fig. 7. (a) Export turnover rate of each phytoplankton type at com-
bined locations within a PCA grouping. PCA group numbers are indi-

cated along the bottom axis. The number of stations (n) with data in
each boxplot is indicated above the bottom axis. The y-axis is on a log
scale due to the difference in scale among phytoplankton types. Coccoli-

thophores were not observed in the surface at station 23 so turnover
rate could not be calculated. (b) Particulate organic carbon (POC) and

(c) POC flux anomaly at combined locations of each PCA category.
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bottom of the sediment trap (0.7 m long) and embedded in

the gel as distinct, individual particles. Cells would have had

to sink between 0.6 m d21 and 1.3 m d21 to settle from the

top of the trap tube to the gel layer at the bottom, depend-

ing on the deployment time period. Diatom, coccolitho-

phore, and dinoflagellate cultures have been observed to

settle at speeds equal to and greater than this range (Smayda

1970; Miklasz and Denny 2010), suggesting that the individ-

ual cells observed in the gel trap may have been transported

to some degree by there own gravitational settling.

Phytoplankton were transported out of the surface ocean in

the South Atlantic by three different export regimes (Fig. 8),

defined primarily by station groupings in the principal compo-

nent analysis. Locations affected by the first plankton export

regime (PCA group 1) were characterized by diatom-related fac-

tors. Silicic acid levels were high at these locations (> 3 lM) rel-

ative to other locations, enabling the production of an

abundant surface diatom population. Number flux of detrital

material was low and the flux of diatom cells was high. Grazing

and recycling therefore appear to be reduced at these stations

relative to the other stations and direct gravitational settling

may have had an important role in transporting individual

cells. While physical mixing and disaggregation may have also

played a role in transporting individual cells through the water

column, gravitational settling of diatom cells was necessary to

some degree to transport individual cells to the bottom of the

gel traps during the deployment period. The sinking speeds of

diatoms tend to increase when cells experience physiological

stress (Smayda 1971; Bienfang et al. 1982; Waite et al. 1992a),

which would increase their likelihood of sinking out of the sur-

face and at a speed rapid enough to be captured in the gel trap.

The incubation experiments conducted at station 23 (group 1)

suggest that sinking diatoms may have had a different physio-

logical status compared with other locations, as inferred by the

increased viability of sinking diatoms in incubated sediment

trap material at station 23 compared with other locations. If

the physiological status of diatoms at group 1 locations

enhanced their sinking speeds, it may have enhanced the trans-

port of individual cells, however the specific nutrient status of

surface phytoplankton communities was not evaluated. Alter-

natively, incubated diatoms may have been subject to less graz-

ing pressure at this location compared with other locations,

enabling them to bloom in incubated bottles. Both scenarios

suggest that transport was not dominated by grazing food webs

at these locations, and instead that individual diatom cells

were transported by some other mechanism. Previous studies

that integrate flux observations from many times and locations

have linked sinking diatoms with high flux, low efficiency

export of carbon (Francois et al. 2002; Klaas and Archer 2002).

In this study, the carbon flux at diatom-influenced group 1

locations was not higher than at other locations, suggesting

that sinking diatoms are not always associated with higher

magnitude flux. The mechanisms leading to particle flux at any

individual time and location may not be consistent with the

patterns determined by averaging across many different obser-

vations (Trull et al. 2008; Buesseler and Boyd 2009).

The second phytoplankton export regime (PCA group 2)

was defined by the large influence of aggregates and fecal pel-

lets on the transport of phytoplankton cells. Sinking aggre-

gates and fecal pellets are major components of particle flux

out of the surface ocean, and were especially influential in

transporting small nano cells. The flux of nano cells was

directly correlated to the number flux of aggregates at all loca-

tions, with the highest flux of both nano cells and aggregates

occurring at group 2 locations. The fraction of nano cells

exported out of the mixed layer each day (export turnover

Table 2. Abundance of phytoplankton cells collected in sediment trap material after incubation in light or dark bottles*.

Abundance after incubation (cell mL21) Fold change

Cell type Station 5 m dark 5 m light 150 m dark 150 m light 5 m 150 m

Diatom 7 0.7 6 0.1 2.1 6 0.1 0.6 6 0.1 1.6 6 0.1 3 6 0.4 3 6 1

15 1.8 6 0.2 10.3 6 0.5 0.8 6 0.1 5.6 6 0.3 6 6 0.6 7 6 1

23 5.2 6 0.2 1118 6 74 4.6 6 0.2 1354 6 79 216 6 17 293 6 22

Coccolithophore 7 0.05 6 0.02 0.1 6 0.03 0.07 6 0.03 0.2 6 0.05 2 6 1 3 6 1

15 3.8 6 2.2 6.3 6 2.8 2.5 6 1.8 3.8 6 2.2 2 6 1 2 6 1

23 0.6 6 0.6 18.9 6 4.9 1.3 6 0.9 1.3 6 1.3 30 6 31 1 6 1

Dinoflagellate 7 0.1 6 0.03 0.6 6 0.08 0 6 0 0.2 6 0.05 6 6 2 23 6 5

15 2.5 6 1.8 10.1 6 3.6 1.3 6 1.3 1.3 6 1.3 4 6 3 1 6 1

23 1.3 6 0.9 3.8 6 2.2 0.6 6 0.6 5.0 6 2.5 3 6 3 8 6 9

Nano cell 7 2284 6 54 747 6 31 2203 6 53 418 6 23 0.3 6 0.02 0.2 6 0.01

15 2770 6 59 2587 6 57 4033 6 71 2068 6 51 0.9 6 0.03 0.5 6 0.02

23 360 6 15 1002 6 36 922 6 24 1094 6 37 3 6 0.2 1 6 0.05

*The counting uncertainty of phytoplankton cells from combined triplicate incubation bottles is reported. When no cells were observed in one of the
treatments, the fold change was estimated assuming that at least one cell was present.
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rate) was elevated at group 2 locations, indicating that their

incorporation into detrital particles may have enhanced their

export at these locations. Ebersbach et al. (2014) similarly

found abundant “coccoid cells” in sediment trap material and

associated them with transport by aggregates. The nano cells

in this study may have been detected as individual cells in

the gel trap because they were released when aggregates broke

apart prior to collection in the sediment trap. Alternatively,

the nano cells could have been responsible for breaking apart

aggregates; since the presence of photosynthetic pigments

was not determined, it is possible that nano cells were hetero-

trophic and grazing on the contents of the sinking particles

during transport. It is likely that the aggregates were also

responsible for the transport of other small phytoplankton

that were not quantified in this study, such as cyanobacteria.

The flux of diatom and coccolithophore cells was relatively

high at group 2 locations, indicating that the detrital material

may also have transported these cell types. The reduced via-

bility of incubated cells collected in sediment trap material at

group 2 locations suggest that cells may have been partially

processed through surface food webs before being transported

out of the surface along with aggregates and fecal pellets, or

that grazing was occurring in the trap material itself.

The third phytoplankton export regime (PCA group 3) was

defined by enhanced flux of the surface coccolithophore com-

munity. The export turnover rate of coccolithophores was rela-

tively high at group 3 locations, indicating that a larger fraction

of intact coccolithophores were sinking out of the surface. The

export turnover rate of nano cells was also higher at group 3

locations, and these cells were apparently transported by aggre-

gates as described above. Therefore, aggregates were probably an

important transport mechanism of coccolithophores at group 3

locations as well. The individual cells observed in the geltraps

may have disaggregated before arriving at the trap and sinking

into the gel layer. Coccolith production can vary substantially

among species and strains of coccolithophores (Young et al.

2005; Langer et al. 2009), and it is possible that differential bal-

lasting of coccolithophore populations may have increased their

export turnover rate at group 3 locations relative to other loca-

tions. Individual coccolithophore cells may have been more

effective at sinking out of the surface layer if their physiological

status caused them to sink faster, a response which has been

Fig. 8. Schematic of the hypothesized phytoplankton export regimes at stations along the transect. Stations with similar phytoplankton export

regimes were identified by grouping together in the PCA (Fig. 5) and further characterized by their shared changes in fecal pellet and aggregate flux
(Fig. 6), locations of enhanced export turnover rate (Fig. 7) and response of phytoplankton in incubation experiments (Table 2).
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observed in nitrogen starved laboratory cultures (Lecourt et al.

1996). The combined concentration of nitrate and ammonium

was lower than phosphate, creating low surface dissolved N : P

ratios at group 3 locations. Coccolithophores may have been

nitrogen starved and had enhanced sinking speeds, but their

nutrient status at these locations was not evaluated. Previous

work has associated the biomineral produced by coccolitho-

phores with low flux, high efficiency export of carbon (Francois

et al. 2002; Klaas and Archer 2002; Lam et al. 2011), but

coccolithophore-influenced group 3 stations did not have low

carbon flux at 125 m. In general, carbon flux was slightly ele-

vated at these locations, although the average is heavily skewed

upward by station 21, where sediment trap tubes were within

the mixed layer. PIC flux did not correlate with coccolithophore

number flux across the transect and PIC flux was also not ele-

vated at group 3 stations. This suggests that the relationship

between PIC and carbon flux could reflect the influence of other

calcifying organisms (Boyd and Trull 2007), or that the average

of regional scale observations do not reflect the mechanisms of

flux that occur over short time scales at individual locations.

The three different export regimes identified in this study

were all capable of transporting similar amounts of carbon, sug-

gesting that differences in the potential mechanisms of carbon

flux may go undetected if only bulk POC flux is observed. Simi-

larly, if particle-focused observational efforts only quantify one

process, like aggregation, then equally influential export proc-

esses may be overlooked. Individual phytoplankton cells were

detected in the gel trap, and may have been transported there by

a variety of mechanisms. Since phytoplankton cells quantified in

this study were embedded in the gel layer distinctly separated

from other particles, they must have moved downward through

at least some portion of the water column by themselves. At cer-

tain locations, transport via aggregation and fecal pellets

appeared to help transport cells through some portion of the

water column, but even after cells broke out of aggregates or fecal

pellets they continued to move downward into the gel trap.

These results reinforce the numerous studies that identify small

particles as important components of carbon flux and particle

dynamics throughout the water column (Waite et al. 2000;

Richardson and Jackson 2007; Alonso-Gonz�alez et al. 2010; Riley

et al. 2012; Close et al. 2013; Dall’Olmo and Mork 2014; Durkin

et al. 2015; Puigcorb�e et al. 2015). The dynamic and diverse proc-

esses that lead to the export of phytoplankton cells from the sur-

face have broad biogeochemical and ecological importance, and

additional studies are needed to quantify these process on a

global scale, and predict how they will change in the future.
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