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The oceanic biological pump drives sequestration of carbon dioxide in the deep sea via sinking
particles. Rapid biological consumption and remineralization of carbon in the “twilight zone”
(depths between the euphotic zone and 1000 meters) reduce the efficiency of sequestration.
By using neutrally buoyant sediment traps to sample this chronically understudied realm, we
measured a transfer efficiency of sinking particulate organic carbon between 150 and 500 meters
of 20 and 50% at two contrasting sites. This large variability in transfer efficiency is poorly
represented in biogeochemical models. If applied globally, this is equivalent to a difference in
carbon sequestration of more than 3 petagrams of carbon per year.

The transfer efficiency of the biological
pump (1) depends upon how much sink-
ing particulate organic carbon (POC) is

remineralized and consumed by resident biota
within the ocean’s twilight zone. This downward
POC flux in the ocean comprises a complex mix-
ture of living and dead cells, excretory products,
detrital matter, and amorphous aggregates (2).
Remineralization of POC and associated bio-
elements sets the concentration of deep ocean
nutrients and via subsequent upwelling is a feed-
back on the strength of primary productivity.
Since the 1980s there have been various at-
tempts to parameterize this flux attenuation (3),
the most common being F = F100(z/100)

–b,
where z is the trap depth, F100 is the POC flux at
100 m, and b is a unitless parameter determining

the degree of flux attenuation with depth. A
single empirical fit using six North Pacific sites
yielded the Martin curve, with F100 = 4.2 mM
C m−2 day−1 and b = 0.86 (4), which is still
widely used in models to describe particle
flux attenuation across regions and also glob-
ally (5–7).

In the past 10 to 20 years, concerns have
grown over the validity of the Martin curve due
in part to the possibility of collection biases in
upper ocean sediment traps, which are open
cylinders or cones, tethered to surface floatation,
used to directly sample sinking particles (8).
Moreover, flux predictions from global circula-
tion and data assimilation models (9, 10) and
measurements of flux variability in the deep
ocean (11) have questioned the global applica-
bility of this flux curve. Alternatives have since
been proposed (11, 12), but their value is unclear
because they have their basis largely in models
and/or traps in the deep ocean, where flux
collection biases are reduced but particle flux
attenuation is much weaker (13).

VERTIGO (Vertical Transport in the Global
Ocean). The VERTIGO project overcame many
of the issues of trap collection biases in meso-
pelagic waters by using neutrally buoyant sedi-
ment traps (NBSTs) (14). These new-generation
particle interceptors address the hydrodynam-
ic concern of particle capture in a fluid moving
several orders of magnitude faster laterally
(km per day) than mean particle sinking rates
(10 to 100 m day–1) (2). NBSTs are free ve-
hicles that sink to a predetermined depth, di-
rectly intercepting sinking particles in collection
tubes for a preset period (days), after which the
tubes close and the NBSTs surface (15) (figs.
S1 and S2). We deployed NBSTs twice for 3 to
5 days using two to three instruments per depth
(150 m for 3 days, 300 m for 4 days, and 500 m
for 5 days). Such replication of flux measure-
ments is rarely done. Another unique facet of

VERTIGO was the 21-day occupation of each
study site, which enabled us, with replicate de-
ployments, to relate changes in flux at 500 m to
processes in the surface water occurring several
days prior [the majority of particles sink >100 m
day–1 (16) and thus would reach 500 m within
~5 days].

VERTIGO studied two contrasting environ-
ments. ALOHA is within an oligotrophic sub-
tropical gyre and is the site of the Hawaii Ocean
time series (HOT) (17). At ALOHA, consistently
low macronutrients within a warm surface ocean
result in an ecosystem dominated by picophyto-
plankton and low seasonality, with relatively low
and constant rates of primary production and
POC flux at the base of the euphotic zone. K2 is
situated in the Northwest Pacific subarctic gyre
and is the site of a moored time-series program
(18). K2 is characterized by colder waters and
high nutrient conditions, resulting in more
seasonality in algal stocks, production, and
export (18). Another important contrast is that
the biomineral content of sinking particles at
ALOHAwas dominated by particulate inorganic
carbon (PIC, i.e., carbonate contents of 30% at
500 m and 60% at 4000 m, Table 1), whereas
fluxes at K2 during summer were dominated by
biogenic silica (bSi, i.e., opal) because of surface
diatom productivity (80% at 500 and 4000 m).

K2 had higher POC fluxes than ALOHA at
all depths (Fig. 1A). Fluxes at ALOHA were
similar during both trap deployments, whereas at
K2 POC flux decreased threefold between the
two deployments, indicating substantial temporal
phasing of export at this site. The normalized flux
profiles display lower POC flux attenuation at K2
than at ALOHA (Fig. 1B). POC flux profiles
from both K2 deployments collapse onto each
other upon normalization to flux at 150 m (Fig.
1B), despite their difference in POC flux. This
suggests that POC flux attenuation is not
determined by the magnitude of flux but rather
by the nature of the exported POC and the
processes within the mesopelagic that are site
specific. The degree of flux attenuation can be
expressed as mesopelagic transfer efficiency
(Teff) or the ratio of POC flux at 500 to 150 m.
At ALOHA, Teff is only 20%, whereas for K2
Teff equals 46 to 55% (Table 1).

This pattern of more rapid POC flux attenu-
ation at ALOHA versus K2 holds for all
associated bioelements and follows an internally
consistent pattern (Fig. 2). At each site, attenua-
tion follows the same relative order, with
chlorophyll a > POC > particle mass > bSi >
PIC, and tracks the lability of these elements,
with phytodetrital flux decreasing fastest and
much smaller losses of biominerals such as bSi
and PIC as they sink. This implies that, for each
component within the sinking particles, a larger
proportion would sink to greater depth if
associated with biomineral phases. All particle-
associated elements reach greater depth at K2,
which would enhance C sequestration at K2
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relative to ALOHA and consequently result in
greater remineralization length scales at K2 for
nutrients such as silicate.

The differences in particle flux attenuation
between K2 and ALOHA must be related to the
properties that characterize each site. These
include pelagic food web structure, the propor-
tion of fecal pellets versus phytoplankton
aggregates, the fraction of export associated with
ballast minerals and their sinking rates, water
temperature, and C demand of the mesopelagic
bacteria and zooplankton communities, or com-
binations thereof. Also, higher zooplankton
abundances at K2 will have an impact on C
transfer to depth via surface feeding and daily
migration to mesopelagic depths.

Our observations demonstrate that the diatom-
dominated ecosystem at K2 is associated with
more efficient transport of POC through the
twilight zone than the ecosystem at ALOHA. In
addition to the high Teff in the mesopelagic, the
high efficiency of this “silica pump” in the
Northwest Pacific for POC transport to the deep
ocean has been noted previously (19). Thus, our
mesopelagic data contrast with predictions of the
POC-carrying efficiency of different ballasting
agents developed by using bathypelagic trap
data, which suggested preferential deep ocean
POC flux in association with PIC and not bSi
(11, 20).

The structure of the food web can also change
temporally at any given site. Forty days after
peak diatom production at K2 (18), we observed
a continued decrease in primary production and a
decrease in the fraction of C fixation attributable
to >20 mm phytoplankton during deployment 2
(Table 1). A decrease in the export ratio from 21
to 11% [e ratio is trap-derived flux at base of
euphotic zone divided by primary productivity
(PP)] fits with lower export predicted with a shift
to smaller cells (21, 22). The constant Teff at K2
in a changing flux environment suggests that flux
attenuation processes below the euphotic zone
respond proportionally and rapidly to the flux.

During both K2 deployments, most of the
identifiable material intercepted by traps was
fecal matter from larger zooplankton, in particu-
lar copepod species. In the water column above
the traps at K2, both zooplankton size and the
median size of fecal pellets were significantly
larger (42% of zooplankton biomass from 0 to
150mwas >2mm; 0.17 mg C per pellet at 150m;
fig. S3) than at ALOHA (18% of biomass was
>2 mm; 0.036 mg C per pellet). Larger pellets
tend to have higher gravitational sinking rates
(3). Sinking rates would be further increased by
the higher percentage of more dense biomineral
phases within the sinking particles at K2 (80%
opal and carbonate by mass at K2 versus 21% at
ALOHA in 150-m trap; Table 1), although
slower settling rates in colder, more viscous
waters are a potential factor that would offset
some of these density-driven changes in sinking
rate. Therefore, a simple explanation that may
account for much of the twofold higher Teff at K2

compared with that at ALOHA is a faster sinking
rate due to differences in ballasting and zoo-
plankton pellet size. The impact of colder
temperatures on the rate of heterotrophic metab-
olismmay also contribute to this higher Teff at K2
because of slower biological degradation of
sinking particles.

The extent of flux attenuation at the two
VERTIGO sites is not captured by the Martin
curve. After normalizing the observed flux to
150m, average b values for POC at ALOHA (b =
1.33 ± 0.15; fitted value ± 1SE) are higher than
predicted (4), indicating greater flux attenuation,
and lower at K2 (b = 0.51 ± 0.05), indicating
more efficient C transfer to depth (Fig. 1B).
Indeed, the contrast in POC flux attenuation
between ALOHA and K2 exceeds the range seen
across the six sites used to derive the Martin
curve (b ranged from 0.64 to 0.97) (4). Applying

the Martin curve at ALOHA would result in a
POC flux at 500 m that is double (i.e., 36 mg C
m−2 day−1) our observations. At K2, POC fluxes
would be 50% too small. The same over- and
underpredictions would hold for other elements
as well (Fig. 2) and thus would impact relative
ratios of nutrients associated with remineraliza-
tion of sinking particles.

Recent modeling studies based on extensive
WOCE nutrient and alkalinity data (10) sug-
gest that geochemical distributions in the deep
ocean are highly sensitive to the choice of POC
flux parameterization. By using global circula-
tion models and simulated export production,
Howard et al. (10) found differences of >60 mmol
dissolved inorganic carbon (DIC) kg−1 in the
deep ocean between models and observations by
using a Martin-like flux parameterization and
increases of 30 mmol DIC kg−1 by increasing the

Table 1. VERTIGO site characteristics (14). Temp. is temperature, S is salinity, and dep. is trap
deployment. ALOHA O2 taken from HOT bottle data average for June and July 2004. POM is particulate
organic matter and is calculated to be equal to 2.2 times mass of POC (20). Opal is calculated to be
equal to mg of bSi times 2.4 (26). CaCO3 is equal to 8.33 times PIC. Deep particle properties for ALOHA
are from annual averages from a 4280-m trap [15.5°N, 151.5°E; Honjo et al. (27)], whereas K2 data are
from 4810-m K2 trap samples corresponding to a VERTIGO cruise in 2005. Primary production from
VERTIGO cruises are based on shipboard deck incubations using 14C and 13C methods and integrated to
the 0.1% light level. For ALOHA, these are within 95% confidence intervals for HOT PP data for upper
100 m but >2 times lower than in situ PP on HOT cruises before and after VERTIGO. K2 PP are higher
(D1) and similar to PP estimated by Honda et al. (18) for the same time period. Size-fractionated PP
calculated as the percent of total PP attributable to >20-mm cells. Euphotic zone e ratio uses POC flux at
0.1% light level extrapolated using POC flux curve fits (Fig. 1) to mesopelagic data. Measured 150-m
flux/PP ratios are 10 and 8% for ALOHA D1 and D2, and 12 and 6% for K2 D1 and D2, respectively.
Mesopelagic transfer efficiency defined as 500-m/150-m POC flux.

ALOHA K2

Dates on site 22 June to 9 July 2004 22 July to 18 August 2005
Deployment start dates 23 June and 2 July 2004 30 July and 10 August 2005
Mixed layer depth 49 m 26 m
Depth of 0.1% light ~125 m ~50 m

Physical properties
Temp. (°C) S O2 (mM) Temp. (°C) S O2 (mM)

Mixed layer 26.10 34.63 210 9.61 32.91 285
150 m 21.93 35.26 204 2.17 33.46 198
300 m 13.55 34.33 210 3.37 33.97 29
500 m 7.62 34.04 115 3.17 34.18 21
1000 m 3.94 34.45 45 2.57 34.43 21

Particle properties (average by weight)
% POM % CaCO3 % Opal % POM % CaCO3 % Opal

150 m 63.9 13.3 7.7 17.2 3.6 76.8
300 m 51.6 27.1 11.4 13.2 3.2 81.8
500 m 54.9 31.9 16.3 14.1 3.4 80.4
4000 m 13.3 59.9 26.9 7.6 8.5 77.0

POC fluxes (mg m−2 day−1)
First dep. Second dep. First dep. Second dep.

Integrated PP 180 220 530 365
150-m POC flux 18 18 62 23
300-m POC flux 7.2 6.0 47 17
500-m POC flux 3.6 3.6 29 13

Production, export, and flux ratios
First dep. Second dep. First dep. Second dep.

% PP >20 mm 12% 11% 30% 19%
e ratio = flux at 0.1%
light /PP

13% 11% 21% 11%

Teff = 500-m/150-m flux 20% 21% 46% 55%
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Teff by a factor of 2.5. VERTIGO data confirm
the existence of regional differences in POC Teff
of twofold or more. Our sites represent low-
latitude oligotrophic and high-latitude meso-
trophic regions and thus are unlikely to be
biogeochemical end members for the global
ocean or even seasonal extremes at these two
sites.

Implications and conclusions. Our high and
low Teff, if applied to the global shallow export
production estimate of Laws et al. of 11 Pg C
year−1 (23), would result in a POC flux at 500 m
ranging from 2.3 to 5.5 Pg C year−1 or a dif-
ference in ocean C sequestration below 500 m

of more than 3 Pg C year−1. For comparison,
global anthropogenic emissions of C are 6 to 7
Pg C year−1. Certainly the entire ocean is not
characterized by either single Teff; however, this
calculation shows that, in addition to climate-
induced changes to primary production, floris-
tics, and shallow export, changes to meso-
pelagic communities and Teff would have a
large impact on the magnitude of ocean C
sequestration and hence be a substantial feedback
on climate. The predicted increase in ocean
stratification and the decrease in nutrient supply
because of climate change are thought to favor
small phytoplankton at the expense of diatoms

(24). Also, a decrease in ocean pHwith increased
CO2 would tend to decrease the fraction of ocean
production attributed to calcium carbonate pro-
ducers (25). Both of these effects would result in
not only less-efficient shallow export production
but also likely lower mesopelagic Teff and hence
reduce ocean C sequestration, which would
greatly amplify this positive feedback on climate
change.

These data help connect surface-water parti-
cle sources to mesopelagic fluxes. Both the
fraction of production leaving the surface and
the proportion of export reaching the deep ocean
are highly variable and of similar importance to
the sequestration of C in the deep ocean.
Although process studies at contrasting sites
using NBSTs can help unravel differences in
particle flux attenuation and its controls, meso-
pelagic time-series observations are necessary to
catch episodic events and the full range of flux
variability. This variability in the attenuation of
sinking particle flux is not yet considered in
ocean models and is poorly constrained by
existing data from the twilight zone.
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depth of the trap, F150 is the POC flux at the 150-m reference depth, and b describes the rate of
flux attenuation.

Fig. 2. Relative rates of flux
attenuation as parameterized by
power law fit of Martin et al. (4)
for chlorophyll a, POC, mass, bSi,
and PIC. These are calculated for
deployment 1 (open) and 2 (solid)
for ALOHA (top) and K2 (bottom),
with an error bar derived from the
curve fit to multiple NBST flux data
at three depths. Also shown for
comparison as a horizontal dashed
line is the b value for the Martin
curve of 0.86, with larger values of
b indicating faster flux attenuation,
i.e., increasing remineralization.
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Supplemental Materials: Analytical methods,  

sampling equipment and fecal pellet carbon content 

 

Methods 

Sinking flux- NBSTs 

Sinking flux was collected using neutrally buoyant sediment traps (NBSTs) (Figs. S1 & S2).  Up 

to 3 separate NBSTs were deployed at a given sampling depth during deployments of 3, 4 and 5 

days at 150, 300 and 500 m, respectively.  This Lagrangian drifting reduces potential sampling 

bias due to hydrodynamics associated with horizontal flow over the trap and motions related to 

the mooring line (e.g. Gardner, 2000).  Sample collection tubes go down open, and are closed 

after a pre-set period and the NBSTs return to the surface and relay position via GPS for NBST 

location and sample recovery.  Immediately after retrieval, samples were gravity filtered though 

a 350 μm screen to remove large swimmers and wet split into 8 subfractions which were filtered 

and subsequently dried, chemically preserved or frozen on board.  Splitting precision was 

assessed on a previous cruise to be better than ±1% based upon split solution weights and ± 4% 

based upon analyses of 234Th in trap particlate materials (± std. deviation of n=4 splits). All 

sample handing was carried out under trace-metal clean conditions in a clean air bench, and one 

sampling tube was deployed closed to serve as a processing blank (average PC blank = 50 +/- 10 

μg C; PC per sample average = 150 μg ALOHA; 350 μg K2).  Formalin (37 mM) and mercuric 

chloride (180 µM) poisons were used to minimize sample degradation during collection (Lee et 

al., 1992), and both produced comparable results.  Separate experiments of poisoned trap 

material were used to show an insignificant impact of in trap degradation on particles collected at 

depth. Both poison treatments were held in a confining brine layer (salinity>70 ppt) formed by 

freeze-concentrating salt from prefiltered open-ocean seawater.  VERTIGO also took significant 

effort to remove and quantify zooplankton “swimmers” that actively enter the traps and can be a 

large bias on POC flux collected in an open tube (Karl and Knauer, 1989).  On board 

microscopic analyses of the screens and samples was used to identify and quantify possible 

sinking material caught on the screen or small zooplankton “swimmers” passing through the 
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screen, and these corrections were generally minor for POC (<5-20% for ALOHA and <4-10% 

at K2 for small swimmer C not removed by screen relative to total C flux).   

 

Geochemical Analyses 

POC is obtained by difference from measurement of total C by CHN and particulate inorganic 

carbon.  PIC was determined by acidification of the sample with phosphoric acid and titration of 

CO2 by a coulometric method with a UIC coulometric analyzer and acidification module.  

Biogenic silica was determined using the hot NaOH extraction method as described in Nelson et 

al. (1989).  Chlorophyll a is total chlorophyll a pigments (monovinyl plus divinyl chlorophyll a) 

determined by HPLC on sediment trap samples that were immediately LN2 frozen at sea.  Mass 

was determined gravimetrically after filtration onto pre-tared 0.45μm pore sized Nucleopore 

filters, rinsing with buffered DI water to remove salts and desiccation to a constant weight.   
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Supplemental Figure 1.  Photograph of Neutrally Buoyant Sediment Trap used in VERTIGO 

and as described in Valdes and Price (2000). 
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Supplemental Figure 2. Schematic diagram showing relative difference between NBST and 

standard surface tethered traps for the direct collection of sinking particles in the ocean.  Particles 

derived from surface ocean biological processes are sinking at velocities of 10 to >100 m/d 

within a flow field of ocean currents on the order of km/d.  The NBST moves at the same relative 

speed as the water flow (v ~ 0) so there is near zero flow across the trap mouth and within the 

trap (v= approach velocity).  For standard traps, the surface tether and float result in flow across 

the trap mouth (v = 1 to >15 cm/s are common), flow within the trap, possible tilting and vertical 

motion, and particles entering the trap at non-vertical angles.  Any of these hydrodynamic effects 

can alter the collection characteristics of the trap (e.g. Gardner, 2000).   
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Supplemental Figure 3. Fecal pellet carbon distribution from 150m Neutrally Buoyant 

Sediment Traps at ALOHA and K2 normalized to 1000 pellets for each location. Deployments 1 

and 2 are combined for each station. The median carbon per pellet for ALOHA at 150m was 

significantly lower (0.036 μg C, n=421 pellets counted from 3 traps) than K2 (0.170 ugC, 

n=3068 pellets counted from 4 traps) (Mann-Whitney two-sample test p<0.0005). A χ2 test 

indicated fecal pellet carbon frequency distributions were also significantly different between 

sites (χ2 = 524.4, DF=13, p<0.0005). Carbon content of individual pellets was calculated from 

pellet volume and applying a conversion factor of 0.08 mgC/mm3 (Silver and Gowing 1991, 

Carroll et 1998, Urban-Rich et al. 1998, Riser et al. 2001). Pellet volume was calculated from 

measurements of individual pellets and their shape (e.g. sphere, cylinder, ovoid).  
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