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Abstract The attenuation of sinking particle ﬂuxes through the mesopelagic zone is an important process
that controls the sequestration of carbon and the distribution of other elements throughout the oceans. Case
studies at two contrasting sites, the oligotrophic regime of the Bermuda Atlantic Time-series Study (BATS)
and the mesotrophic waters of the west Antarctic Peninsula (WAP) sector of the Southern Ocean, revealed
large differences in the rates of particle-attached microbial respiration and the average sinking velocities of
marine particles, two parameters that affect the transfer efﬁciency of particulate matter from the base of
the euphotic zone into the deep ocean. Rapid average sinking velocities of 270 ± 150 m d1 were observed
along the WAP, whereas the average velocity was 49 ± 25 m d1 at the BATS site. Respiration rates of
particle-attached microbes were measured using novel RESPIRE (REspiration of Sinking Particles In the
subsuRface ocEan) sediment traps that ﬁrst intercepts sinking particles then incubates them in situ.
RESPIRE experiments yielded ﬂux-normalized respiration rates of 0.4 ± 0.1 day1 at BATS when excluding
an outlier of 1.52 day1, while these rates were undetectable along the WAP (0.01 ± 0.02 day1). At BATS,
ﬂux-normalized respiration rates decreased exponentially with respect to depth below the euphotic zone
with a 75% reduction between the 150 and 500 m depths. These ﬁndings provide quantitative and
mechanistic insights into the processes that control the transfer efﬁciency of particle ﬂux through the
mesopelagic and its variability throughout the global oceans.
1. Introduction
Particles sinking from the euphotic zone transport carbon and other elements into the ocean’s interior at
a global rate of 4–13 Pg C yr1 [Lima et al., 2014] as part of a process known as the “biological pump”
[Volk and Hoffert, 1985]. This downward ﬂux of particulate organic matter (POM) typically declines sharply with
increasing depth due to the activity of particle-attached microbes, physical processes of aggregation and
disaggregation, and the consumption or fragmentation of POM by zooplankton [Simon et al., 2002; Steinberg
et al., 2008; Wilson et al., 2008; Burd and Jackson, 2009]. Variation in the attenuation of particle ﬂux with
respect to depth, and the depths at which carbon is remineralized in the water column, can have a substantial
impact on the global air-sea balance of carbon dioxide [Kwon et al., 2009] and the global oceanic distributions
of many other associated elements. Direct measurements of particle ﬂuxes and inverse modeling studies
of tracer distributions indicate that particle ﬂux attenuation and the associated remineralization processes
vary signiﬁcantly with respect to region and season [Berelson, 2001; Francois et al., 2002; Lutz et al., 2002;
Howard et al., 2006; Buesseler and Boyd, 2009]; however, the physical and ecological controls on ﬂux attenuation
are poorly understood and difﬁcult to quantify [Wassmann et al., 2003; Boyd and Trull, 2007; Dehairs et al.,
2008; Stukel et al., 2014]. This situation confounds our ability to accurately describe the role of the biological
pump in global biogeochemical cycles and how these processes might respond to and modulate global climate
and biogeochemical change.
Conceptually, the balance between particle sinking velocities and the rates of particle remineralization and
retention in mesopelagic waters sets the attenuation of particle ﬂux with depth. Both sinking velocities
and particle remineralization rates are highly variable and are inﬂuenced by a variety of environmental variables
and ecosystem properties [Stemmann et al., 2004; Trull et al., 2008; Iversen and Ploug, 2010; McDonnell and
Buesseler, 2010]. Factors such as ambient temperature, particle composition and structure, and community

MCDONNELL ET AL.

©2015. American Geophysical Union. All Rights Reserved.

175

Global Biogeochemical Cycles

10.1002/2014GB004935

structure are thought to play a signiﬁcant role in controlling sinking velocities and rates of particle destruction,
thereby inﬂuencing the efﬁciency of the biological carbon pump [De La Rocha and Passow, 2007].
Compared to bulk seawater, marine particles (especially marine snow aggregates) are hot spots of microbial
activity in the oceans [Alldredge and Gotschalk, 1990; Simon et al., 1990; Azam and Long, 2001]. Remineralization
rates of particulate carbon by particle-attached microbes are difﬁcult to quantify and have long been an issue of
considerable debate. Discrepancies between different studies likely arise from a combination of substantial
variability in these rates throughout the oceans combined with signiﬁcant methodological differences between
studies. Some early studies concluded that marine snow is a relatively poor site for the active remineralization of
organic matter, and therefore, microbial degradation of sinking aggregates should be a minor factor in the
attenuation of particle ﬂuxes with depth [Ducklow et al., 1982; Alldredge and Youngbluth, 1985; Karl et al.,
1988]. Other studies found quite the opposite, however, calculating that POM could be broken down on
short timescales of hours to days [Smith et al., 1992; Ploug et al., 1999; Ploug and Grossart, 2000]. Recent
experimental results with laboratory-generated aggregates from various phytoplankton cultures have
indicated that carbon-speciﬁc respiration rates for marine particles average around 0.13 day1, while the
variability around this mean approached a similar magnitude [Iversen and Ploug, 2010]. Uncertainties in
the magnitude of microbial respiration rates make it very difﬁcult to reconcile carbon budgets in the
subsurface ocean [Burd et al., 2010; Giering et al., 2014] and predict how microbial respiration might be
affected by ongoing climate change [Passow and Carlson, 2012].
A wide range of techniques has been used for estimating the effects of microbial respiration associated with
sinking particles. Many studies have employed thymidine incorporation measurements to assess bacterial
production rates [Chin-Leo and Kirchman, 1988]. For this reason, relating these measurements to the
remineralization of particulate matter is difﬁcult because it requires the use of several poorly constrained
conversion factors such as the relative abundances of free-living versus particle-attached microbes, as well
as bacterial growth efﬁciencies [Rivkin and Legendre, 2001; Burd et al., 2010]. Alternatively, by probing
the diffusive boundary layer surrounding aggregates with microelectrodes [Ploug and Jørgensen, 1999],
laboratory studies have provided valuable insights into the magnitude of microbial remineralization of
particulate carbon and the factors that control it [Ploug et al., 2008; Iversen and Ploug, 2010, 2013]. However,
measurements of particle sinking velocities and particle-associated microbial respiration rates have
only rarely been combined with oceanographic assessments of ﬂux attenuation [e.g., Iversen et al., 2010],
limiting our ability to assess their role in setting the efﬁciencies of the ocean’s biological pump.
In this study, we investigate the combined roles of particle-associated microbial respiration and the average
sinking velocities of particles in the water column in the control of particle ﬂux attenuation through the
mesopelagic zone. This was accomplished with an in situ particle incubation chamber (P. W. Boyd et al.,
RESPIRE: An in situ particle interceptor to conduct particle remineralization and microbial dynamics studies in
the oceans’ twilight zone, submitted to Limnology and Oceanography: Methods, 2014) and determinations of the
relationship between particle ﬂux and concentration [McDonnell and Buesseler, 2010]. These experimentally
determined rates are compared to the attenuation of particle ﬂux as measured by surface-tethered sediment
traps deployed at multiple depths below the euphotic zone. Observations conducted in the Sargasso Sea at the
Bermuda Atlantic Time-series Study (BATS) site and along the west Antarctic Peninsula (WAP) provide two
distinctly different examples of the global variability in sinking velocities and microbial activity, and the effects
these processes have on the efﬁciency of the biological carbon pump.

2. Materials and Methods
2.1. Study Sites
Studies of sinking velocities, microbial respiration of sinking particles, and ﬂux attenuation were conducted
in two contrasting oceanic environments of BATS and WAP (Table 1). Five process studies at the BATS site
(31° 40′N, 64°10′W) in the Sargasso Sea are presented here. This region of the subtropical North Atlantic
Ocean has been part of intensive oceanographic studies over the past several decades through several
long-term scientiﬁc programs including BATS [Michaels and Knap, 1996; Steinberg et al., 2001], the Oceanic
Flux Program [Conte et al., 2001], Hydrostation S [Michaels and Knap, 1996], and the Bermuda Testbed
Mooring [Dickey et al., 2001]. This site is characterized by seasonally low productivity and deep mixing in
the winter followed by a brief spring bloom as the hydrography transitions to a thermally stratiﬁed and
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Table 1. General Characteristics of the Two Contrasting Study Sites of BATS and WAP

Dominant phytoplankton
Dominant zooplankton
Dominant sinking particle types
Seasonality
NPP
Export ratio

BATS

WAP

Prochlorophytes, cyanobacteria, prymnesiophytes,
pelagophytes, coccolithophores, and diatoms
Copepods, ostracods, and chaetognaths
Detrital aggregates and larvacean houses,
planktonic sarcodines, and fecal pellets
Peak NPP in winter/early spring and occasional fall bloom

Diatoms, cryptophytes, and ﬂagellates

2

154 ± 29 gC m

yr

Krill, salps, copepods, and pteropods
Krill and salp fecal pellets, diatoms, and aggregates

1a

a

0.06 ± 0.02

Production and export ﬂux occurring almost
entirely in summer
2 1
176 gC m yr (occurring almost exclusively
b
between November and April)
c
0.1

a
Lomas et al. [2013].
b
Ducklow et al. [2008].
c

Buesseler et al. [2010].

nutrient-poor euphotic zone that lasts well into October [Steinberg et al., 2001]. During the summer
months, primary production rates decrease and a subsurface chlorophyll maximum develops near the
base of the euphotic zone. A diverse assemblage of phytoplankton inhabits the euphotic zone here,
dominated by prokaryotic picoplankton such as prochlorophytes and cyanobacteria, but with variable
contributions from eukaryotic plankton such as prymnesiophytes, pelagophytes, and coccolithophores
[Steinberg et al., 2001]. Sinking particle ﬂuxes in the mesopelagic zone have been measured regularly with
surface-tethered free-drifting sediment trap arrays with export ratios (primary production:particulate
organic carbon ﬂux at 150 m depth) with a mean e-ratio of 0.06 ± 0.02 [Lomas et al., 2013]. The ratio of
particulate organic carbon (POC) ﬂux at 300 m to the POC ﬂux at 150 m depths (a measure of the efﬁciency
of ﬂux transfer through the mesopelagic zone) is variable ranging between 0.2 and 0.8, with a statistically
signiﬁcant negative trend between 1996 and 2007 that has been attributed to climate-related shifts in
phytoplankton community composition [Lomas et al., 2010].
A set of three experiments was conducted at two locations along the WAP: the Long-Term Ecological
Research (LTER) trap site (64°29.3′S, 65°57.6′W, 8–10 January and 5–7 March 2009) 130 km offshore in the
midshelf region and at the head of Marguerite Bay (MB) farther to the south (68°10.5′S, 69°59.8′W, 23–25
February 2009). The WAP is a seasonally productive ecosystem with large blooms of diatoms, cryptophytes,
and ﬂagellates that constitute the majority of total phytoplankton cell abundance and biomass concentration
during the austral summer [Garibotti et al., 2005]. This intense productivity supports large stocks of krill,
salps, silverﬁsh, penguins, and marine mammals [Fraser and Trivelpiece, 1996; Ducklow et al., 2007]. It is the site
of the Palmer Long-Term Ecological Research study (PAL) and other studies that provide an oceanographic
context to the measurements presented here. Particle ﬂuxes along the WAP are highly seasonal, often
varying over an order of magnitude between the dark and ice-covered winters and highly productive
summers [Ducklow et al., 2008; Weston et al., 2013]. These studies also estimated extremely low export
ratios (~1%, <4%) with particle ﬂux data derived from seabed-tethered conical time series sediment traps,
suggesting that bacteria and zooplankton efﬁciently recycle particulate matter in the upper water column
as it sinks to depth. However, a study with drifting sediment traps and water column proﬁles of 234Th
suggests that particle ﬂuxes are approximately twentyfold larger than those measured by the moored
conical trap in this region, resulting in revised export ratios of at least 10% [Buesseler et al., 2010]. Collections of
particles in polyacrylamide gel traps revealed that krill fecal pellets and diatom aggregates dominate the ﬂux
during the summer months in this region [McDonnell and Buesseler, 2010].
2.2. Downward Particle Flux Measurements
To quantify the downward particle ﬂux as a function of depth, surface-tethered free-drifting sediment trap
arrays were deployed at each study site. Duplicate cylindrical sediment trap tubes, each with a cross-sectional
area, Atrap, of 0.0114 m2 (see Table 2 for a comprehensive list of parameters used in this study), were
deployed at three ﬁxed depths below the surface euphotic zone [Lamborg et al., 2008; McDonnell and
Buesseler, 2012]. Trap depths (Table 3) were selected adaptively at each site such that they were located
below the euphotic zone as determined by the decline in conductivity-temperature-depth (CTD)-measured

MCDONNELL ET AL.

©2015. American Geophysical Union. All Rights Reserved.

177

Global Biogeochemical Cycles

10.1002/2014GB004935

Table 2. List of Parameters, Their Description, and Units
Parameter
Atrap
cn
d
FC
F 0C
Fn
Fvol
nc
Q10
rcontrol
rexp
rm
rzoop
Rm
R0m
tcoll
T100
w
w
λ
νC:O2

Description

Units

Cross-sectional area of sediment trap
Concentration size distribution
Particle size
Particulate carbon ﬂux
Particulate carbon ﬂux at the base of the euphotic zone
Flux size distribution

m
3
1
No. m μm
μm
2 1
mmol C m d
2 1
mmol C m d
No.
2 1
1
m d μm
3 2 1
μm m d
mmol C

1
mmol O2 d
1
mmol O2 d
1
mmol O2 d
1
mmol O2 d
1
day
1
day

Volume ﬂux distribution
Particulate carbon collected in sediment trap
Temperature coefﬁcient
Oxygen consumption rate of the particle-excluding RESPIRE trap control
Oxygen consumption rate of the particle-collecting RESPIRE trap experiment
Difference between rexp and rcontrol
Oxygen consumption rate of zooplankton
Flux-normalized particle microbial remineralization rate
Flux-normalized particle microbial remineralization rate at the base of the euphotic
zone
Flux collection duration
Flux transfer efﬁciency
Average sinking velocity size distribution
Bulk average sinking velocity
Exponential rate of ﬂux attenuation
Stoichiometric ratio of organic carbon to oxygen

2

day

1
md
1
md
1
m


ﬂuorescence obtained with the CTD. The exact depth placement of the upper traps was limited to 25 m
depth intervals at WAP and 50 m intervals at BATS due to the ﬁxed line segments available for the drifting
array. The traps were outﬁtted with lids that were programmed to close after a ~36 h collection phase.
Formalin-poisoned brine (500 mL, salinity 70, 0.02% formalin) was added to the base of these ﬂux collection
tubes to prevent microbial breakdown of the samples. After the traps were recovered, the particulate matter
was allowed to settle for 1 h before the seawater overlying the brine was siphoned off in the shipboard
laboratory. The brine and particle sample mixture was then drained through a 350 μm Nitex screen to remove
swimmers. Studies at the BATS site showed that there was no difference in removal of swimmers using
this screening method versus individual removal of swimmers under a microscope [Owens et al., 2013]. The
screened brine suspension was ﬁltered through a 1.2 μm silver membrane ﬁlter (Sterlitech), and the
particles dried for ~24 h at 50°C. The ﬁltered samples from each trap were analyzed on a CHN analyzer
to determine the quantity of carbon collected in the sediment trap, nc (mmol C), and the reported values
are the average of the two duplicate trap tubes. Particulate carbon ﬂux, FC (mmol C m2 d1), was calculated
by dividing this value by the duration of the collection period and the cross-sectional collection area of
the cylindrical traps. At WAP, the 350 μm screen retained many of the large krill fecal pellets collected in the
traps. For this reason, zooplankton were handpicked from the screens, and the screened particles (mainly
cylindrical fecal pellets) were rinsed off onto a separate silver membrane ﬁlter for CHN analysis. Values of
nc and FC at WAP therefore represent the sum of the <350 μm and >350 μm size fractions (after removal
of swimmers).
2.3. Determination of Average Sinking Velocities
The average sinking velocity of particles as a function of equivalent spherical diameter between 73 μm
and ~6 mm was calculated by combining measurements of the particle ﬂux size distribution, Fn, and the
particle concentration size distribution, cn, as described in detail in McDonnell and Buesseler [2010, 2012].
Polyacrylamide gel traps were used to collect intact sinking particles for microscopy and the subsequent
determination of Fn (No. m2 d1 μm1). Gel trap tubes were deployed on the same drifting arrays as
the ﬂux collection tubes. Methodological details of the polyacrylamide gel traps are covered in McDonnell
and Buesseler [McDonnell and Buesseler, 2010, 2012]. The autonomous video plankton recorder was used to
quantitatively image particles in the water column and compute cn (No. m3 μm1) in the depth bin
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21–23 September 2009

25–27 September 2009

8–10 January 2009

23–25 February 2009

5–7 March 2009

BATS

BATS

WAPLTER

WAPMB

WAPLTER

150
300
500
150
200
300
500
200
200
300
500
200
200
300
500
200
500
50
150
250
100
200
300
50
150
250

0.85
0.54
0.76
0.95
4.09
2.5
1.84
3.88
3.88
2.78
1.80
2.07
2.07
1.58
1.21
2.64
1.85
12.45
8.2
12.6
1.7
1.75
6.15
8.6
8.0
7.15

Average C Flux
2 1
(mmol C m d )

1.50

1.36

1.45

1.51

1.48
1.48

1.43
1.43

1.66
1.52

1.29

Collected
During (day)

0.004 ± 0.002

0.004 ± 0.000
0.010 ± 0.001

0.001 ± 0.000
0.013 ± 0.002

0.000 ± 0.002

0.029 ± 0.001
0.029 ± 0.001

0.012 ± 0.003
0.012 ± 0.003

0.014 ± 0.015
0.014 ± 0.015
0.014 ± 0.015
-0.001 ± 0.002
0.030 ± 0.001

rcontrol
1
(mmol O2 d )

0.007 ± 0.001

0.102 ± 0.003

0.054 ± 0.004
0.047 ± 0.003

0.049 ± 0.002
0.066 ± 0.002

0.28 ± 0.02
0.11 ± 0.01
0.068 ± 0.008
0.011 ± 0.004
0.076 ± 0.002

rexp
1
(mmol O2 d )

0

0

0

0.003 ± 0.001

0.003 ± 0.001
0.003 ± 0.001

0.003 ± 0.001
0.003 ± 0.001

0.003 ± 0.001
0.003 ± 0.001
0.003 ± 0.001
0.003 ± 0.001
0.003 ± 0.001

a

rzoop
1
(mmol O2 d )

b

b

b

b

0.003 ± 0.002

0.002 ± 0.001

0.01 ± 0.01

0.08 ± 0.02

b

0.003 ± 0.002

0.01 ± 0.01

1.5 ± 0.4

0.4 ± 0.1
0.3 ± 0.1

0.4 ± 0.1
0.6 ± 0.1

1.7 ± 0.4
0.9 ± 0.3
0.4 ± 0.2
0.4 ± 0.2
0.4 ± 0.1

Rm
1
(day )

b

0.100 ± 0.004

0.021 ± 0.005
0.015 ± 0.003

0.034 ± 0.004
0.051 ± 0.004

0.26 ± 0.03
0.09 ± 0.02
0.051 ± 0.02
0.010 ± 0.005
0.043 ± 0.002

rm
1
(mmol O2 d )

See section 2.2 for details on the estimation of rzoop at BATS. No estimates of rzoop were available from WAP and assumed to be zero due to the fact that most zooplankton along WAP were too
large to enter the incubation chamber around the IRS.
b
1
Values of rm are below the detection limit of 0.008 mmol O2 d .
c
In the April 2008 RESPIRE experiments, RESPIRE traps and their associated ﬂux collection traps were deployed with collection funnels used to amplify the collection of particulate carbon and
increase the ability to detect rexp in the incubation chamber at deeper depths. Because all three available RESPIRE instruments were being utilized for ﬂux collection experiments at this time, the
control rate, rcontrol, assumed to be the average of all other control rates measured at the BATS site.

a

10–12 September 2009

BATS

c

12–14 November 2008
14–16 July 2009

19–21 April 2008

BATS

BATS
BATS

Date

Site

Depth
(m)

Table 3. Results From RESPIRE Experiments Conducted at BATS and WAP Sites
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Figure 1. Schematic drawing of the RESPIRE apparatus used to incubate sinking particles and measure the rates of
particle-associated microbial respiration.

immediately above each polyacrylamide gel trap. For each size class, d, the ﬂux size distribution was divided
by the concentration size distribution giving an average sinking velocity size distribution, w(d), in m d1:
w ðd Þ ¼ F n ðd Þ=cn ðd Þ

(1)

We then computed an estimate of the volume ﬂux, Fvol(d), by summing up the volumes of individual particles
in each size class. To accomplish this, we assumed that each particle detected in the polyacrylamide gel
images was spherical and thus its volume can be calculated as
π
V particle ¼ d3
(2)
6
This volumetric ﬂux distribution was then used to weight each w(d) and compute a bulk average sinking
velocity, w, for all particles in the measurable size range as follows:
X
ðw ðd Þ  F vol ðdÞÞ
X
w¼
(3)
F vol ðd Þ
We compute and report an average w across all three depths sampled by the polyacrylamide gels traps in
the upper mesopelagic zone.
2.4. In Situ Incubation of Sinking Particles
The respiration rates of particle-attached microbes were measured with an in situ incubation device called
the RESPIRE particle interceptor (Figure 1). This instrument and its various uses and methodological concerns
are described in further detail in P. W. Boyd et al. (submitted manuscript, 2014). The RESPIRE interceptor used
in this study consisted of a modiﬁed sediment trap tube made of transparent acrylic and outﬁtted with a
bafﬂe across the top aperture and an indented rotating sphere (IRS) [Peterson et al., 1993] made out of solid
PVC plastic that served as both a swimmer avoidance device and the physical closure between the incubation
chamber below the IRS and the ambient water above (Figure 1). An Optode (Aanderaa Data Instruments,
model 3830) mounted inside the incubation chamber of the RESPIRE traps enabled the measurement of a
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dissolved oxygen concentration time series during the deployment. Control of the instrument and
Optode was handled by a dedicated computer and battery pack contained in a pressure-tight underwater
housing. Up to three RESPIRE traps were deployed simultaneously on the drifting sediment trap array
and mounted on the trap frames adjacent to the ﬂux collection tubes and the polyacrylamide gel traps. In
all but one of the deployments (April 2008), all RESPIRE traps were deployed at the depth of the upper
trap, just below the base of the euphotic zone. Two of the RESPIRE traps served as particle-incubating
replicates, while one of the RESPIRE traps was covered with a 10 μm nylon mesh to exclude sinking particles
to provide an in situ procedural control. In the 19–21 April 2008 deployment (Table 3), the RESPIRE traps
were deployed at three different depths below the euphotic zone in order to determine the change in
particle-attached respiration rates through the water column. Larger collection funnels (Atrap = 0.0965 m2)
were ﬁtted to the top of the RESPIRE and ﬂux collection tubes during the 19–21 April 2008 deployment
to amplify the collection of particles from these deployments and enable the detection of respiration rates
in the deeper traps where the ﬂux is diminished.
In all deployments, the RESPIRE traps operated in two modes: the collection phase (corresponding with
the collection phase of the adjacent ﬂux collection and polyacrylamide tubes) and the incubation phase. Prior
to deployment of the sediment trap arrays, the RESPIRE traps were ﬁlled with 0.2 μm ﬁltered seawater
collected using the CTD rosette from the depth of the planned deployment. In the case of the September
2009 deployments at BATS, an underwater CTD pump ﬂushed the incubation chambers of the RESPIRE traps
with an excess (~5 L) of ambient seawater immediately after deployment at depth (Figure 1). The purpose of
this ﬂushing was to increase the stability of the initial oxygen concentrations at the start of the collection
phase with those of ambient waters.
During the collection phase, sinking particles entered the opening of the trap and settled onto an IRS
machine out of solid PVC [Peterson et al., 1993]. An external controller rotated the IRS for 50 s (approximately
one complete rotation) every 10 min, thereby transferring any particles collected on top of the IRS into a
1.34 L incubation chamber below. Particles then settled onto the ﬂat PVC base plate of the RESPIRE trap’s
incubation chamber. During this collection period, IRS rotation also promoted the exchange of ambient
seawater into the incubation chamber.
After a collection period, tcoll, of ~36 h, the incubation phase began with the closure of the trap lid and the
cessation of the IRS rotation. This prevented additional particles from entering the chamber and also
further isolated the incubation chamber from ﬂuid exchange with ambient waters. The factory-calibrated
Optode measured the concentration of dissolved oxygen in the incubation chamber once every 2 min.
Unlike typical oxygen electrodes, they rely on dynamic luminescence quenching by molecular oxygen and
therefore do not consume the analyte. After the closure of the trap lids at the conclusion of the collection
phase, oxygen concentrations were monitored in the incubation chamber for a period of 4 h prior to
instrument recovery.
Linear regressions were performed on these data to determine the rates of decline in the oxygen concentration,
and this rate was multiplied by the volume of the incubation chamber (1.34 L) to yield oxygen consumption
rates (mmol O2 day1) for the particle-collecting experiment (rexp) and particle-excluding control (rcontrol).
Although the IRS design of the RESPIRE trap was intended to exclude mesozooplankton from the incubation
chamber, small zooplankton were occasionally able to enter the incubation chamber during the periodic
IRS rotations, and their respiration (rzoop) is also responsible for a portion of the observed drawdown
in oxygen. From these rates, we determined a ﬂux-normalized particle microbial remineralization rate,
Rm (day1) calculated with the following equation:

Rm ¼


r exp  r control  r zoop νC:O2
F c tcoll Atrap

(4)

where νC:O2 = 117/170 is the stoichiometric ratio of organic carbon to oxygen for organic matter remineralized
at depth [Anderson and Sarmiento, 1994]. Rm is therefore the fraction of the total accumulated carbon that
is remineralized by particle-associated microbes over the course of 1 day. Several studies have conﬁrmed
that carbon-speciﬁc remineralization rates are largely independent of aggregate size [Iversen et al., 2010; Ploug
et al., 1999; Ploug and Grossart, 2000], providing justiﬁcation for the normalization of oxygen consumption rates
to the total ﬂux of carbon entering the trap.
MCDONNELL ET AL.

©2015. American Geophysical Union. All Rights Reserved.

181

Global Biogeochemical Cycles

10.1002/2014GB004935

Table 4. Flux-Normalized Particle Microbial Remineralization Rates, R0m , Calculated From Equation (1) and Bulk Average
a
Sinking Velocities, w, Determined at the Two Test Sites
Location
BATS

WAP

Date
12–14 November 2008
14–16 July 2009
10–12 September 2009
21–23 September 2009
25–27 September 2009
8–10 January 2009
23–25 February 2009
5–7 March 2009

1

R0m (day

)

0.4 ± 0.2
0.4 ± 0.1
0.5 ± 0.2
0.4 ± 0.1
1.5 ± 0.4
0.01 ± 0.01
0.04 ± 0.02
0.01 ± 0.01

1

w (m d

)


13 ± 4
90 ± 50
23 ± 5
70 ± 20
91 ± 43
112 ± 55
640 ± 440

T model
100

T traps
100


0.07
0.65
0.28
0.18
0.99
0.97
1.00


0.61
0.71
0.87

0.68
1.02
0.93

a

The modeled ﬂux attenuation only accounts for the combined effects of microbial respiration and sinking.

Figure 2. The changes in oxygen concentrations during the incubation phases of the (a) 12–14 November 2008, (b)14–16 July
2009, (c) 10–12 September 2009, (d) 21–23 September 2009, and (e) 25–27 September 2009 RESPIRE experiments conducted
at the BATS site. The dashed curves indicate the oxygen changes in the 10 μm mesh-covered (particle-excluding) control.
The solid curves are the oxygen changes in the particle-collecting RESPIRE traps. Plotted in the same shading are the linear
ﬁts of rexp and rcontrol for each respective experiment. Figures 2c and 2d contain results from side-by-side replicates of the
particle-collecting RESPIRE experiments.

MCDONNELL ET AL.

©2015. American Geophysical Union. All Rights Reserved.

182

Global Biogeochemical Cycles

10.1002/2014GB004935

While zooplankton data were not available from the
speciﬁc RESPIRE trap experiments reported here, we did
enumerate zooplankton swimmers collected during a
series of RESPIRE test deployments in the summer of
2008 at BATS and used these counts to calculate an
average zooplankton oxygen consumption rate for
RESPIRE collections at BATS. Applying the formulation
of zooplankton metabolic rates reported in Ikeda et al.
[2001] and the average individual dry weights of
the subtropical copepod Corycaeus sp. (0.032 mg dry
weight/individual), we calculated an average zooplankton
oxygen consumption rate for RESPIRE collections at BATS
of rzoop = 0.003 ± 0.001 mmol O2 d1. At WAP, we assumed
rzoop to be negligible, as the majority of the dominant
zooplankton species (salps, pteropods, and krill) was
too large to pass by the IRS. The errors for Rm were
calculated by propagating the uncertainties from rexp,
rcontrol, and rzoop and nc. In future RESPIRE deployments,
we recommend that zooplankton within the traps be
enumerated every time as standard procedure so that
rzoop can be determined uniquely for each experiment
and thereby avoiding the errors associated with using a
ﬁxed estimate of this term.
2.5. Assessment of Mesopelagic Transfer Efﬁciency
We adopted the metric of transfer efﬁciency, T100
[Buesseler and Boyd, 2009], where
T 100 ¼ ðflux 100 m below EzÞ=ðflux at EzÞ

(5)

and Ez denotes the depth of the euphotic zone. As
deﬁned, T100 is a measure of ﬂux attention just below
Ez and does not suffer from using ﬁxed depths to
parameterize ﬂux attenuation, which fails when Ez is
variable in time or between sites.

3. Results
Figure 3. The changes in oxygen concentrations
during the incubation phases of the (a) 8–10 January
2009, (b) 23–25 February 2009, and (c) 5–7 March
2009 RESPIRE experiments conducted along the
WAP. The dashed curves indicate the oxygen changes
in the 10 μm mesh-covered (particle-excluding) control.
The solid curves are the oxygen changes in the
particle-collecting RESPIRE traps. Plotted in the same
shading are the linear ﬁts of rexp and rcontrol for each
respective experiment. Figures 3a and 3c took place
at the PAL trap site, while Figure 3b was conducted
at the mouth of Marguerite Bay (see section 2.5).

3.1. Flux-Weighted Average Sinking Velocities

At BATS, w ranged from 13 to 90 m d1 (Table 4) and
averaged 49 ± 25 m d1. Particles sank much more
quickly along the WAP, with w ranging from 91 to
620 m d1 (Table 4) with an average of 270 ± 150 m d1.
The variability in w between deployments at the BATS
site appears to be primarily driven by changes in the
water column particle concentration. In July 2009,
when the average sinking velocity was at its lowest
(13 m d1), the particle concentrations in all size classes
were the highest observed at this site, while the ﬂux size
distribution was very similar to that observed in other deployments. Along the WAP, the difference in
average sinking velocities at the LTER trap site was due to differences in both the particle concentration
and ﬂux. The high-sinking velocities of particles observed in the WAP are likely attributable to the fact that the
ﬂux is dominated by fast-sinking diatom aggregates and krill fecal pellets [McDonnell and Buesseler, 2010]. In
contrast, the particles collected in the polyacrylamide gel traps at BATS were mostly small, semitransparent
aggregates. In addition, water column particle concentrations throughout the mesopelagic zones were
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actually higher at BATS than they were at WAP
despite generally lower ﬂuxes at the former. This
implies that many of the particles in the water
column at BATS were either sinking very slowly
or not at all.
3.2. Flux-Normalized Respiration Rates

Figure 4. (a) Oxygen drawdown in the RESPIRE traps deployed
at three depths throughout the mesopelagic zone at the BATS
station in April 2008. The lines represent the linear ﬁt to each
respective experiment as well as the average rate of oxygen
consumption in all of the BATS particle-excluding controls.
(b) The ﬂux-normalized microbial respiration rates (Rm) as a
function of depth at BATS with an exponential ﬁt to the data
(equation (6)).

Five controlled experiments were conducted at the
BATS site and three along the WAP (Table 3). The
plots in Figures 2 and 3 show the changes in oxygen
concentration that occurred in the incubation
chambers during the 4 h incubation phase that
followed ~ 36 h of particle interception. The
divergence between the particle-excluding control
(dotted lines) and the particle-collecting incubators
(solid lines) can be attributed to the microbial
respiration associated with the sinking particles, as
the particle-excluding mesh cover is the only
difference between the two conﬁgurations. The
BATS deployments had a divergence of 1–10 μM
over the course of the 4 h incubation (Figure 2).
Incubations along the WAP showed no signiﬁcant
divergence from the particle-excluding control
(Figure 3). Replicate particle-collecting RESPIRE
experiments were conducted at BATS during the
10–12 and 21–23 September 2009, providing
measures of the uncertainty in any individual
RESPIRE experiment. These replicates yielded an
average standard deviation in the slope of the
oxygen time series of 0.3 μM O2 h1 (equivalent
to 0.006 mmol O2 d1). For rm, this equates to
an average standard deviation of 0.008 mmol
O2 d1 between replicates, a value that we
deﬁne as the lower detection limit of the
RESPIRE experiments.

Flux-normalized measurements of microbial
remineralization rates at the base of the euphotic
zone, R0m , were calculated from this oxygen data (Table 3). At BATS, R0m ranged from 0.3 to 1.5 day1 with
an average value of 0.57 day1 (for the experiments conducted with procedural controls). Data from
the 25–27 September 2009 RESPIRE deployment at BATS appear to be an outlier, with an R0m of approximately
threefold larger than those from the other six controlled experiments at this site. Excluding this outlier gives
an average R0m of 0.4 ± 0.1 day1 at BATS. In the case of the three WAP deployments, rm, the differences between
the oxygen drawdown in the particle-collecting and particle-excluding controls were below the RESPIRE
detection limit of 0.008 mmol O2 d1 (Table 3). For this reason, R0m was deemed undetectable for all three
deployments along the WAP, with an average rate of 0.01 ± 0.02 day1. R0m was statistically different between the
two sites (BATS and WAP) with p < 0.05.
Inspection of the polyacrylamide gels deployed along the WAP revealed no visual change in the quality or
structural integrity of material caught at different depths. Speciﬁcally, intact diatom cells and aggregates
were observed and krill fecal pellets remained tightly encased in their peritrophic membranes at all depths
[McDonnell and Buesseler, 2010], supporting the conclusion that microbial activity had a negligible effect
on these particles during their rapid transit to depth at WAP.
In situ particle-associated respiration rates were also measured at multiple depths at BATS (Table 3). Figure 4a
shows the results from an experiment with three RESPIRE traps each deployed at 150, 300, and 500 m
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depths at the BATS site in April 2008. On an absolute basis, the decline in dissolved oxygen concentration
in the incubation chamber decreased most rapidly in the shallow trap, and progressively decreasing
respiration rates were detected in traps deployed at greater depths. In this deployment conﬁguration, all
three RESPIRE traps were located at different depths, and therefore, there were no RESPIRE instruments
available to operate as controls. In this case, the average oxygen decline in the mesh-covered controls at
the BATS site was used (Figure 4a, gray line). We found that ﬂux-normalized respiration rates decreased
rapidly through the mesopelagic zone, with a 78% reduction in Rm from 1.72 day1 at 150 m to 0.37 day1 at
500 m (Figure 4b and Table 3). This decline in Rm was ﬁt with an exponential decay function
Rm ðz Þ ¼ R0m eλz

(6)

yielding a λ of 0.0043 m1.
3.3. Flux Attenuation
The differences in particle sinking velocities and microbial respiration rates have signiﬁcant implications for
the sequestration of carbon in the subsurface ocean. At BATS, the measurements of low-sinking velocities
and high remineralization rates would be expected to produce strong attenuation of ﬂux through the water
column. By contrast, with no detectable particle-associated microbial respiration of particulate matter and
relatively fast sinking velocities, attenuation of WAP ﬂuxes due to these processes would be negligible.
Using w, R0m at the upper trap depth, and depth-dependent scaling of Rm(z) from the April 2008 BATS
deployment, and the average measured ﬂux at the upper trap depth, we modeled the attenuation of
ﬂux with respect to depth for each deployment at BATS and WAP. The purpose of this simplistic model
is to assess the role of variability in sinking velocities and microbial respiration on ﬂux attenuation. By
comparing this model to the ﬂux proﬁles obtained from the drifting sediment trap arrays, we aim to
evaluate the relative importance of these two rates in the control of ﬂux attenuation. Many other processes
such as zooplankton activity and physical aggregation and fragmentation of particles will also play a role in
the overall ﬂux attenuation [Stukel et al., 2014] and thus are likely responsible for the residuals between the
modeled and observed ﬂuxes. The modeled sinking and microbial respiration ﬂux proﬁles F(z) were
computed as follows:
F C ðzÞ ¼ F 0C eðzz0 ÞRm ðzÞ=w

(7)

where F 0C is the ﬂux measured at the upper trap depth (z0) [Volk and Hoffert, 1985]. Starting with the measured
trap ﬂux and R0m at the upper trap depth, the ﬂux was computed iteratively down through the water column
using equation (7). Note that in each case we applied the measuredR0m from that particular site and sediment trap
deployment, but this value was scaled as a function of depth according to equation (6) and the λ value we
measured at BATS during the April 2008 deployments at multiple depths. Given the very low R0m at WAP, the
model at this site is insensitive to the choice of λ.
This modeled ﬂux attenuation curves, FC(z), were compared to the ﬂux proﬁles obtained from the drifting
sediment trap arrays. Given the fact that w is computed as the ratio between the ﬂux and the concentration
of all particles in the water column (which includes both sinking and suspended particles), w is a lower
limit estimate of the velocity of the actively sinking particles as the presence of suspended particles would
decrease w. For this reason, FC(z) is expected to be an upper limit estimate of ﬂux attenuation.
Figures 5a–5d show the measured sediment trap ﬂuxes at BATS plotted along with the ﬂux attenuation
proﬁles as computed with the model. In the four deployments at BATS, the sinking and remineralization
model predicted similar or stronger ﬂux attenuation than what was measured by sediment traps. The
10–12 September study predicted the 300 and 500 m ﬂuxes within 10% of those measured by the
sediment traps. Particle ﬂux measurements and modeled ﬂuxes for the WAP are reported in Figures 5e–5g.
Sediment trap measurements (Table 3) in this region showed no clear patterns of decreasing ﬂux with
respect to depth, and in some cases, carbon ﬂuxes even increased at depths below about 200 m, possibly
due to zooplankton activity and the vertical shunt or lateral inputs of particles [Palanques et al., 2002].
The lack of observed ﬂux attenuation is consistent with the observed measurements of particle-attached
microbial activity and average sinking velocities. The modeled ﬂuxes are unchanged with respect to
depth because the microbial respiration rates determined with the RESPIRE traps were undetectable.
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Figure 5. Particulate carbon ﬂuxes plotted as a function of depth for both the (a–d) BATS sites and (e–g) along the WAP. Panels include deployments on 14–16 July 2009
(Figure 5a), 10–12 September 2009 (Figure 5b), 21–23 September 2009 (Figure 5c), 25–27 September 2009 (Figure 5d), 8–10 January 2009 (Figure 5e), 23–25 February
2009 (Figure 5f), and 5–7 March 2009 (Figure 5g). The points represent the measurements made with individual trap tubes on the surface-drifting sediment traps.
The curves plot the ﬂux attenuation proﬁles modeled from measurements of the bulk average sinking velocities and the ﬂux-normalized microbial respiration rates.

We compared the modeled and measured transfer efﬁciencies T100 (Table 4) and calculated an R2 value of
only 0.29 and a p value of 0.21.
In order to determine the relative contributions of R0m and w to changes in ﬂux attenuation, we conducted
a simple sensitivity experiment with equation (7). Starting with R0m = 0.4 day1 and w = 100 m d1, we
calculated that a 1% change in R0m and w resulted in a 0.32% and 0.32% change in T100, respectively. Thus,
variability in both R0m and w affect T100 in equal but opposite manners. Our observations from BATS
and WAP indicate that there were larger relative variations in R0m between the two sites, and as a result,
variability in this parameter had the largest effect on the differences in T100. In fact, with essentially
no respiration occurring on the particles at WAP, w did not inﬂuence the modeled ﬂux attenuation at
that site. Given the unknown global variability in R0m and w, additional measurements of both rates are
necessary to determine if the relative variability in R0m is always the dominant factor as we observed at
these two sites.
3.4. Global Context
The relationships between NPP, ﬂux at the base of the euphotic zone, and ﬂux 100 m below the euphotic
zone for several sites throughout the oceans are illustrated in Figure 6. The Ez ratio represents the fraction of
NPP exported out of the base of the euphotic. This ﬁgure, modiﬁed from Buesseler and Boyd [2009], includes
the average ﬂuxes for BATS and WAP presented in this study. Estimates of NPP were obtained from the
BATS and PAL online databases. WAP has one of the highest average T100 values at 0.87, corresponding to
very little attenuation of ﬂux beneath the euphotic zone, and only a modest average Ez ratio of 0.17. In
contrast, BATS exhibited a T100 of 0.66 and an Ez ratio of 0.09. The labeled contours in Figure 6 denote the
percentage of NPP that reaches 100 m below the base of the euphotic zone, with about 15% at WAP and
just over 5% at BATS.
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4. Discussion
The two study sites of BATS and WAP
offer strongly contrasting examples of
how particle-associated microbial
activity and particle sinking velocities
can vary throughout the oceans and
how these rates affect the regional
efﬁciency of the biological carbon pump
of the oceans. Figure 6 demonstrates
that the WAP site is overall much more
efﬁcient at sequestering carbon due to
its larger T100 and Ez ratios. WAP lies
near one global end-member in terms
of T100 with almost no observed ﬂux
attenuation in the mesopelagic, similar
to the North Atlantic spring bloom and
January observations from another
Southern Ocean site. In this property
Figure 6. Comparison of export and ﬂux attenuation properties at various
space, BATS has very similar biological
study sites throughout the global oceans, adapted from Buesseler and
pump properties as station ALOHA in
Boyd [2009]. Data from this study are included from BATS and WAP. The
the oligotrophic North Paciﬁc Ocean
contour lines represent the percentage of NPP that reaches depths 100 m
below the base of the euphotic zone. The area of each circle is proportional and suggests that other oligotrophic
to the NPP at that site.
sites may present similar biological
pump characteristics. Similar to BATS
and ALOHA, ~5% of NPP reaches depths 100 m below the base of the euphotic at other midlatitude sites
during the summer such as station PAPA in August, the North Atlantic in July, and the NW Paciﬁc in
August, although these efﬁciencies are accomplished with a combination of slightly lower T100 and higher
Ez ratios.
The observed differences in microbial respiration rates are likely due to several different factors. Cold,
polar waters such as those along the WAP are recognized as regions of low bacterial production rates likely
due to a combination of low temperatures, low availability of labile organic matter, and low bacterial biomass
[Pomeroy and Deibel, 1986; Wiebe et al., 1992; Kirchman et al., 2009] relative to low-latitude sites such as
BATS. Subsurface water temperatures along the WAP are characteristic of the Upper Circumpolar Deep Water
that intrudes onto the continental shelf at temperatures only a few degrees above freezing [Ducklow et al.,
2007], which could contribute to slower respiration rates at WAP. Bacterial biomass and production may
also be limited at WAP due to top-down control through bacterial grazing and viral lysis. In support of
this hypothesis, Bird and Karl [1999] found high abundances of bacteriovores along the WAP that led to
suppressed bacterial abundance and metabolism.
In addition to the ecological attributes of the microbial community at WAP, other factors related to the
nature of the particulate substrates may be important in slowing the activity of particle-associated microbes
at these sites. Hansen et al. [1996] found that fecal pellets formed from a diet of diatoms (like those at the
WAP sites) were more recalcitrant to microbial degradation than those formed from nanoﬂagellate or
dinoﬂagellate diets (common at BATS) due to the more robust mechanical structure of the fecal matter
derived from diatom diets. A pronounced peritrophic membrane that encases the partially digested
diatomaceous material also enhances the resistance of the krill fecal pellets to microbial colonization
and decomposition [Turner and Ferrante, 1979], rendering these pellets efﬁcient vehicles for the transfer
of organic matter into deeper waters. Furthermore, the opal matrix associated with the diatomaceous
particulate matter could serve to protect the labile organic carbon from microbial breakdown [Mayer,
1994; Armstrong et al., 2001], thereby retarding microbial respiration along the WAP. These properties of
recalcitrant particulate matter are supported by our own observations that the fecal pellets and diatom
aggregates collected in the polyacrylamide gel traps at WAP were in visually similar structural condition at
all depths sampled, conﬁrming that there was little physical degradation of this material on its transit
through the water column.
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Interestingly, the observation that R0m is higher at BATS than at WAP differs from the generalizations of several
previous studies that high-latitude regions with large seasonality of particle production and export are sites of
more highly labile planktonic particles and relatively strong remineralization and ﬂux attenuation [Arístegui et al.,
1996, 2005; Francois et al., 2002; Henson et al., 2012]. A recent investigation using neutrally buoyant sediment
traps found instead that mesopelagic ﬂux attenuation was greatest in low-latitude warm waters [Marsay et al.,
2015], a ﬁnding that is consistent with the ﬂux observations and rate measurements reported here.
With bathymetry along the WAP shelf averaging 430 m, and an average sinking velocity of 270 m d1, sinking
particles will take an average of ~ 1.6 day to reach the seaﬂoor, thereby offering little time for particle-attached
microbes to remineralize a signiﬁcant proportion of the particulate matter during its transit to the seaﬂoor.
Indeed, large quantities of particulate organic matter in the form of fecal pellets and phytodetritus are deposited
on the WAP shelf sediments during summer peak ﬂux events, and this ﬂux supports a rich benthos throughout
the year [Mincks et al., 2005; Smith et al., 2008].
As discussed above, the errors reported in Table 3 are calculated using the average uncertainty in both the
magnitude of the trap ﬂux and the average uncertainty in the slope of the oxygen concentration as a
function of time. The availability of only three RESPIRE instruments for a given deployment and occasional
RESPIRE operational issues resulted in limited opportunities to replicate particle-collecting experiments
and particle-excluding controls. However, the few duplicates that we did obtain (Table 3) indicated only a
small amount of variability in the oxygen consumption rates during a given experiment on a single trap
array, providing conﬁdence that the observed variability between successive deployments was indeed real,
and the general pattern of higher R0m rates at BATS relative to the WAP was reproducible and statistically
signiﬁcant. Our observations that WAP particles are subjected to very little microbial degradation during their
descent through the water column are supported by other observations in this region. Leucine incorporation
experiments with unpoisoned sediment trap samples in the Bransﬁeld Strait region indicated microbial
degradation rates of less than 1% per day [Anadón et al., 2002] and were found to be consistent with
low rates of water column respiration [Varela et al., 2002]. Similarly, Weston et al. [2013] found minimal
remineralization of particulate ﬂuxes at depths greater than 200 m in Marguerite Bay.
Although we were only able to make a single deployment with RESPIRE traps operated at multiple depths,
the observed reduction in Rm as a function of depth (Figure 4) is an important ﬁnding and one that should be
investigated more thoroughly in future studies. Many biogeochemical models of ocean ﬂux to depth rely on
the assumption that particle remineralization rates do not change as particles move deeper through the
water column [Gieskes, 1983; Gruber et al., 2006; Buesseler and Boyd, 2009], while others employ sinking
velocities that increase with respect to depth in order to better ﬁt the observed ﬂux attenuation proﬁles
[Schmittner et al., 2005; Kriest and Oschlies, 2008]. If Rm does decrease with respect to depth, as observed here,
this could also explain why the shape of the particle ﬂux attenuation proﬁles are well characterized by an
empirical power law ﬁt [Martin et al., 1987; Boyd and Trull, 2007]. An accurate understanding of the shape of
ﬂux to depth is important because this parameter determines the distribution of carbon and nutrients
throughout the oceans and the air-sea balance of carbon dioxide [Lutz et al., 2002; Howard et al., 2006; Kwon
et al., 2009]. Furthermore, partitioning the ﬂux attenuation mechanism correctly between the drivers of Rm
and w is necessary to assess how ﬂux attenuation and oceanic carbon sequestration is affected by other
dynamic processes such as the lateral transport and global climate change.
The mechanism for the decline in Rm with respect to depth was not assessed in this study; however, this
depth-dependent decrease is greater than would be expected solely from the effect of colder water
temperatures at the deeper trap depths. The observed decline in Rm at BATS from 1.72 day1 at 150 m to
0.37 day1 at 500 m would imply a Q10 temperature coefﬁcient of over 2 × 103 given the observed temperature
difference of 2°C between those depths; however, this temperature sensitivity is unrealistically 3 orders of
magnitude too high when compared to those of laboratory experiments involving marine snow aggregates
which suggest a Q10 of ~3.5 [Iversen and Ploug, 2013]. Thus, processes other than temperature control of
respiration rates must play a role in the retardation of Rm with respect to depth. Increasing pressures
experienced by attached microbial communities have been shown to slow rates of leucine and thymidine
incorporation [Turley, 1993], an effect that would have been captured by our in situ RESPIRE experiments at
various depths. Another possibility is that as particulate carbon is remineralized on its transit to depth,
only the more refractory components are left behind and the microbial rates decline at depth as abundance
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of labile material is reduced [Turley and Stutt, 2000; Lutz et al., 2002]. Enzymatic hydrolysis of particulate
organic matter has been shown to decrease rapidly in the zone immediately below the euphotic zone, and
given the tight coupling between hydrolysis and utilization of organic matter by microbes [Hoppe et al., 1993;
Huston and Deming, 2002], declining hydrolysis rates with respect to depth may be a rate-limiting step for
microbial respiration of sinking particulate matter.
As discussed in section 3.4, the fact that FC(z) overestimates the degree of attenuation measured by the
sediment traps is expected since our use of w is a description of the average sinking velocity of all particles in
the water column which includes both sinking and suspended particles. This is because the presence of
any suspended particulate matter in the water column would lead to an underestimate of the sinking
velocities of the actively sinking pool and therefore an overestimation of ﬂux attenuation. In addition to
this expected bias, the use of a single w to describe the sinking behavior of a collection of particles has
its limitations because marine particles sink across a wide spectrum of velocities [Armstrong et al., 2009;
Alonso-Gonzalez et al., 2010]. If the spectrum of sinking velocities is not well characterized by its average, this
variability could induce uncertainties in the model of ﬂux to depth. Furthermore, by averaging the measured
sinking velocities across the three depths at which they were measured, it may mask some of the vertical
variability in the average sinking velocities. However, we observed no distinct trends or patterns in the
vertical distribution of sinking velocities that would have a large impact on the modeled ﬂux proﬁles.
In addition, there are several other possible explanations why ﬂux proﬁles modeled with only sinking
velocities and microbial respiration rates predicted more rapid ﬂux attenuation than measured by the
sediment trap arrays. Diel vertical migration of zooplankton can create a vertical shunt of particulate matter
from the euphotic zone or other upper layers into the mesopelagic zone [Boyd et al., 1999; Steinberg et al.,
2000]. This would bypass the typical settling and decomposition pathway described in this simple microbial
length scale model and lead to ﬂuxes in the deep traps that would be larger than expected from the high
measured rates of microbial activity, as we observed at BATS. The vertical shunt could also account for
the sporadic increases in particle ﬂux that were observed at depths > 200 m along the WAP (Figure 5),
especially given the presence of krill swarms [Lascara et al., 1999].
Microbes associated with marine snow also communicate with each other through signaling molecules using
quorum sensing [Gram and Grossart, 2002; Hmelo and Van Mooy, 2009]. Given the enclosed nature of the
incubation chambers, it is also possible that the concentrations of labile substrates and quorum sensing
signaling molecules could accumulate to levels that induce quorum sensing behavior and lead to artiﬁcially
high measured rates of microbial activity. Furthermore, in this experimental design, there is a temporal
disconnect of 0–36 h between the collection of particles in the chamber and the measurement of the
associated microbial respiration rates (P. W. Boyd et al., submitted manuscript, 2014). If microbial activity
changes with respect to time, the measured rates could be different from those actually occurring on the
particles at the depth it is measured. Turley and Stutt [2000] found that cell-speciﬁc microbial activity did vary
over the ﬁrst several days after particle collection, so this artifact may play a role in biasing the rate
measurements (P. W. Boyd et al., submitted manuscript, 2014).
Several previous studies have found that shallow traps are prone to under collection of sinking ﬂuxes
[Buesseler, 1991; Buesseler et al., 2000]. If the upper trap has a stronger collection bias than the deeper traps
due to enhanced lateral currents at the upper depths, this type of bias would reduce the initial (shallow)
ﬂux of the model and lead to the underestimation of the modeled deep ﬂuxes, as was observed. Furthermore,
it would also lead to low estimates of Fn(d) and therefore w(d) (see equation (2)) which would also accelerate
the modeled ﬂux attenuation.
Several other methodological issues were considered, although it is unlikely that these factors had a
signiﬁcant effect on our experimental results because they would cause an underestimation of the
modeled ﬂux attenuation with respect to the observed sediment trap ﬂux proﬁles, a phenomenon that
we did not observe. First, because the RESPIRE traps only measure the respiration of particle-attached
microbes, the model we applied does not take into account the effects of zooplankton destruction of
particles through swimming or the consumption of particles at depth [Wilson et al., 2008; Buesseler and
Boyd, 2009; Giering et al., 2014]. These processes are thought to be signiﬁcant in many places throughout
the oceans [Steinberg et al., 2008], and their effect would be to enhance ﬂux attenuation relative to sinking
and remineralization model applied here. Second, the lack of ambient ﬂuid motion that the particles
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experience inside the RESPIRE trap could possibly lead to an underestimation of the carbon-speciﬁc
remineralization rates (P. W. Boyd et al., submitted manuscript, 2014). In these RESPIRE experiments, the
particles settle onto the base plate of the incubation chamber and therefore are no longer in a state of
perpetual sinking through the water column. The ﬂow of seawater around sinking particles creates a
microenvironment with an accelerated mass transfer between an aggregate and its surroundings [Kiørboe et al.,
2001; Ploug, 2001]. Therefore, the reduction in mass transfer of oxygen toward the particle in the RESPIRE traps
may cause an underestimation of respiration rates if particle-attached microbes become oxygen limited while
sitting on a surface and without the ambient ﬂuid ﬂow induced by sinking [Ploug and Jørgensen, 1999].
However, diffusion limitation of biological processes occurs only when the biological demand for oxygen at the
surface of the aggregate exceeds the ﬂux through the diffusive boundary layer. Iversen et al. [2010] found that
even in stagnant conditions, the O2 concentration within the aggregates that they tested was >90 μM, and
therefore, respiration was not diffusion limited.

5. Conclusions
These results illustrate how the respiration of particle-associated microbes and particle sinking velocities vary
signiﬁcantly between the subtropical Sargasso Sea and the polar/subpolar waters above the WAP continental
shelf. Respiration rates of particle-attached microbial communities were substantially higher at BATS than
the undetectable rates at WAP. The effect of temperature on microbial respiration rates likely plays a role but
was not sufﬁcient to explain the full magnitude of the differences between sites. This suggests that other
regional characteristics of the biological carbon pump such as the recalcitrant nature of the zooplankton fecal
pellets and diatom aggregates along the WAP may be important in inhibiting the effect of particle-attached
microbial degradation on the sinking ﬂux of particulate organic carbon. Moreover, the bulk average sinking
velocities at WAP were about 5 times faster than those measured in the Sargasso Sea. Along the WAP, average
sinking velocities were fast enough to transport particles from the surface waters down to the seaﬂoor on the
continental shelf in a matter of only a couple of days, whereas the majority of particles in the Sargasso Sea
would take over 1 week to reach the 500 m depth horizon, giving particle-attached microbes more of an
opportunity to remineralize the sinking particulate matter. Thus, regional variability in sinking velocities and
microbial respiration rates led to clear regional distinctions in the transfer efﬁciency of particle ﬂux through
the mesopelagic zone, with both observed and modeled ﬂux attenuation almost nonexistent at the WAP site,
while ﬂuxes attenuated much more rapidly at BATS. These observations offer important new insights into
the factors that control the variability of the biological pump throughout the global oceans. This work is an
essential step toward understanding how particle sinking and microbial respiration modulate the global carbon
cycle and how these processes might respond to global change.
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