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ABSTRACT: The variability of particulate organic carbon (POC) sinking flux and its relationship to
primary production were investigated in the upper twilight zone of the northwest Atlantic Ocean on
4 occasions during a Lagrangian study of the decline of a spring diatom bloom and its transition
towards post-bloom conditions. POC sinking fluxes below the euphotic zone (50 to 75 m depth)
decreased from (mean + SD) 674 + 105 to 281 + 17 mg C m2 d"! throughout the senescence of the
bloom and further decreased to 197 + 2 mg C m™2 d~! under post-bloom conditions. POC sinking
fluxes below the euphotic zone were positively correlated to the production of large phytoplankton
cells (=5 pm) throughout the study period, highlighting the importance of the size structure of primary
producers in shaping the export of POC from the euphotic zone. In contrast, POC sinking fluxes at
150 m depth showed little variation throughout the study period. Analysis of the vertical profiles of
POC sinking flux revealed an increase in POC transfer efficiency from 50 to 150 m depth due to a
decrease in POC recycling within the upper twilight zone throughout the decline of the bloom. More-
over, POC recycling within the upper twilight zone was positively correlated with POC sinking fluxes
below the euphotic zone throughout the study period, suggesting that recycling processes in the
upper twilight zone respond rapidly and proportionally to the export of POC from the euphotic zone.
Itis hypothesized that the concomitant decreases in POC sinking fluxes below the euphotic zone and
in POC recycling within the upper twilight zone compensated each other and could explain the fairly
constant POC sinking fluxes at 150 m depth that were observed throughout the study period. Our
results shed light on the importance of short-term variability in organic matter recycling within the
upper twilight zone for the efficiency of POC export to depth.
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INTRODUCTION

Over the last few decades, much effort has been put
into understanding the relationship between primary
production and carbon export to depth in the world
ocean. This interest was largely motivated by the need
to predict the efficiency of the biological carbon pump
(Volk & Hoffert 1985) in sequestering carbon dioxide in
the deep ocean and possibly mitigating the increase
in anthropogenic emissions of this climate-relevant
greenhouse gas in the context of a globally warming
climate.

*Corresponding author. Email: michelc@dfo-mpo.gc.ca

Most of the contemporary knowledge regarding the
coupling between primary production and carbon
export to depth is derived from time-series particle
interceptor traps moored in the deep ocean that mea-
sure particle fluxes at weekly to monthly intervals over
periods of several months to more than a year (Honjo
1996). These deep-ocean mooring arrays have proved
to be very useful tools in relating the magnitude and
temporal patterns of deep carbon fluxes with the sea-
sonality of phytoplankton production (Wefer 1989) and
the size structure of primary producers (Boyd & New-
ton 1999). Results from long-term particle interceptor
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traps have also served as the basis for developing algo-
rithms that seek to model the export of particulate
organic carbon (POC) to depth (Bishop 1989).

Nevertheless, predictions of deep-sea carbon export
from existing algorithms are still subject to uncertain-
ties. These uncertainties are largely attributed to a lack
of knowledge on early processes affecting the flux of
particles in the twilight zone (i.e. at depths between
the base of the euphotic zone [Z.,] and ~1000 m; Bues-
seler et al. 2007b). The twilight zone, where about 90 %
of the exported material is thought to be mineralized, is
believed to play a critical role in the transfer of bio-
genic carbon from the ocean surface to the deep ocean
(Angel 1989, Tréguer et al. 2003). While we know from
particle interceptor trap data that POC fluxes decrease
rapidly with depth within the twilight zone, we have
little knowledge on the processes responsible for this
mineralization pattern (Ducklow et al. 2001). It is
believed that the strength and variability of processes
affecting the transformation of particulate material
during its sinking strongly influence the coupling
between primary and export production and deter-
mine the efficiency of particle export to depth over
short spatial and temporal scales (Wassmann 1998). It
is also recognized that deep POC fluxes could be pre-
dicted with greater reliability if the processes affecting
the early export of organic material from the produc-
tive layer were better understood (Boyd & Newton
1995).

In temperate and subpolar latitudes of the North
Atlantic Ocean, the spring phytoplankton bloom is a
major biogeochemical event contributing significantly
to the sinking export of particles to the deep ocean
(Honjo 1996). In that region of the world ocean, tem-
poral uncoupling between phytoplankton growth and
zooplankton grazing can result in a massive sedimen-
tation of organic material at the end of the spring
bloom (Parsons & Lalli 1988, Honjo & Manganini
1993). The decline of the spring bloom is thus of par-
ticular interest for the investigation of the short-term
variability in the coupling between primary produc-
tion and early export processes of particulate organic
material. However, there is a lack of information on
the sinking flux of organic carbon and its coupling
with primary production during that particular stage
of the spring bloom at temperate latitudes in the
North Atlantic Ocean. Moreover, except for the West-
ern North Atlantic Bloom Experiment (40°N, 47°W
and 45°N, 41°W; Harrison et al. 1993), there is a lack
of information on the sinking flux of organic carbon
in the temperate western North Atlantic Ocean, as
most of the particle flux data in the North Atlantic
have been collected in the eastern part of this ocean
basin (Antia et al. 2001). Finally, to our knowledge,
there is no detailed information about POC sinking

fluxes in the twilight zone of the temperate North
Atlantic Ocean.

Within this framework, our study aimed to (1) char-
acterize the sinking flux of POC in the upper twilight
zone (i.e. from the base of Z,, down to 150 m) during
the declining phase of the spring bloom in the temper-
ate northwest Atlantic Ocean, (2) investigate the cou-
pling between the activity and size structure of pri-
mary producers in Z,, and POC export in the upper
twilight zone, and (3) assess the processes affecting the
transformation of the sinking material within the upper
twilight zone. This study is part of the Canadian Sur-
face Ocean-Lower Atmosphere Study (C-SOLAS)
which aims to quantify the impact of the senescence of
the North Atlantic spring bloom on the production and
ventilation to the atmosphere of climatically active
trace gases.

MATERIALS AND METHODS

Sampling. Sampling was carried out aboard the
Canadian Coast Guard Ship (CCGS) ‘Hudson' off the
Scotian Shelf at Stn L (water depth ca. 3500 m; Fig. 1)
as part of a Lagrangian survey of the decline of the
spring bloom in the northwest Atlantic Ocean (Forget
et al. 2007a). A water mass within which a phytoplank-
ton bloom had developed was sampled from 25 April
(Day 1) to 1 May 2003 (Day 7). The water mass under
investigation was tracked using a CAST ARGOS
drifter (Seimac Smart CAT PTT/GPS transmitter)
equipped with a 15 m long Holey Sock tubular drogue
centered at 15 m in the water column. On 14 May
(Day 20), the station occupied on Day 1 was revisited
and samples were collected in order to study the
potential biogeochemical changes in Z., that could
have occurred at that sampling location after the
decline of the spring bloom and the potential impact of
these changes on the sinking fluxes of biogenic mater-
ial. Concomitant investigations of primary production
and particle sinking fluxes were conducted on 26 April
(Day 2), 28 April (Day 4), 30 April (Day 6) and 14 May
(Day 20).

Analyses. Primary production rates were measured
at 7 depths within Z, (100, 50, 30, 15, 5, 1 and 0.2 % of
surface photosynthetically active radiation [PAR])
using the *C-uptake method (Knap et al. 1996, Gos-
selin et al. 1997) with on-deck in situ simulated incu-
bations from sunrise to sunset. Primary production
rates were integrated over the Z., depth using trape-
zoidal integration. The production rates of small (Pg;
0.7 to 5 pm) and large (Pr; 25 pm) phytoplankton cells
were considered. Detailed information about primary
production measurements can be found in Pommier
(2007).
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Fig. 1. Location of the drifting buoy from Day 1 (25 April) to Day 7 (1 May). On Day 20 (14 May), the ship went back to the lati-
tude/longitude position occupied on Day 1. Sampling days during which concomitant measurements of primary production
and particulate organic material sinking fluxes were made (@)

Free-drifting particle interceptor traps were de-
ployed for periods of 24 h (Table 1). The traps, which
were PVC cylinders with an internal diameter of 10 cm
and an aspect ratio (height:diameter) of 7, were de-
ployed at 5 depths (50, 75, 100, 125 and 150 m) below
both the surface mixed layer and the base of Zg,
(except for the trap deployed at 50 m on Day 20;
Table 1). In the present study, we focus on the sinking
fluxes of organic material below the base of Z,, and at
150 m. The vertical structure of the water column,
which was characterized using a CTD probe (Sea-Bird
SBE 9), revealed that the deepest trap was located
within the permanent thermocline (Fig. 2). For each
depth, 2 traps were installed on the mooring line and
centered on the sampling depth. Trap deployment and
handling were performed according to Knap et al.
(1996) and recommendations from Gardner (2000).
The free-drifting particle interceptor traps were sur-
face-tethered with a series of 5 small buoys so as to

dampen wave action and minimize vertical motion on
the trap line. Before deployment, the traps were filled
with deep seawater that had been pre-filtered through
a 0.22 pm polyvinyliden fluoride (PVDF) Millipore
Durapore membrane and salt was added (to increase
salinity by 5) to create a dense layer within the traps.
No poison or preservative was added before deploy-
ment. Upon recovery, the traps were covered with a
tight lid and placed vertically in a dark and cool room
for 8 h. After that sedimentation period, the super-
natant was carefully removed and the bottom volume
of the trap (900 to 1000 ml), which was pre-screened
using a 425 pm Nitex mesh to remove large swimmers,
was kept in acid-washed Nalgene bottles for subse-
quent analyses.

Duplicate subsamples for the determination of chlo-
rophyll a (chl a) and pheopigments were filtered onto
Whatman GF/F filters and the concentrations of these
pigments were measured aboard the ship using a

Table 1. Characteristics of the free-drifting particle interceptor trap moorings and of the upper water column. The depths of the
euphotic zone (Z.,) and of the surface mixed layer (Z,,;x) are from Pommier (2007)

Day Date Duration — Deployment —— Recovery Distance Zeu Z nix
(2003) (d) Latitude Longitude Latitude  Longitude traveled (m) (m)

(°N) (W) °N) (W) (km)
2 26 April 0.91 43°21.4 57°37.9 43°21.7 57°34.1 4.3 43 12
4 28 April 1.06 43°24.6 57°28.9 43°28.9 57°28.1 7.5 45 23
6 30 April 0.88 43°37.1 57°25.8 43°40.3 57°28.5 6.9 50 26
20 14 May 0.99 43°21.9 57°42.6 43°20.4 57°41.6 2.4 60 6
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Fig. 2. Vertical profiles of temperature (T, —), salinity

(S, - -) and sigma-t (ot, — —) in the upper 400 m of the water

column on Day 4 (28 April). Horizontal grey lines: depths

of the shallowest (50 m) and deepest (150 m) particle inter-
ceptor traps

Turner Designs 10-005R fluorometer after a 24 h ex-
traction in 90 % acetone at 4°C in the dark (Parsons et
al. 1984). POC concentrations were determined in
duplicate with a Perkin-Elmer Model 2400 CHN Ana-
lyzer from samples concentrated on pre-combusted
(450°C for 5 h) Whatman GF/F filters and kept frozen
(=20°C) in Petri dishes before analysis in the labora-
tory. In order to assess the solubilization of particulate
organic material during the deployment period (Kahler
& Bauerfeind 2001), dissolved organic carbon (DOC)
was measured in the traps before and after deploy-
ment using a TOC-5000A Shimadzu analyzer follow-
ing the procedure explained in Roux et al. (2002). The
export ratio (e-ratio, i.e. the ratio of POC sinking flux at
a given depth to particulate primary production in-
tegrated over the Z., depth; dimensionless) was cal-
culated based on primary production measurements
performed during the trap deployment period. Phyto-
plankton cells and zooplankton fecal pellets from the
traps were collected and analyzed in order to estimate
their contribution to the total POC sinking flux. Phyto-
plankton cells were fixed and preserved in acidic
Lugol's solution (Throndsen 1978) and were identified
to the lowest possible taxonomic level using the

inverted microscope method (Utermohl 1931, Lund et
al. 1958). For each sample, at least 300 cells were
counted from the whole sample. Up to 25 cells were
measured per enumerated taxon and their biovolumes
calculated using appropriate geometric equations
(Hillebrand et al. 1999). An average biovolume per
taxon was determined and converted into carbon bio-
mass using factors given in Menden-Deuer & Lessard
(2000). This carbon biomass, combined with the abun-
dance of cells for each taxon, was used to obtain the
contribution of each taxon to the POC sinking flux. The
number and size of fecal pellets were also determined
in subsamples preserved in hexamine-buffered
formaldehyde (2% final concentration) using the
inverted microscope. Two types of fecal pellets were
identified, assuming a prolate spheroid shape for
appendicularian feces and a cylindrical shape for
calanoid copepod fecal pellets (Urban et al. 1993). The
length and width of complete and broken pellets were
measured and the total biovolume of each type of
pellet was calculated using the appropriate equa-
tions. Biovolumes were then converted into carbon
biomass using a factor of 0.057 mg C mm™ and
0.042 mg C mm™ for copepod and appendicularian
pellets, respectively (Gonzdlez et al. 1994).

RESULTS

POC sinking fluxes progressively decreased with
depth on all sampling days (Fig. 3). A progressive
weakening of the depth-related decrease in POC sink-
ing fluxes was observed from Days 2 to 6, as reflected
by the decreasing slopes of the curves of POC sinking

POC sinking flux (mg C m= d-)

0 200 400 600 800
0 L L 1 1
20 A
40
O v ——
E 601
< 80 -
o)
A 100
120 - ® Day?2
v Day4
140 - ® Day6
fog 28 | <& Day 20
160 -

Fig. 3. Temporal changes in the vertical profiles of particulate

organic carbon (POC) sinking flux from 50 to 150 m (mean +

SD). For each day, the symbols represent the observed data;
the curve is a moving average (n = 2)
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fluxes with depth (Fig. 3). From Days 2 to 6, particulate
primary production decreased (p < 0.01; significance
was determined using the Wilcoxon signed-ranks test
unless otherwise specified) and was dominated by
large phytoplankton cells (Fig. 4a). On Day 20,
particulate primary production increased compared to
the previous sampling day (Day 6; p < 0.01) but
was dominated by small phytoplankton cells (Fig. 4a).
From Days 2 to 6, POC sinking fluxes below Z, (i.e. at
50 m) decreased (p < 0.01; Fig. 4b) in pace with the
decrease in particulate primary production. On Day
20, the POC sinking flux below Z, further decreased
(p < 0.01; Fig. 4b) whereas primary production in-
creased (Fig. 4a) compared to the previous sampling
day. The POC sinking fluxes at 150 m did not vary
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Fig. 4. Temporal changes in (a) size-fractionated particulate
primary production integrated over the euphotic zone depth
based on our measurements (Pommier 2007); (b) particulate
organic carbon (POC) sinking flux below the base of the
euphotic zone (below Z,, i.e. at 50 m from Days 2 to 6 and at
75 m on Day 20) and at 150 m; and (c) export ratio below Z,
and at 150 m. Values are mean + SD. In (a), the production
values of small (Ps; 0.7 to 5 pm) and large (Pr; 25 pm) phyto-
plankton cells are indicated

much between the sampling days (Fig. 4b), showing
only a slight but significant increase from Days 2 to 4
(p < 0.05) and a slight decrease from Days 6 to 20 (p <
0.01). The e-ratio below Z., and at 150 m (Fig. 4c)
increased from Days 2 to 6 and significantly decreased
on Day 20 (p < 0.01). POC sinking fluxes and e-ratios
were significantly lower at 150 m than below Z., (p <
0.01) throughout the study period (Fig. 4b,c). Chl a
sinking fluxes below Z., progressively decreased (p <
0.01) from Days 2 to 20 (Fig. 5a). At 150 m, chl a sink-
ing fluxes showed little temporal variability, with a
small increase observed from Days 2 to 4 and a slight
decrease afterwards (Fig. 5a). The chl a sinking fluxes
were significantly lower at 150 m than below Z., (p <
0.01). The percent contribution of chl a to total pigment
(chl a + pheopigments) sinking fluxes below Z,, was
252 % from Days 2 to 6 and decreased to 16 % on Day
20 (Fig. 5b). At 150 m, the percent contribution of chl a
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Fig. 5. Temporal changes in (a) chl a sinking fluxes; (b) the
ratio of chl a to total pigment (chl a + pheopigments); and (c)
the sinking flux of phytoplankton cells below the base of the
euphotic zone (below Z., i.e. at 50 m from Days 2 to 6 and at
75 m on Day 20) and at 150 m. Values are mean + SD. In (c)
the percent contribution of diatoms to the total phytoplankton
cell sinking fluxes below Z,, (O) and at 150 m (®) are also in-
dicated
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to total pigment fluxes was <38 %; this percent contri-
bution was significantly lower than that below Z.,
throughout the study period (p < 0.01). A reduction in
the variations of POC sinking fluxes, e-ratios, chl a
sinking fluxes and chl a to total pigment ratios
between the 2 sampling depths was observed from
Days 2 to 20 (Figs. 4b,c & 5a,b).

Intact phytoplankton cell sinking fluxes below Z,
progressively decreased throughout the study period
(Fig. 5c¢), whereas phytoplankton cell sinking fluxes
at 150 m increased from Days 2 to 4 and then pro-
gressively decreased afterwards (Fig. 5c). On Day 2,
intact phytoplankton cell sinking fluxes were signifi-
cantly lower (p < 0.01) at 150 m than below Z.,,
whereas on Day 6, phytoplankton cell sinking fluxes
at 150 m were significantly higher than below Z.,
(p < 0.05). On Days 4 and 20, phytoplankton cell sink-
ing fluxes below Z., and at 150 m did not differ sig-
nificantly (p < 0.05). From Days 2 to 6, intact phyto-
plankton cell sinking fluxes were dominated by
diatoms (of the genera Thalassiosira, Chaetoceros
and Fragilariopsis), both below Z, (269 % of total cell
numbers) and at 150 m (=53 % of total cell numbers)
(Fig. 5c¢). On Day 20, the diatom contribution to intact
phytoplankton cell sinking fluxes below Z,, and at
150 m were reduced to 18 and 19%, respectively
(Fig. 5c). Throughout the study period, the contribu-
tion of spores and empty frustules to the total diatom
sinking flux (i.e. spores + empty frustules + intact
diatom cells) was <50% below Z., and ranged from
49 to 82% at 150 m.

Sinking carbon fluxes below Z,, from intact phyto-
plankton and fecal pellets showed opposite temporal
patterns, with a progressive decrease of the former and
an increase of the latter from Days 2 to 20 (Fig. 6a,c).
Opposite trends in the temporal changes in the sinking
carbon fluxes of phytoplankton and fecal pellets were
also observed at 150 m (Fig. 6a,c). On Day 2, phyto-
plankton carbon sinking fluxes were significantly
higher (p < 0.01) below Z, than at 150 m (Fig. 6a).
From Days 4 to 20, phytoplankton carbon sinking
fluxes at 150 m were not significantly different (p <
0.05) from those below Z., (Fig. 6a). Diatoms domi-
nated the phytoplankton carbon sinking fluxes from
Days 2 to 6 (51 to 97 %), both below Z, and at 150 m
(Fig. 6b), while dinoflagellates made a large contribu-
tion to the phytoplankton carbon sinking fluxes at both
depths (49 to 81 %) on Day 20 (Fig. 6b). On Day 2, the
relative contribution of phytoplankton to the total POC
sinking fluxes was lower at 150 m (13 %) than below
Zey (22%; Table 2). On Days 4 and 6, the relative con-
tribution of phytoplankton to the total POC sinking
fluxes was higher at 150 m (36 and 26 %, respectively)
than below Z., (19 and 17%, respectively); on
Day 20, phytoplankton had about the same contribu-

200
a == Below Z_,

160 1 = 150 M

li .

Other fl
=== Dinofl

sinking flux
(mg C m2d)
3

D
o

o

Phytoplankton carbon

mmmm Diat

100 1
80
60
40 |
20

Relative carbon flux
(%)

60 - == Below Z_,
50 1 150 M

40
30
20 1
10
0
2 4 6

Sampling day

Fecal pellet carbon
sinking flux
(mg C m2d)

20

Fig. 6. Temporal changes in (a) intact phytoplankton carbon
sinking fluxes; (b) the percent contribution of the 3 major
phytoplankton groups (Diat: diatoms, Dinofl: dinoflagellates,
Other fl: other flagellates) to total phytoplankton carbon sink-
ing fluxes; and (c) fecal pellet carbon sinking fluxes below the
base of the euphotic zone (below Z,, i.e. at 50 m from Days 2
to 6 and at 75 m on Day 20) and at 150 m. In (a) mean values
and SDs are presented. For each sampling day in (b) the left
and right stacked bars are relative to the flux below Z, and at
150 m, respectively

tion to the total POC sinking fluxes at both depths (9 %
below Z., and 14 % at 150 m; Table 2). Fecal pellet car-
bon fluxes were consistently higher at 150 m (26 to
56 mg C m 2 d!) than below Z, (10 to 20 mg C m 2 d1)
throughout the study period (Fig. 6c), as were their
percent contributions to the total POC fluxes (12 to
39% at 150 m and 1 to 9% below Z,, respectively;
Table 2). Appendicularian feces slightly dominated the
fecal carbon sinking fluxes below Z,, throughout the
study period (52 to 62 %), except on Day 2 (Table 2),
while copepod feces were dominant (53 to 61 %) at
150 m (Table 2).
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Table 2. Carbon sinking fluxes of the 3 major phytoplankton groups and of fecal pellet carbon attributed to copepods and appendic-
ularians below the base of the euphotic zone (below Z,) and at 150 m throughout the study period. Percent contributions (Contrib.)
of total phytoplankton carbon and total fecal pellet carbon to the total particulate organic carbon sinking fluxes are also reported

Day Trap depth

Phytoplankton carbon sinking fluxes
Diatoms Dinoflagellates Other flagellates Contrib.

— Fecal pellet carbon sinking fluxes —
Copepods Appendicularians Contrib.

(mg Cm2d? % (mg Cm2d? (%)

2 Below Z, 137.6 10.3 2.8 22 8.0 1.8 1

150 m 19.1 2.6 1.1 13 27.2 17 26

4 Below Z, 73.9 3.5 1.0 19 5.3 8.7 3

150 m 78.9 1.0 1.5 36 15.8 10.4 12

6 Below Z, 38.0 8.5 1.7 17 9.2 10.9 7

150 m 50.4 9.0 1.2 26 28.3 24.9 23

20 Below Z, 8.7 7.2 1.2 9 8.8 9.4 9

150 m 4.0 16.1 0.8 14 29.6 26.5 39
DISCUSSION The trapping efficiency of our particle interceptor traps

Linking particle sinking fluxes to
epipelagic processes

The present study was part of a 7 d Lagrangian study
of the decline, induced by nitrate limitation, of one of
the most productive spring blooms ever reported in
the open North Atlantic Ocean and its transition to-
wards post-bloom conditions (Pommier 2007).
Throughout the Lagrangian study period (Days 2 to 6),
the same water mass containing the bloom patch was
effectively tracked (Pommier 2007). When we went
back to the initial sampling location 13 d later (Day 20),
the presence of warmer and more saline waters in the
upper 60 m of the water column suggests that we sam-
pled a different surface water mass than during the La-
grangian study period (Pommier 2007). However, the
sampling station on Day 20 was likely representative of
post-bloom conditions in the northwest Atlantic Ocean
off the continental Scotian Shelf (Forget et al. 2007b,
Pommier 2007). The particle interceptor traps were de-
ployed below the base of Z., (50 to 75 m) and below the
surface mixed layer (6 to 26 m; Table 1), so the mea-
sured sinking fluxes represented the export of material
sinking out of Z.,,. Particle interceptor traps may collect
material originating from different areas, so the inter-
pretation of the location and time of origin of the col-
lected particles could be biased (Buesseler et al. 2007a).
However, during the Lagrangian study (Days 2 to 6),
the free-drifting particle interceptor trap array was de-
ployed and drifted in close proximity to the Lagrangian
drifting buoy deployed to track the water mass under
investigation. Moreover, the trap array was deployed
relatively near Z., and the time scale of trap deploy-
ments (24 h) was in phase with that of primary produc-
tion measurements. Hence, we consider that the partic-
ulate primary production rates in Z,, and the POC
sinking fluxes in the upper twilight zone measured in
our study could be related to one another.

was not estimated during the present study. However,
the cylindrical shape and aspect ratio (height:diameter =
7) of the traps used in the present study have been found
to be effective as free-drifting particle interceptor traps
(Baker et al. 1988, Knauer & Asper 1989). Similar particle
interceptor traps and mooring arrays have been used in
other studies (Michel et al. 2002, Caron et al. 2004), and
comparisons with flux estimates using ?*Th have shown
close agreement in estimated carbon fluxes (Th-derived
carbon flux = 0.68 + 1.05 drifting trap flux; n = 13, r? =
0.89, p < 0.001; Tremblay et al. 2006). The average in-
crease in DOC concentration within the particle inter-
ceptor traps during deployment intervals was 11 + 6%
below Z., and 10 + 5% at 150 m throughout the study
period, reflecting the potential loss of particulate organic
matter (POM) to the dissolved phase (solubilization;
Buesseler et al. 2007a) during trap deployments. Solubi-
lization can result from the diffusion of dissolved organic
matter from aggregates, bacterial degradation of POM,
the activity of swimmers, and physical-chemical pro-
cesses affecting the dissolution of POM (Buesseler et al.
2007a). However, there is no standardized method for
correcting POC sinking fluxes for solubilization and it is
most often ignored in short-term upper ocean flux stud-
ies (Buesseler et al. 2007a). The small increase in DOC in
the particle interceptor traps during our study (ca. 10 %)
indicates low solubilization of POM during the period of
trap deployments and suggests that our sinking flux
measurements might be slightly underestimated.

Coupling between primary production and POC
sinking export

During the decline of the spring bloom, a tight cou-
pling was observed between primary production and
POC sinking fluxes below Z.,. Indeed, from Days 2 to
6, high and decreasing POC sinking fluxes below Z.,
(from 674 to 281 mg C m™2 d"!; Fig. 4b) were consistent
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with high and decreasing integrated production rates
in Z, (from 2317 to 326 mg C m~2 d°; Fig. 4a). How-
ever, during post-bloom conditions (Day 20), POC
sinking fluxes below Z., further decreased whereas
primary production increased (Fig. 4a,b). On Day 20,
small phytoplankton cells (mainly unidentified flagel-
lates <5 pm) were dominant in terms of primary pro-
duction (Fig. 4a) and chl a biomass (Pommier 2007).
Small cells have low sinking velocities compared to
larger cells (Smayda 1970) and are usually considered
to be minor contributors to the sinking export of
organic material (Legendre & Le Fevre 1989), which is
in agreement with the low POC sinking fluxes we
measured on Day 20. Similarly, high POC sinking
fluxes observed from Days 2 to 6 are consistent with
the dominance of large cells (mainly centric diatoms)
in terms of primary production (Fig. 4a) and chl a bio-
mass (Pommier 2007) during that period. Throughout
the study period, POC sinking fluxes below Z., were
positively correlated to the production rate of large
phytoplankton cells (Kendall's t coefficient of rank cor-
relation, p < 0.05). These results stress that the size
structure of primary producers was more important
than the magnitude of primary production in shaping
the sinking export of POC from Z., throughout the
study period. Moreover, POC sinking fluxes below Z,
were positively correlated with the sinking fluxes of
phytoplankton cells (Fig. 5c) and phytoplankton car-
bon (Fig. 6a) throughout the study period (Kendall's ©
coefficient of rank correlations, p < 0.05), the 2 latter
fluxes being dominated by diatoms (Figs. 5c¢ & 6b).
These results are in agreement with the general
understanding that POC export from Z, is sensitive to
ecosystem shifts towards, or away from, the dominance
of large cells, particularly diatoms, as part of the phyto-
plankton assemblage (Boyd & Newton 1999).

POC sinking fluxes measured at 150 m compared
well with previous values of 160 to 260 mg C m™2 d!
measured at the same depth during springtime in the
temperate northwest Atlantic Ocean (Harrison et al.
1993). Interestingly, POC sinking fluxes at 150 m
remained fairly constant throughout the study period
despite strong temporal variations in POC sinking
fluxes below Z., (Fig. 4b) and in both the magnitude of
primary production and size structure of the primary
producers (Fig. 4a). The same trend was also observed
in chl a sinking fluxes at 150 m, which varied little
throughout the study period compared to the temporal
changes in the chl a sinking fluxes below Z, (Fig. 5a)
and in the magnitude and size structure of the chl a
biomass in Z., (Pommier 2007). In contrast with what
has been observed below the base of Z.,, our results
emphasize the lack of coupling between primary pro-
duction and POC sinking export at 150 m throughout
the study period. This result is rather unexpected given

the premise of organic matter sinking fluxes being pos-
itively related to the size structure of pelagic food webs
(Legendre & Le Fevre 1989, Boyd & Newton 1999).
According to Buesseler (1998), the changes in POC
sinking export to depth are more tightly related to
changes in the recycling efficiency of pelagic food
webs rather than to changes in the intensity and size
structure of primary producers. In line with this, the
sinking flux of organic matter at 150 m can be viewed
as the result of recycling processes within the twilight
zone that affected the exported material from Zg,.
Therefore, the fairly constant POC sinking fluxes at
150 m could result from short-term variability in POC
recycling within the twilight zone.

One particular aspect that needs to be considered is
the potential temporal lag between the sinking export
of organic matter below Z., and that at 150 m. In order
to directly relate POC sinking fluxes at 150 m with
those in the traps deployed below Z, (i.e. at 50 m), one
would have to assume POM sinking rates of 2100 m
d~!, which is on the order of the sinking velocities of
fecal pellets (Lorenzen & Welschmeyer 1983). How-
ever, the fecal pellets observed in our samples were
mostly broken and highly degraded, and fecal carbon
represented <39% of the total POC sinking fluxes
(Table 2). We believe that such degraded fecal mater-
ial could not have sunk at velocities as high as 100 m
d™! during our study. Alternatively, when considering
that sinking velocities of particles in the upper ocean
typically range from 10 to 50 m d! (Sarmiento & Gru-
ber 2006), the particles sinking below Z., would have
reached the 150 m traps in 2 to 10 d. A sinking velocity
of 50 m d' would be consistent with the slight
increases observed in chl a and phytoplankton cell
sinking fluxes at 150 m from Days 2 to 4 (Fig. 5a,c).
Nevertheless, these latter increases were minimal.
Therefore, although we do not exclude the existence of
a potential temporal lag between primary production
and the sinking fluxes of organic matter at 150 m, we
still surmise that the fairly constant POC sinking fluxes
at 150 m were more likely related to short-term vari-
ability in POC recycling in the upper twilight zone, as
explained below.

Temporal variability in POC recycling in the upper
twilight zone

The e-ratios reported in the present study (20 to 86 %
below Z., and 7 to 71 % at 150 m; Fig. 4c) compare well
with values of 8 to 79 % reported previously by Bues-
seler et al. (1992) at 75 m in the northeast Atlantic
Ocean in springtime. Harrison et al. (1993) reported
e-ratios of 26 to 38 % at 150 m in the northwest Atlantic
Ocean in springtime. According to Buesseler (1998),
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most of the open ocean is characterized by e-ratios
<5-10%; e-ratios 250 % are the exception rather than
the rule and are usually associated with spring blooms
at mid-latitudes. During the decline of the bloom, the
increases in the e-ratio, both below Z., and at 150 m,
were concomitant with the decrease in primary pro-
duction (Fig. 4a,c), which translates into POC from pri-
mary producers being exported with a greater effi-
ciency throughout this period. The increase (from 26 %
on Day 2 to 83 % on Day 6) in the ratio of the POC sink-
ing flux at 150 m to that below Z., during the decline of
the bloom (Fig. 4b) also emphasizes the increase in the
transfer efficiency (Buesseler et al. 2007b) of POC
through the upper twilight zone during this period. On
Day 20, the low e-ratios (20 % below Z., and 15% at
150 m; Fig. 4c) were in agreement with the dominance
of small flagellated cells (€5 pm; Pommier 2007).

The increase in the transfer efficiency of POC
through the upper twilight zone during the decline of
the bloom could have been related to the temporal
decrease in POC recycling in the upper twilight zone,
as deduced from the vertical profiles of POC sinking
fluxes (Fig. 3). The decrease in POC sinking fluxes
with depth is usually parameterized by the power law
function of Martin et al. (1987), according to which
POC,=POC;yym X (2/100)"" (where POC, and POCoym
are the POC sinking fluxes at depth z and at 100 m,
respectively, and b corresponds to the slope of the
power law function). In the equation of Martin et al.
(1987), b is a key parameter reflecting the strength of
organic matter recycling with depth: the larger the
value of b, the faster the decrease in POC sinking
fluxes with depth and the higher the recycling of
organic matter (Primeau 2006). Using the approach of
Martin et al. (1987), the parameter b was estimated for
each day of our study from the slope of the regression
between POC sinking fluxes and depth, after a log-log
transformation of initial values. On Day 2, b was 1.24,
which is in agreement with the value of 1.28 reported
for the North Atlantic Ocean by Berelson (2001). On
Days 4, 6 and 20, b was 0.58, 0.14 and 0.49, respec-
tively. The b values from Days 4 to 20 were particularly
low considering the values ranging from 0.60 to 1.28
reported by Berelson (2001) for the North Atlantic,
Equatorial Pacific and Southern Oceans and the Ara-
bian Sea. These low values indicate a low recycling of
POC in the upper twilight zone from Day 4 onwards,
and the temporal decrease in b supports the reduction
in the recycling of POC within the upper twilight zone
throughout the decline of the spring bloom. The ensu-
ing increase in the transfer efficiency of POC within
the upper twilight zone could have compensated for
the decrease in POC export below Z.,, thus smoothing
the temporal variations in POC sinking fluxes at 150 m
from Days 2 to 6 (Fig. 4b). Moreover, the parameter b

was positively correlated to the POC sinking flux
below Z., throughout the study period (Kendall's t
coefficient of rank correlation, p < 0.01). A positive cor-
relation between b and POC export at 100 m has
already been reported by Berelson (2001), who found
that intensity of organic matter recycling in the upper
1000 m of the water column is related to the amount of
POC exported at 100 m. Our results are in agreement
with those of Berelson (2001) and emphasize that the
intensity of POC recycling within the upper twilight
zone is proportional to the amount of POC exported
from Z.,. Many biological processes in the oceans fol-
low a first-order kinetic, so that the rate of a reaction is
proportional to the amount of material present (Boyd &
Trull 2007). In line with this, the decrease in POC
exported from Z., from Days 2 to 6 could have induced
a proportional decrease in the rate of POC recycling by
the heterotrophic community within the upper twilight
zone. Our results also suggest that the processes of
POC recycling in the upper twilight zone responded
rapidly to the variability of POC inputs from Z.,, as
already reported by Buesseler et al. (2007b) in the
northwest Pacific Ocean.

Ultimately, our study sheds light on the importance
of short-term variability in POC recycling during its
sinking through the upper twilight zone for the effi-
ciency of POC export to depth. Our results also
emphasize the importance of top-down control in
shaping the sinking export of POC to the deep ocean
over short time scales, as already reported by Wass-
mann (1998). Many biological interactions between
the different components of the pelagic food webs can
impact the sinking flux of POC, such as zooplankton
grazing (including coprophagy/coprorhexy), bac-
terivory by heterotrophic nanoflagellates, bacterial
mineralization of POC and viral lysis of phytoplankton
and bacterial cells. Although we did not directly con-
sider these factors, information about mesozooplank-
ton grazing can be deduced from the temporal
changes in phytoplankton and fecal POC sinking
fluxes, as explained below.

Mesozooplankton grazing in the upper twilight zone

The consistently higher fecal carbon sinking fluxes
at 150 m than below Z,, throughout the study period
(Fig. 6c) reflects the production of fecal pellets by
mesozooplankton within the upper twilight zone. Zoo-
plankton grazing rates were not measured during the
present study. However, the mesozooplankton inges-
tion rate (I) can be estimated from the fecal pellet sink-
ing rate measured at 150 m (E), assuming an assimila-
tion efficiency (AE) of 70% (Carlotti et al. 2000) and
using the relationship I = E/ (1 - AE) (Bamstedt et al.
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2000). This calculation gives potential ingestion rates
of 147, 87 and 177 mg C m~2 d"! by the migrating zoo-
plankton population in the upper water column on
Days 2, 4 and 6, respectively. These ingestion rates
could have been underestimated due to potential
coprophagy/coprorhexy by the ubiquitous small cala-
noid copepod Oithona similis (Reigstad et al. 2005)
which was the most abundant zooplankton species in
the upper 100 m of the water column throughout the
study period (E. Head, Bedford Institute of Oceanogra-
phy, pers. comm.). Considering the total particulate
primary production rates of 2317, 481 and 326 mg C
m2 d! on Days 2, 4 and 6, respectively (Fig. 4a), the
mesozooplankton could have ingested an increasing
proportion (from 6 to 54 %) of the daily primary pro-
duction during the decline of the bloom. These values
are particularly high compared to previous values of
2.7% (Dam et al. 1993) and <9 % (Harrison et al. 1993)
reported for the temperate North Atlantic Ocean dur-
ing the spring phytoplankton bloom.

On Day 2, a large fraction of the sinking phytoplank-
ton in the upper twilight zone was probably grazed by
mesozooplankton. This is supported by lower sinking
fluxes of chl a, phytoplankton cells and phytoplankton
carbon at 150 m than below Z., (Figs. 5b,c & 6a). How-
ever, from Day 4 onwards, similar sinking fluxes of
phytoplankton cells and phytoplankton carbon were
measured at both depths (Figs. 5c & 6a) despite consis-
tently higher carbon sinking fluxes of fecal pellets at
150 m than below Z., (Fig. 6¢). This discrepancy may
reflect zooplankton vertical migrations (Ducklow et al.
2001), so that mesozooplankton grazing could have
occurred at a depth different than that of defecation
(e.g. grazing in Z,, and defecation in the upper twilight
zone). The consistently higher carbon sinking fluxes of
fecal pellets at 150 m than below Z.,, despite similar
sinking fluxes of phytoplankton cells and phytoplank-
ton carbon at both depths, could also be attributed to a
shift in zooplankton diet from herbivory on Day 2 to
omnivory from Days 4 to 20. A shift from herbivory to
omnivory has already been reported for Calanus fin-
marchicus under conditions of low phytoplankton
standing stocks in the Gulf of St. Lawrence (Ohman &
Runge 1994). Several studies have demonstrated that
the feeding behavior of calanoid copepods can be flex-
ible enough to ingest a mixture of phytoplankton cells,
microzooplankton, detritus and fecal pellets, empha-
sizing their omnivorous feeding behavior (Lenz 1977,
Kleppel 1993). Throughout the study period, <53 % of
the total POC sinking fluxes was composed of intact
phytoplankton and fecal pellets (Table 2), suggesting
that other sources (e.g. detrital material, marine snow,
transparent exopolymers) may have made high contri-
butions to POC sinking fluxes. Detrital material could
have contributed substantially to the total POC sinking

fluxes in our study, as anamorphous aggregates and
degraded fecal material were observed in the particle
interceptor traps. Given the abundance of detrital
material and the decrease in phytoplankton sinking
fluxes throughout the study period, a shift in the meso-
zooplankton diet from herbivory to omnivory could
have occurred during the decline of the bloom, leading
to a potential decrease in zooplankton grazing upon
phytoplankton cells within the upper twilight zone.

The changes in the sinking fluxes of phytoplankton
cells and fecal pellets provided information regard-
ing the potential grazing pressure of mesozooplank-
ton in the upper twilight zone. Nevertheless, more
information on the composition and the functioning
of the heterotrophic communities in the twilight zone
is required to better constrain the decrease in POC
recycling in the upper twilight zone observed during
our study.

CONCLUSIONS

The present study is the first to report the relation-
ship between primary and export production in the
upper twilight zone of the temperate northwest
Atlantic Ocean. POC sinking fluxes below the bottom
of Z,, were high and progressively decreased during
the decline of the bloom and its transition towards
post-bloom conditions. Throughout the study period,
POC sinking fluxes below Z,, were positively corre-
lated to the production of large phytoplankton cells,
stressing the importance of the size structure of phyto-
plankton communities in shaping the sinking export of
POC from Z.,. However, regardless of the variability in
POC export from Z, fairly constant POC sinking
fluxes were measured at 150 m. A positive correlation
was found between the sinking flux of POC below Z,
and POC recycling within the upper twilight zone,
which led to an increase in POC transfer efficiency at
150 m throughout the study period. It is hypothesized
that the concomitant decreases in POC export from Z,,
and in POC recycling within the upper twilight zone
led to fairly invariant POC sinking fluxes at 150 m. Our
results emphasize that although the magnitude and
the size structure of primary production may condition
the export of POC from Z,,, these variables do not pro-
vide reliable information on the efficiency of carbon
export to the deep ocean. Our results stress that the
recycling processes within the upper twilight zone are
very dynamic and can respond rapidly and proportion-
ally to the variability in POC inputs from Z.,. The
short-term variability in the recycling of POC within
the upper twilight zone appears to be a critical factor
governing the transfer efficiency of POC from Z,, to
the deep ocean.
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