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Picophytoplankton carbon biomass at the Bermuda Atlantic Time-series Study (BATS) site from June

2004 to December 2010 was estimated from the direct calibration of cellular carbon content and

forward light scatter (via flow cytometry). Seasonality and interannual dynamics of Prochlorococcus,

Synechococcus and small eukaryotic algae (o12 mm diameter) abundance, cellular carbon content

(QC; particulate organic carbon; POC cell�1), and group-specific carbon biomass are reported. QC of

individual taxa varied with depth and season by as much as an order of magnitude, roughly comparable

to variability in abundance. During the time-series there were obvious shifts in the taxonomic

distribution of photosynthetic carbon biomass; these interannual shifts in biomass were due to

simultaneous changes in both QC and cell abundance. The observed pattern was not apparent from

numerical abundance alone, highlighting the importance of QC measurements in place of using fixed

conversion factors to better understand biological carbon dynamics. Changes in the phase of the North

Atlantic Oscillation (NAO) from positive to negative modes correlated with shifts in biomass between

picocyanobacteria and small eukaryotic algae, respectively. Thus, shifts in algal community structure

are inferred to be associated with changes in light intensity and implied nutrient supply via mixing

(i.e., patterns in upper ocean stability). These observed changes in phytoplankton biomass partitioning

were correlated with the important ocean carbon cycle parameters of export flux, mesopelagic transfer

efficiency, and elemental stoichiometry. Importantly, interannual relationships between these para-

meters and algal biomass were detected only when QC was considered as variable.

& 2013 Elsevier Ltd. All rights reserved.
1. Introduction

Robust taxonomically resolved estimates of living biomass are
vital to understand the turnover and flux of particulate organic
carbon (POC) in the global ocean (Huot et al., 2007; Buitenhuis
et al., in press). To date, few studies have specifically addressed or
directly estimated living autotrophic carbon in marine systems
(Karl and Bossard, 1985; Robertson et al., 1998; DuRand et al.,
2001; Grob et al., 2007), partly because of difficulties in separat-
ing microbes from detritus with overlapping size spectra. Instead,
biomass is often estimated assuming a static scalar conversion
from abundance to biomass for a particular taxonomic group.
Nevertheless, cellular carbon content (QC) is expected to vary
systematically across all levels of biological diversity and cell
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physiology according to cell cycle stage, nutritional status, and to
accommodate changes in pigment content (Chisholm, 1992;
Marañón et al., 2007; Marañón, 2008; Key et al., 2010). Although
group-specific responses to environmental perturbations vary,
some generalizations may be useful for interpretation of changes
in QC. The most striking adjustments to QC are associated with
changes in light intensity during stratified periods. Additionally,
annual winter mixing exposes chronically nutrient stressed sur-
face algae to elevated nutrient concentrations and decreased light
intensity with combined physiological effects lending to higher QC

(e.g., Chisholm, 1992; Chen et al., 2010). Because environmental
perturbations may influence physiological attributes on time
scales shorter than changes in population size (e.g., Fawcett and
Ward, 2011), and physiological responses may be uncoupled from
biomass responses (e.g., tight grazer control on picoplankton)
variations in QC may reveal spatial and temporal heterogeneity that
estimates of biomass scaled from abundance alone may mask.
Similarly, interannual shifts in community composition associated
with large-scale physical forcing are likely to be accompanied by
carbon amongst photosynthetic pico- and nano-plankton groups
.1016/j.dsr2.2013.02.002i
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physiological responses to variability in nutrient supply and
hydrographic conditions, which may not necessarily translate
into changes in cell abundance alone.

The most common metrics used to estimate taxonomically
resolved autotrophic POC are acquired from cultured isolates
(Table 1). Despite expansive biogeography and high numerical
abundance, few cultured strains are available as representatives of
the dominant oligotrophic phytoplankton taxa (e.g. Prochlorococcus,
Synechococcus, Pelagophyceae, Prymnesiophyceae, Bacillariophy-
ceae, Chlorophyceae); fewer still are axenic. Furthermore, laboratory
isolates are typically poor physiological representatives of the
Table 1
Collection of QC from relevant literature. QC data from this study were reported for each

0–120 m from April to November; (2) ‘‘Mixed period’’- mean QC from 0–250 m from

120–250 m from April to November. QC values are reported as range or mean7sta

POC—particulate organic carbon; TEM—transmission electron microscopy; P–I—ph

[fg C cell�1 h�1]; m—specific growth rate [h�1]; HL—high light adapted; LL—low light

Algal group QC [fg C cell�1] Method

Prochlorococcus
52719 FSC pulse height: Stratified period euphotic z

78719 FSC pulse height: Mixed period

158727 FSC pulse height: Stratified period sub-eupho

46 to 61 Particulate carbon, P-replete or P-limited axe

61 Chlorophyll to carbon

4979 POC non-axenic cultures, corrected for conta

53 Volume to carbon, assuming 0.6 mm diamete

17 to 38 POC, axenic culture (high irradiance)

54 Volume to carbon (discrete size measuremen

32 to 72 Volume to carbon, flow cytometry sizing

29711 Volume to carbon, beam attenuation, sorting

6 to 90 TEM X-ray microanalysis of several strains

30 Volume to carbon, microscopy, ‘‘Very small r

100 Volume to carbon, flow cytometry sizing

53 to 59 Volume to carbon, assuming 0.8 mm diamete

61 to 94 Based on P-I estimates for 6 HL isolates

250756 Based on P-I estimates for 2 LL isolates

15 to 152 Volume to carbon, Coulter and flow cytomet

78 Dry weight, based on strain MED4

92 Consumption of added nitrogen in batch cult

35 Volume to carbon, size fractionation; PE nega

50 Volume to carbon, size fractionation; PE posi

29 Volume to carbon, size fractionation

38 to 42 Volume to carbon, Coulter and flow cytomet

Synechococcus
250791 FSC pulse height: Stratified period euphotic z

305747 FSC pulse height: Mixed period

4347141 FSC pulse height: Stratified period sub-eupho

92 to 244 Particulate carbon, P-replete or P-limited axe

104 Chlorophyll to carbon, volume ratio of Syn:Pr

112 Volume to carbon (discrete size measuremen

250 Volume to carbon, microscopy

101 to 152 Volume to carbon, flow cytometry sizing

60719 Volume to carbon, beam attenuation, sorting

40 to 550 TEM X-ray microanalysis, 2 strains, various g

83 Volume to carbon, microscopy sizing

250 Particulate carbon

100 Volume to carbon, flow cytometry sizing

49 to 274 Volume to carbon, Coulter and flow cytomet

175 Nutrient consumption in culture

59 to 78 Volume to carbon, Coulter and flow cytomet

Picoeukaryotes
25877554 FSC pulse height: Stratified period euphotic z

23017735 FSC pulse height: Mixed period

27327661 FSC pulse height: Stratified period sub-eupho

3110 Volume to carbon, assuming 3.0 mm diamete

39807732 Volume to carbon, microscopy

1011 Volume to carbon, assuming 1.5 mm diamete

7307226 Volume to carbon, beam attenuation, sorting

436 Volume to carbon, microscopy, red fluorescin

1836 Volume to carbon, microscopy, orange fluore

1800 to 3000 Volume to carbon, size fractionation

162 to 488 Volume to carbon, Coulter and flow cytomet
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natural assemblage, due in part to limited representation of the
total diversity and due to difficulties in reproducing environmental
conditions and variability in the laboratory. The carbon content of
individual cells or populations is otherwise estimated by chlorophyll
to carbon or volume to carbon relationships, with volume estimated
by optical backscattering, beam attenuation, microscopy sizing,
impedance, or measured with ion beam sputtering (e.g. nanoSIMS;
references in Table 1). These methods vary considerably in both
throughput and precision.

A 6.5-year time-series record of cyanobacterial and eukaryotic
algal abundance, QC and group-specific biomass, based on an
algal group in three criteria: (1) ‘‘Stratified period euphotic zone’’- mean QC from

December to March; (3) ‘‘Stratified period sub-euphotic zone’’- mean QC from

ndard deviation (sd), where appropriate. FSC—forward scatter; P—phosphorus;

otosynthesis versus irradiance; Pcell
i —cell-specific photosynthetic performance

adapted; PE— phycoerythrin (pigment);

Conversion factor Reference

one none This study

none This study

tic zone none This study

nic strain MED4 none Bertilsson et al. (2003)

55 g C (gChl a)�1 Blanchot and Rodier (1996)

minating bacteria none Cailliau et al. (1996)

r 470 fg C mm�3 Campbell et al. (1994)

none Claustre et al. (2002)

ts from FCM) 325 fg C mm�3 Durand et al. 2001

235 fg C mm�3 Garrison et al. (2000)

, impedance none Grob et al. (2007)

none Heldal et al. (2003)

ed fluorescing cells’’ 220 fg C mm�3 Ishizaka et al. (1994)

190 fg C mm�3 Landry and Kirchman (2002)

r 220 fg C mm�3 Li et al. (1992)

(Pcell
i �14)/m Moore (1997)

(Pcell
i �14)/m Moore (1997)

ry sizing 235 fg C mm�3 Shalapyonok et al. (2001)

50% of DW Shaw (2001)

ure C:N ratio of 6 Veldhuis et al. (1997)

tive cells 220 fg C mm�3 Veldhuis and Kraay (2004)

tive cells 220 fg C mm�3 Veldhuis and Kraay (2004)

200 fg C mm�3 Zubkov et al. (2000)

ry sizing 240 fg C mm�3 Worden et al. (2004)

one none This study

none This study

tic zone none This study

nic strain MED4 none Bertilsson et al. (2003)

o Syn C¼1.7�Pro C Blanchot and Rodier (1996)

ts from FCM) 325 fg C mm�3 Durand et al. 2001

250 fg C mm�3 Fuhrman et al. (1989)

235 fg C mm�3 Garrison et al. (2000)

, impedance none Grob et al. (2007)

rowth media none Heldal et al. (2003)

220 fg C mm�3 Ishizaka et al. (1994)

none Kana and Glibert (1987)

190 fg C mm�3 Landry and Kirchman (2002)

ry sizing 235 fg C mm�3 Shalapyonok et al. (2001)

C:N ratio of 6 Veldhuis et al. (1997)

ry sizing 230 fg C mm�3 Worden et al. (2004)

one none This study

none This study

tic zone none This study

r 220 fg C mm�3 Blanchot and Rodier (1996)

220 fg C mm�3 Fuhrman et al. (1989)

r 0.94(log V)�0.60 Garrison et al. (2000)

, impedance none Grob et al. (2007)

g 220 fg C mm�3 Ishizaka et al. (1994)

scing 220 fg C mm�3 Ishizaka et al. (1994)

220 fg C mm�3 Veldhuis et al. (1997)

ry sizing 238 fg C mm�3 Worden et al. (2004)
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empirical calibration between forward angle light scatter (FSC)
and QC, is presented for the northwestern Sargasso Sea at the
BATS site. It is hypothesized that changes in the North Atlantic
Oscillation (NAO) phase shifts the autotrophic community struc-
ture between assemblages dominated by picocyanobacteria and
eukaryotic algae. This change in community structure is mani-
fested not only in changes in relative cell abundance but in
changes in QC as well. Findings from this study suggest that
quantification of QC will bolster the link between regional climate
and net phytoplankton biomass responses, and should improve
our understanding of the relationships between cell size and
mechanisms of carbon export (e.g., Lomas and Moran, 2010) and
skill of coupled ocean ecosystem-biogeochemical models (e.g.,
Dunne et al., 2010)
2. Methods

2.1. Site description

The Bermuda Atlantic Time-series Study (BATS) site is posi-
tioned in the western Sargasso Sea between the permanently
stratified North Atlantic Equatorial Current and subtropical con-
vergence zone (SCZ; ca. 251N to 321N; Halliwell and Cornillon,
1990a,b; Hanson et al., 1991) to the south and the North Atlantic
18 1C mode water formation region to the immediate north
(Worthington, 1976; Talley and Raymer, 1982; Woods and
Barkman, 1986). The BATS site, situated at 311400N 641100W, lies
in a hydrographic and biogeochemical transition region (e.g.,
Siegel et al., 1990; Curry et al., 1998). Spatially, algal community
structure in the western Sargasso Sea exhibits a strong meridional
diversity procession from diatom, chlorophyte and prymnesio-
phyte dominated biomass north of �331N to a Prochlorococcus

(and cyanobacteria in general) dominated SCZ south of �301N
(Zwirglmaier et al., 2007; Follows and Dutkiewicz, 2011). Ventila-
tion of 18 1C mode water and subsequent phytoplankton com-
munity response in the 30–331N transition zone are postulated to
be highly sensitive to changes in regional weather patterns (Siegel
et al., 1990). Thus, this is an ideal location to separate biomass
responses expressed in terms of variable QC from numerical
abundance responses to physical perturbations that alter nutrient
supply and light availability.

2.2. Calibration of cellular POC and forward scatter

An empirical calibration was performed between the geo-
metric mean forward scatter pulse height (FSC-H) of a population
and average cellular QC from those same cells sorted and mea-
sured on an elemental analyzer for POC. Both cultured isolates
and natural populations of algae in the pico- and nano-size range
(approximately 0.2–12 mm) were included in the calibration.

2.2.1. Cultured cells

A variety of cell cultures were used to calibrate QC to FSC-H.
Cell cultures of Prochlorococcus marinus, Synechococcus sp., Emi-

liania huxleyi, Scrippsiella sp., and Thalassiosira oceanica were
acquired from the Provasoli-Guillard National Center for Marine
Algae and Microbiota (formerly Provasoli-Guillard Center for
Culture of Marine Phytoplankton (CCMP), http://www.ncma.bige
low.org) and transferred aseptically to appropriate media
(Guillard, 1983). Prochlorococcus was incubated with Pro99 media
(Moore et al., 2007), Synechococcus in F/2-Si, E. huxleyi, Scrippsiella

sp. and T. oceanica in F/2. All culture media was made using
autoclave sterilized filtered (0.22 mm) low nutrient Sargasso sea-
water and filter sterilized media amendments. Cells were main-
tained at 21 1C on an 18:6 h light:dark cycle at �100 mmol
Please cite this article as: Casey, J.R., et al., Changes in partitioning of
in the Sargasso Sea in.... Deep-Sea Res. II (2013), http://dx.doi.org/10
photons m�2 s�1. Triplicate tubes were shaded to roughly 100%,
50%, 10%, and 1% of ambient irradiance to change chlorophyll per
cell and thus a range of carbon cell�1 values for Prochlorococcus

marinus, Synechococcus sp., and T. oceanica. Cell growth was
monitored daily by in vivo fluorescence with a Turner TD-700
fluorometer and harvested during lag, exponential, and stationary
phase growth for flow cytometry sorting and elemental analysis
as detailed below. Paired samples from a subset of these cultures
were collected with one sample fixed with paraformaldehyde
(0.5% v/v), inverted and incubated in the dark at 4 1C for �1 h and
the other kept live to correct for the effect of fixation on refractive
index. Live and fixed samples were processed immediately.
2.2.2. Natural populations

In addition to cultured populations, natural populations were
also collected to augment the FSC-QC calibration. Samples for QC

measurements in natural populations were collected from the
BATS site during the spring of 2010 from near-surface, 40 m, and
the deep chlorophyll maximum (DCM; 80 m) in 20L carboys and
refrigerated in the dark for one day until further processing on
shore. Cells were gently (o15 mm Hg vacuum) concentrated
onto 47 mm 0.4 mm polycarbonate membrane filters (Millipore
Inc., Bellerica, MA). Filters were transferred with a small remain-
ing volume to 5 ml polyethylene cryovials and refrigerated until
flow cytometry sorting as below. To relate the calibration curve to
fixed natural populations, duplicate tubes were fixed with paraf-
ormaldehyde (0.5% v/v), inverted and incubated in the dark at 4 1C
for �1 h according to standard BATS flow cytometry sample
preparation procedures (Casey et al., 2007). Live and fixed
samples were processed within 48 h of collection. A second
experiment with live and fixed natural samples from Ferry Reach
(nearby the Bermuda Institute of Ocean Sciences; BIOS) were
treated identically and processed immediately to identify poten-
tial sample storage effects.
2.2.3. Sample preparation for flow cytometric sorting and analysis

Cultured isolates and natural samples were gently agitated to
remove as many cells as possible from the tube walls and the
filter. Frozen fixed samples were thawed in the dark at 4 1C. Cells
in solution were filtered through a 35 mm Nitex mesh in order to
remove the occasional large particle and any cell aggregates that
might clog the nozzle tip. If necessary, culture samples were
diluted with 0.2 mm filtered seawater so as to attain an appro-
priate cell concentration for flow cytometric sorting (�20,000
total events s�1). All samples were sorted at BIOS.
2.3. Environmental data

Flow cytometry samples for cell abundance were collected
from June 2004 through December 2010 on monthly BATS cruises
and biweekly during the spring bloom period (January through
March). Samples were collected at 12 depths between 1–250 m
(roughly 20 m intervals) in 2.0 mL polyethylene cryovials. Vials
were rinsed 3 times with seawater sample, filled to 1.5 mL, fixed
with paraformaldehyde (PFA; 0.5% final concentration) at 4 1C for
�1 h, flash frozen in liquid nitrogen, and stored at �80 1C until
analysis.

Samples for POC were collected from the same depth intervals
and processed according to standard BATS protocols (Steinberg
et al., 2001). Samples for both bulk and sorted POC were dried at
60 1C overnight, fumed with concentrated hydrochloric (HCl) acid
overnight, and dried again at 60 1C overnight before analysis on a
Control Equipment 440 CHN elemental analyzer (Knap et al.,
1997). Blank samples consisted of 2 ml of either 0.2 mm filtered
carbon amongst photosynthetic pico- and nano-plankton groups
.1016/j.dsr2.2013.02.002i
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seawater (bulk) or filtered sheath fluid (sorted) passed through an
appropriate filter and analyzed as for the samples.

Photosynthetically active radiation (PAR) data were collected
with a Satlantic Profiling Multi-channel Radiometer (Satlantic
Inc., Halifax, Nova Scotia, Canada) at 4 Hz deployed to �120 m
at local noon following retrieval of the cast on which all other
biological suite measurements were collected. Spectral down-
welling irradiance (Ed) in the photosynthetically available wave-
length range (Epar) was calculated as a derivation of Plank’s Law
for integrated Ed over the PAR range (400–700 nm) according to
Siegel (1987).

Chlorophyll a was measured fluorometrically (Holm-Hansen
and Riemann, 1978). Briefly, 500 ml samples were filtered onto
GF/F filters, extracted in 90% acetone at �20 1C for 412 h, and
read on a Turner 10AU fluorometer. The sample was then
acidified with two drops of 1.2 M HCl and read again for
phaeopigment correction. Fluorometric chlorophyll a data were
not available for the period beginning October 2005 through
August 2007. During this period HPLC chlorophyll a data were
used (Van Heukelem and Thomas, 2001). Although replicate data
were not available during this period by which to compare
methods directly, fluorometric (Chlafl) and HPLC chlorophyll a

(chlahplc) were in first-order agreement (r2
¼0.71; n¼2625;

where Chlafl¼0.87� chlahplc) throughout the BATS record from
November 1988 through September 2004. Differences between
methods may introduce uncertainty so trends associated with
chlorophyll a measurements are reported with and without these
appended HPLC data (e.g., Table 2). Temperature was recorded for
each cast on a SeaBird SBE-911plus CTD, and discrete salinity
samples were collected for analysis on a Guildline Autosol 8400A
(Michaels and Knap, 1996). Mixed layer depth (MLD) was based
on a change in sigma-t equivalent to a 0.2 1C decrease from the
surface (Sprintall and Tomczak, 1992).
Table 2
Influence of NAO phase on environmental and biological parameters. All values are aver

NAO� years. Values in bold denote paired t-test significance (Po0.05). Areal concen

surface salinity; MLD—maximum mixed layer depth; POC—particulate organic carbon

Prochlorococcus, Synechococcus, and eukaryotic algae POC; POC flux—C mass collected i

efficiency measured as the percentage of C flux collected at different depth horizons (i.e

2006 (HPLC method).

Variable Taxon or depth

SST [1C]
SSS
MLD [max]
POC [g C m�2]
Chl a [mg m�2]
Autotrophic POC [g C m�2]

Abundance [1012 cells m�2] Prochlorococcus

Synechococcus

Eukaryotic algae

Biomass [g C m�2] Prochlorococcus

Synechococcus

Eukaryotic algae

QC [fg C cell�1] Prochlorococcus

Synechococcus

Eukaryotic algae

POC flux [mg C m�2 d�1] 150 m

200m

300 m

POC:PON flux [mol:mol] 150 m

200 m

300 m

Teff [%] 200m/150 m

300m/200 m

300 m/150 m

Please cite this article as: Casey, J.R., et al., Changes in partitioning of
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2.4. Particulate carbon and nitrogen flux

Export flux was collected by surface-tethered particle inter-
ceptor traps at 150, 200, and 300 m for 3 day deployments each
cruise (Knauer et al., 1979). Baffled trap cylinders were filled with
a brine solution (surface seawater amended with 50 g NaCl L�1)
and 0.7% v/v formaldehyde. Samples were concentrated onto
90 mm 0.8 mm polycarbonate membrane filters and dried to
constant weight at 65 1C after removal of swimmers, fumed with
HCl overnight, dried at 65 1C, and then analyzed for carbon and
nitrogen content using a Control Equipment Model 440XA CHN
elemental analyzer (Knap et al., 1997).

2.5. Flow cytometry analysis and cell sorting

2.5.1. Sort conditions

A high speed jet-in-air InfluxTM Cell Sorter (formerly Cytopeia, Inc.,
Seattle, WA, now Becton Dickenson), modified for small particle
detection with a 100X objective magnification, was used for all
analysis and sorts. A 200 mW blue (488 nm) laser (Coherent Inc.,
Santa Clara, CA) run at full power, was used for excitation of
autofluorescent cells. Analog pulse height signals from 580/30 nm
(phycoerythrin; PE), 650 nm long-pass (Chl-a), 488 nm side scatter
(SSC), and 488 nm forward scatter (FSC-H) channels were amplified
with photomultiplier tubes (Hamamatsu Photonics K.K.) and log
transformed. Triggering on FSC-H was used to ensure small (and
dim) particle detection. Jet and optical alignments were optimized
using 3.0 mm 8 peak UltraRainbow and 0.53 mm Nile Red polystyrene
calibration particles (Spherotech Inc., Lake Forest, IL). A 70 mm
ceramic nozzle tip was used at a sample pressure of 1.97 bar
(þ0.07 bar above sheath pressure) to optimize speed while main-
taining high fluorescent yield, coherence of the core, particle focus,
low turbulence at the core-jet interface, and ensuring laminar flow, all
ages (7 standard deviation) over the winter period (Dec, Jan, Feb) for all NAOþ or

trations were integrated from 0–250 m. SST—sea surface temperature; SSS—sea

caught on a GF/F; Chl a—chlorophyll a; Autotrophic POC—measured as the sum of

n surface tethered sediment traps deployed to 150, 200, and 300 m; Teff —transfer

., 100�POC flux at 300 m/POC flux at 200 m). nAverage calculated without winter

NAOþ NAO�

20.5570.33 20.2470.20

36.6870.02 36.6770.09

181745 262794
4.7870.96 4.5170.86

29712 3475 (3273)*

1.8170.50 2.0771.02

5.971.8 3.672.3

2.971.5 2.671.2

0.3070.15 0.6670.42

0.3770.06 0.1870.11

0.7270.16 0.5470.18

0.7270.16 1.3770.19
8679 51710

337726 205737

30237297 33777287

41719 52715

24710 34713

1176 21710

5.870.6 6.970.5
6.370.6 7.870.5
7.170.7 8.271.0

69723 76719

42717 58714

3177 4377

carbon amongst photosynthetic pico- and nano-plankton groups
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of which are important to scattering measurements. The sample flow
rate at this configuration was 43718 mL min�1. Where necessary,
coincident event detection of 71 droplet was used to improve sort
purity while maintaining software abort rates below 1%. Regular
analysis of sorted populations demonstrated that sort purity was
always 495% (calculated as the proportion of sorted events which
fell into prescribed gating schema as a percentage of total event rate
in sorted sample), and mean recovery from sorted samples was
98.171.1% (calculated as the number of target events recovered
relative to the number of positive sort decisions recorded by the
acquisition software). It should be noted that any sort contamination
would have been comprised mainly of particles at or near the forward
scatter detection limit, i.e., predominantly very tiny non-cellular
particles. Thus, even at ca. 5% contamination by particle count, the
POC mass contributed by any contaminant particles would be almost
zero, and would not affect the measured QC values. We caution that
heterotrophic bacteria are routinely observed attached to larger
eukaryotic cells (e.g., Cole, 1982) and may result in overestimation
of QC; however, attached bacteria would presumably also result in
higher FSC-H.

Cells were deposited into 5 mL polystyrene Falcon tubes
(]352063; BD Biosciences Inc., San Jose, CA) by orienting the
side-wall of the tube nearly parallel to the sort stream to reduce
unnecessary stress to the sorted cell from deceleration forces. With
limited a priori knowledge of QC values, we conservatively esti-
mated the number of cells needed to exceed twice the minimum
mass required for downstream analysis by converting literature-
derived Qc determinations (Table 1) to cell numbers. Sorts were on
the order 107 cells for Prochlorococcus and Synechococcus, 105 cells
for larger eukaryotic algae. As sufficient yield occasionally required
sort times exceeding one hour per population, care was taken to
ensure minimal exposure to room temperatures by immediately
Fig. 1. Phytoplankton gating scheme. Flow diagram illustrating the steps involved in

arrows indicate the stepwise filtering of gated events. Events excluding laser noise, el

Gates shown in two-dimensional plots, markers in histograms. Inset panel is the resul

Please cite this article as: Casey, J.R., et al., Changes in partitioning of
in the Sargasso Sea in.... Deep-Sea Res. II (2013), http://dx.doi.org/10
refrigerating portions of the total sort. Samples were gently filtered
(o5 mm Hg) onto either 25 mm 0.2 mm silver (Millipore; for
Prochlorococcus) or glass fiber filters (GF/F; Whatman; all other
sorted chlorophyll-containing cells; nominal 0.7 mm pore size)
based upon the size of the cells. Care was taken to ensure a
quantitative transfer at this step by performing multiple rinses of
the filter tower and sort tube and cap with 0.22 mm filtered
artificial seawater to dislodge any ‘sticky’ cells. Filters were
removed with ethanol-cleaned forceps, taking care not to touch
the cell deposits, and transferred to pre-combusted 20 ml glass
scintillation vials.

2.5.2. Gating

Natural samples were analyzed or sorted for the picocyano-
bacteria Prochlorococcus and Synechococccus, and eukaryotic algae.
Chlorophyll a containing cells were identified and sorted unstained
according to a modified gating scheme (Fig. 1). After exclusion of
laser noise gated on FSC pulse height (FSC-H) and pulse width
(FSC-W), autotrophic cells were identified by red (650 nm long-
pass) autofluoresescence. Among the picocyanobacteria, Synecho-

coccus was discriminated from Prochlorococcus by FSC-H and the
presence of yellow/orange (580/30 nm; PE) fluorescence. Chloro-
phyll containing cells not included in the cyanobacteria gates were
assumed to be eukaryotic algae, and sorted as a single group. All
post acquisition analysis was performed using FCS Express 3.0
(DeNovo Software, Los Angeles, CA). An identical gating scheme
was used for sorting and post acquisition analysis to ensure
compatibility.

2.5.3. Osmotic stress experiment

To assess the sensitivity of FSC-H to cell size and QC, a simple
osmotic stress experiment was designed to alter cell size without
the hierarchical gating of phytoplankton cells from a mixed assemblage. Colored

ectronic noise, and non-particulate events (bubbles) are shown with black arrow.

ting cytogram showing all recorded events and gated events in colors.

carbon amongst photosynthetic pico- and nano-plankton groups
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influencing QC. Duplicate 200 ml samples of Ferry Reach
(Bermuda) surface seawater were used. One replicate was dehy-
drated by fixation (0.5% PFA final concentration) while the other
was left alive and each dispensed into nine 5 ml tubes. Live and
dead aliquots were diluted with 0.2 mm filter sterilized distilled
water or brine (70 ppt NaCl), each at four incremental volume
additions. The resulting dilution series varied from 19 ppt to 56 ppt
NaCl. Visual inspection by dark-field microscopy displayed intact
Synechococcus-like cells across all treatments. Using a stage micro-
meter, live Synechococcus cells were 0.8, 1.2, and 1.4 mm in length
in hyper-, iso-, and hypo-tonic solutions, respectively. Fixed Syne-

chococcus cells were 1.1 mm average length at all salinities.

2.6. Quality and statistical analysis

Quality flagging was set to identify and alert to gated popula-
tions which failed the following criteria: events o100, kurtosis
o0, skewness �5 to 5. Flagged iterations were discarded from
any subsequent analyses in this manuscript. The potential error of
non-log-normal population distributions on reported geometric
means was estimated using a test described below with mixed
populations in a range of concentrations typical to natural
Sargasso seawater. Refractive index shifts associated with PFA
fixation were accounted for in each cell type by comparing FSC-H
between fixed and unfixed cells from laboratory cultures and
natural samples.

Data transformations, integrations, statistical tests, time-series
analysis and plots were created using MATLAB (The Mathworks,
Inc., Natick, MA), R (R-Development Core Team, 2011), or Minitab
(Version 15; Minitab Inc., State College, PA). Unless otherwise
noted, tests for significant differences were reported according to
the two-sample t-test assuming unequal variances with number
of observations (n) and the p-value. Contour plots were created
using Ocean Data View (Version 3) with the weighted average
multiple linear interpolation gridding routine. Scatter plots were
created using SigmaPlot (Systat Software, Inc., San Jose, CA) and
the cyto(histo)grams were created using FCS Express.
Fig. 2. Calibration curve. Average QC as a function of geometric mean forward

scatter pulse height for the population sorted and normalized to peak value of

0.53 mm polystyrene calibration particles. Inset blow-up panel shows lower range

of data distribution. Model I linear regression (solid line), coefficient of determi-

nation (R2), number of observations (n), slope (a) and intercept (b) are shown.

Error bars represent one standard deviation of the mean.
3. Results and discussion

3.1. Forward scatter and QC

Previous studies have derived cell volume from flow cytometric
observations, among other methods (Table 1). Notably, DuRand et al.
(2001) compared forward angle light scatter pulse height (FSC-H
herein) of target cells to reference beads of known diameter to infer
cell diameter as might be predicted by Lorenz–Mie Theory (LMT).
Other particle sizing and discrimination techniques have relied on
the Rayleigh–Debye–Gans approximation (RDG; e.g. Mullaney and
Dean, 1969; Barber and Wang, 1978; Holoubek, 1991; Robertson
et al., 1998) or the discrete dipole approximation (Rajwa et al.,
2008); however, most biological particles in the sea fall outside the
boundary conditions required by both LMT and RDG (Ulicny, 1992;
Zhao and Ma, 2009; Cucci and Sieracki, 2001). In fact many cellular
attributes influence small forward angle light scattering, and these
have been reviewed extensively (Salzman et al., 1975; Sharpless
et al., 1975; Loken et al., 1976; Sharpless and Melamed, 1976;
Shapiro, 1977; Sharpless et al., 1977; Salzman et al., 1979; Kerker,
1983; Salzman et al., 1990; Hoekstra et al., 1994). Specifically, cells
are roughly equal in cross-sectional area to the wavelength of
incident light (488 nm is the most common laser wavelength), are
non-spherical and anisotropic, and have complex internal and sur-
face structure (Aas, 1996; Kerker et al., 1979; Dubelaar et al., 1987).
These characteristics are assumed to be zero elements in the Mueller
matrix from which both sizing techniques are formulated (Rayleigh,
Please cite this article as: Casey, J.R., et al., Changes in partitioning of
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1910; Petres and Dezelic, 1975; Bickel et al., 1987; Sloot et al., 1989).
Further, optical bench designs of commercially available flow
cytometers result in non-linear and in some cases non-monotonic
size-FSC relationships (Becker et al., 2002). In this study a direct
method of comparing FSC-H to POC was employed.

Experimental measurements of QC were highly correlated to
FSC-H (normalized to 0.53 mm beads) over a wide size range
(approximate diameter 0.2 mm–12 mm; QC¼99.14� FSC-Hþ15.11;
r2
¼0.994; n¼24; ANOVA; Df¼22, p¼2.2e-16; Fig. 2). The ordinal

intercept of this empirically derived calibration curve was not
significantly different from zero (dF¼22; t¼0.312; SE¼158.8;
p¼0.7584pcrit¼0.05). All live cells, whether harvested from
laboratory cultures or natural samples, and regardless of growth
condition followed the same linear regression relationship sug-
gesting over this range of cell sizes and growth conditions a near
constant carbon per unit biovolume. It should be noted that the
cell shapes included in the calibration curve were limited to
coccoid or bacilliform and should not be extended to spirilli,
filamentous, or more complex arrangements. Because elemental
analysis was performed on unfixed cells, a correction factor was
applied to the calibration curve to account for dehydration effects
on refractive index associated with fixation by paraformaldehyde.
Fixed natural populations of Prochlorococcus, Synechococcus,
eukaryotic algae showed a 6.5% reduction in FSC-H relative to
live cells (n¼20, r2

¼0.9998; Fig. 3A); this correction was applied
to the slope of the calibration function. Changes in the applied
voltage gain (11 to 76 arbitrary units) to photomultiplier tubes
and log-preamplifiers did not introduce any noticeable artifacts to
the determination of forward scatter amplitude over the dynamic
range relevant to this study (26 to 34 arbitrary units; n¼56,
r2
¼0.997; Fig. 3B).

Experimental observations of cells altered in size but not QC

(via osmotic manipulations; Section 2.5.3) recorded statistically
identical slopes of FSC-H as a function of salinity for live
Synechococcus cells between 0.8 mm and 1.4 mm when compared
to 1.1 mm fixed Synechococcus cells which did not vary in size with
salinity (n¼16, po0.0001; Fig. 3C). It is important to note that
the effects on FSC-H by mismatched refractive indices between
sheath and sample core (Cucci and Sieracki, 2001) and fixative
(this study) were accounted for in this experiment. FSC-H was
therefore sensitive to changes not only in absolute cell size but
also to changes in QC independent of cell size changes, at least for
picophytoplankton of similar size as Synechococcus, highlighting
carbon amongst photosynthetic pico- and nano-plankton groups
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Fig. 3. Method validations. (A) A 6.5% refractive index shift (n) was associated with paraformaldehyde fixation on Prochlorococcus, Synechococcus, Thallasiosira oceanica, and

Emiliana huxleyi cultures and natural populations of Prochlorococcus, Synechococcus and two subpopulations of eukaryotic algae. Parameters for Model I least squares linear

regression (solid line): r2—coefficient of determination, n—number of observations, a—slope of regression, y0—intercept. (B) Linearity of FSC-H normalization to 0.53 mm

calibration particles under various instrument gain settings. Photomultiplier tube voltage and log preamplifiers did not introduce any non-linearity over the range of gain

settings used throughout this study. Linear regression shown as solid line. (C) Osmotic stress experiment (see details in Section 2.5.3). Influence of live (closed symbols)

and fixed (open symbols) Synechococcus cells exposed to a series of hyper-, iso-, and hypo-tonic solutions on FSC-H (normalized to 0.53 mm calibration particles). Error bars

represent one standard error. PFA fixed cells were corrected for refractive index shift (n) as in (A). (D) FSC-H data from (C) reploted as a function of cell diameter. Scattering

amplitude was influenced by mismatched refractive indices rather than the associated changes in cell size.
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the distinction between cellular volume and QC. It is concluded
that scattering matrix elements required by Mueller’s matrix for
ideal scatterers are not appropriate for biological particles with
cross sectional diameters similar to incident light wavelengths.
Thus picophytoplankton are not suitable candidates for direct
flow cytometry based sizing techniques. An inverse solution to
the Mueller matrix, specific to our optical bench design and
fluidics, would be required to evaluate the sensitivity of particle
cross-sectional area beyond the extremes of the linear range of
our calibration curve. Regardless, these observations confirm the
utility of FSC-H estimates of QC within the pico/nanophytoplank-
ton size range.

3.2. Taxon specific QC

In natural samples of Prochlorococcus and Synechococcus, log-
normal distributions in FSC-H histograms were typical (kurtosis
41, skewness �5 to 5) and central tendency metrics (geometric
mean, median, peak value) were often indistinguishable, a strong
indication of log-normal distribution. Eukaryotic algae gates were
sometimes of complex modality or skewed due to the presence of
Please cite this article as: Casey, J.R., et al., Changes in partitioning of
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multiple populations or no clearly dominant population.
The potential error associated with irregular FSC-H distributions
was calculated by comparing geometric mean and median values
of cumulative sum bins at a series of decreasing logarithmic bin
sizes (k¼1 to k¼1000). Using this approach, and given the
tolerances of our flagging criteria, it was estimated that a random
FSC-H distribution would introduce no more than 2% error to the
eukaryotic algae community POC calculation. Random distribu-
tions were infrequent; log-normal distributions for eukaryotes
satisfied the flagging criteria and coefficient of variation was
better than 15% in 93% of samples where more than 100 events
were recorded. Unless noted otherwise, average QC values are
reported in three depth intervals (0–40, 60–120, 140–250 m).
These horizons were chosen according to a variety of environ-
mental parameters; specifically, 40–60 m was chosen as the
approximate inflection in both Prochlorococcus and Synechococcus

abundance profiles during the stratified period (April through
November); 120 m was chosen as the approximate depth of the
1% PAR isolume delimiting the euphotic and sub-euphotic layers.

QC typically increased in the order Prochlorococcus, Synechococcus,
and eukaryotic algae; however, considerable overlap within
carbon amongst photosynthetic pico- and nano-plankton groups
.1016/j.dsr2.2013.02.002i
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Fig. 4. Flow cytometry derived parameters. Contour plots of cellular abundance (left column panels), QC (middle column panels), and biomass (right column panels)

for Prochlorococcus (top row panels), Synechococcus (middle row panels), and eukaryotic algae (bottom row panels). Missing data or data which failed the statistical tests

(as described in Section 2.6) are shown in white.

Fig. 5. Seasonality of QC. QC for each phytoplankton group averaged over three depth intervals for all years. Error bars represent one standard deviation from the mean.
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individual samples was observed between groups depending
upon the various growth conditions highlighting the benefits of
taxonomic rather than size fractionation based separation tech-
niques for physiological studies. Mean QC values for all groups
were within the range of values previously reported using a
variety of other techniques (Table 1). Importantly, variability of
QC for individual samples spanned more than an order of
magnitude within each taxonomic group through all temporal
and spatial scales available in this dataset, emphasizing the error
introduced to biomass measurements reliant on fixed abundance-
to-carbon conversion factors.

Seasonally from January to December, Prochlorococcus QC

values generally decreased in the upper 40 m whereas at the
deeper depth ranges, QC values increased. Prochlorococcus QC

varied from a low of 2872 fg C cell�1 in January in the upper
40 m to a high of 190723 fg C cell�1 in December below 140 m
(Fig. 5). A portion of this QC increase was likely due to increased
thylakoid membrane surface area needed to support increased
cellular chlorophyll and accessory pigments in response to low light,
perhaps pointing to the role of ecotype-specific photophysiologies in
controlling QC. Low light adapted strains of Prochlorococcus tightly
pack thylakoid membranes at the periphery of the cytoplasm, a
photophysiological strategy that contributes to a strong ‘‘packa-
ging effect’’ (Partensky et al.,1993). A persistent inflection in QC at
40–80 m, perhaps due to a shift in dominance from high-light to
low-light ecotypes, as observed by Malmstrom et al. (2010) and
Moore and Chisholm (1999), supports this observation. Further-
more, we observed that depth dependent decreases in the FSC-H
to red fluorescence intensity ratio (indicative of the C:chl ratio;
data not shown) tended to be lower for Prochlorococcus compared
with Synechococcus and the eukaryotes.

Like Prochlorococcus, annually averaged Synechococcus QC

increased with depth from 197716 fg C cell�1 above 40 m to
3867140 fg C cell�1 below 140 m. This increase in QC with depth
was consistently less dramatic (ca. 2-fold) than Prochlorococcus

(often more than 5-fold) over the same depth interval. Perhaps
the limited depth range of Synechococcus, the presence of multiple
co-occurring ecotypes and the absence of a physiologically dis-
tinct low light-adapted ecotype (Ahlgren and Rocap, 2006) can
explain the reduced depth-dependent variability of QC in
Synechococcus. Contrary to Prochlorococcus, within the spring
‘‘bloom’’ in the upper 40 m, average Synechococcus QC was
significantly higher (291722 fg C cell�1) compared to the rest
of the year (13676 fg C cell�1; n¼1071, p¼0.012; Fig. 5B).

Surprisingly, eukaryotic algae were the most consistent group
with respect to QC within each depth range showing a coherent
seasonal increase from minima in the spring to maxima in the
summer/fall. This uniformity is likely an effect of averaging high
diversity. A persistent QC minimum appeared to be associated with
the 1–10% PAR isolume during the stratified period (June through
November; 501171857, 379371350, 412171263 fg C cell�1 for
0–40, 60–120, 140–250 m; Welch’s two sample t-test; t¼�1.92,
df¼160, p¼0.05).

3.3. Seasonal algal biomass dynamics

Autotrophic biomass was calculated as the product of QC and cell
abundance. Summed over the three groups, integrated photosyn-
thetic biomass (

R
0–250 m) was 34716% of bottle POC (captured on

a GF/F, nominal pore size 0.7 mm); 90% of which was restricted to
the upper 120 m. Fig. 6 Large (412 mm) algae were independently
determined to contribute at most 5–10% of integrated autotrophic
POC annually but often much less (Priyadarshani and Lomas,
unpublished data). Although all particles o35 mm are detected by
the flow cytometer, the dynamic range of forward scatter was
optimized for pico/nanophytoplankton. With the instrument
Please cite this article as: Casey, J.R., et al., Changes in partitioning of
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settings used in this study, PMT voltage and volume analyzed, we
could not discriminate cells between ca. 12 mm and 35 mm, and cells
in this size range are grouped together in the largest size bin (pixel
column) in cytograms. However, we note qualitatively that nanoeu-
karyotic algae in the largest size bin (412 mm) were rare. With this
caution, average photosynthetic biomass during the winter (Dec,
Jan, Feb) period was half of bottle POC in the euphotic zone (4879%
from 0–40 m; 4877% from 60–120 m) and 35714% in the sub-
euphotic zone (140–250 m; data not shown). In contrast, vertical
structure in photosynthetic biomass was apparent throughout the
rest of the year (March through November) with 2878, 4277, and
2977% of total POC in the 0–40, 60–120, and 140–250 m depth
intervals, respectively. It is interesting to note that our formulation
of photosynthetic carbon biomass showed a significant local
maximum (Welch’s two sample t-test; t¼1.95, df¼451, p¼0.05)
coincident with the deep chlorophyll maximum depth interval
(60–120 m) during this stratified period. For the duration of the
Prochlorococcus numerical maximum (May through November) the
subsurface photosynthetic carbon biomass maximum was roughly
50% higher than the 0–40 m interval (t¼6.83, df¼305, p¼4.7e-11).
This finding is in direct conflict with current dogma that the deep
chlorophyll maximum at BATS is a pigment maximum but not a
maximum in photosynthetic biomass.

DuRand et al. (2001) provide an extensive review of seasonal
phytoplankton abundance dynamics at the BATS site that is, to a
great extent, appropriate for our study period. Prochlorococcus cell
concentrations showed seasonal maxima in October at 9.871.3
�1012 cells m�2. A persistent subsurface maximum appeared to
be closely associated with the nitracline, an observation often
reported (Olson et al., 1990; Lindell and Post, 1995; DuRand et al.,
2001). A subsurface maximum also reflects the low optimal
growth irradiances of low-light adapted ecotypes of Prochlorococ-

cus relative to Synechococcus (Morel et al., 1993).
Ecotypes within the Prochlorococcus subsurface abundance max-

imum assemblage appeared to be unable to cope with turbulent,
deep winter mixing as evidenced through decreases in population
sizes coinciding with these events (Fig. 4). As an extreme example,
during the strong mixing event of 2010 where mixed layers were
4400 m, Prochlorococcus abundance decreased to 0.3�
1012 cells m�2 and 0.02 g C m�2 implying 88% mortality within only
a two week period and 97% mortality during the entire 3 month
mixing period. Because 490% of the Prochlorococcus population
directly preceding the decline was found below the 10% PAR isolume,
we may infer that low light adapted ecotypes (LL) eroded during
winter mixing were selectively eliminated. Although average light
intensity within the mixed layer was reduced, low light acclimated
populations experienced high light field exposure, if even for brief
periods. Thus, possible causes for mortality may be: (1) grazing,
(2) the absence of photolyase UV repair mechanisms in LL Prochlor-

ococcus and thus limited photophysiological ability to respond to
exposure to increased light fields (Ting et al., 2002; Rocap et al., 2003),
(3) viral lysogeny (Parsons et al., 2011), (4) sensitivity of LL Prochlor-

ococcus to copper toxicity (Mann et al., 2002) or interestingly,
(5) copper induced viral lysis (Sode et al., 1997). Alternatively,
Lomas and Moran (2010) offer aggregation and repackaging as
potential mechanisms for the export of picocyanobacteria at the BATS
site but the magnitude of annual Prochlorococcus disappearance is not
resolved in sediment traps indicated by pigment analysis (577% of C
export; Lomas and Moran, 2010) or by molecular fingerprinting
(o5.7%; Amacher, 2011).

Strong niche partitioning between Prochlorococcus and Syne-

chococcus was apparent both in depth profiles and seasonal
dynamics. Synechococcus abundance maxima were strictly within
the upper 80 m, directly above the Prochlorococcus abundance
maximum. Seasonally, Synechococcus were most abundant in
April (4.472.6�1012 cells m�2), decreasing steadily through late
carbon amongst photosynthetic pico- and nano-plankton groups
.1016/j.dsr2.2013.02.002i
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Fig. 6. Microbial carbon. Cumulative area plot of Prochlorococcus, Synechococcus, eukaryotic algae and heterotrophic bacteria biomass overlaid on total POC (GF/F).

Unidentified POC shown in black. NAO phase shown as ‘‘þ ’’ or ‘‘� ’’ at the start of each year along the top.

J.R. Casey et al. / Deep-Sea Research II ] (]]]]) ]]]–]]]10
fall (0.5870.07�1012 cells m�2 in October). Divergence of tem-
perature optima, nutritional requirements and preference, photo-
physiological adaptations and other growth strategies between
these closely related cyanobacteria may help to explain seasonal
and biogeographical distributions (e.g., Morel et al., 1993;
Partensky et al., 1999). Contrary to Prochlorococcus, viral control
does not appear to be important for Synechococcus at BATS
(Parsons et al., 2011), pointing to nutrient availability as a likely
constraint on biomass. Species competition for orthophosphate
and hydrolyzable DOP may be particularly important at the BATS
site where soluble reactive phosphorus is perpetually below
10 nmol l�1 in the stratified upper 100 m (Lomas et al., 2010).
High alkaline phosphatase activities (Torres-Valdes et al., 2009;
Lomas et al., 2010) and rapid turnover of the SRP pool (3–5 h;
Ammerman et al., 2003) imply that differences in inorganic
phosphate affinity and cleavage from hydrolyzable DOP between
taxa are important determinants of community structure at the
BATS site. Absolute and biomass normalized orthophosphate
assimilation rates were higher in Synechococcus than Prochloro-

coccus (Casey et al., 2009) and picocyanobacteria were more
efficient at scavenging and assimilating orthophosphate from
33P-labeled adenosine triphosphate compared to eukaryotic algae.
It is therefore likely that Synechococcus P-specific growth rates are
simply higher than HL Prochlorococcus throughout the upper
euphotic zone during winter mixing periods when SRP concen-
trations can exceed 20 nmol l�1. Prochlorococcus subsequently
occupies the 1–10% PAR layer where light intensities are suitable
for low light adapted ecotypes.

Seasonal population dynamics and depth distributions of
eukaryotic algae were far more complex than Prochlorococcus

and Synechococcus. Frequently, two to three discrete populations
were detected in a single profile, and gated events not necessarily
associated with the dominant populations were relatively less
abundant (773% and 30725% of total eukaryotic algae abun-
dance) above than below 60 m, respectively. These larger red
fluorescing cells are diverse taxonomically (Dı́ez et al., 2001;
López Garcı́a et al., 2001), and molecular approaches (e.g., Not
et al., 2007) to characterizing these organisms continue to
improve our understanding of the composition and function of
the picoeukaryotic algae (Worden et al., 2004; Worden and Allen,
2010). Seasonally, eukaryotic algal abundance maximum followed
the DCM through late summer and fall coincident with the
Prochlorocccus deep abundance maximum. Smaller (o2000
fg C cell�1) eukaryotes belonging to a single cytometric popula-
tion were first to bloom following winter mixing; eukaryotic
algae abundance maximum was during February (0.7070.43
Please cite this article as: Casey, J.R., et al., Changes in partitioning of
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�1012 cells m�2). Taking in to account the complex nature of
the eukaryotic algae, integrated abundance decreased through
late fall with numerical minima occurring in November (0.1170.05
�1012 cells m�2) similar to Synechococcus.

3.4. Influence of NAO on winter algal community structure

In addition to seasonal abundance and QC, interannual varia-
bility in monthly pico/nanophytoplankton biomass was signifi-
cantly higher (n¼506, p¼0.02) during late winter (January-
March) than the rest of the year. A similar trend was observed
in monthly mixed layer depth with interannual variability highest
during January and February (n¼136, p¼2e-16). In the North
Atlantic Subtropical Gyre (NASG), the dominant climate mode
influencing interannual trends in winter sea surface temperature
(SST), storm trajectory, and mixed layer depth is the North
Atlantic Oscillation (NAO; Rodwell et al., 1999; Visbeck et al.,
2001; Wang et al., 2004; Hurrell and Deser, 2009). Correspond-
ingly, the amplitude of the NAO signal is highest in winter in our
study region (Visbeck, et al., 2001; Wang et al., 2004). The sea
level pressure gradient between Iceland and the Azores (NAO) is
driven primarily by variability in the strength of the North
Atlantic subtropical high (also known as the Azores or Bermuda
high) pressure system and oscillates at an approximate period of
8 years (Garcı́a et al., 2005). During NAO positive regimes a
strong Iceland–Azores pressure gradient draws a southwesterly
flow of warm dry/wet air originating over the southeastern
United States. This feature blocks arctic flow from reaching the
US east coast and shifts storm tracks northward to favor calmer
winters, lower sea surface salinity (SSS), warmer sea surface
temperature (SST) and consequently weaker (both in magnitude
and duration) convective mixing near Bermuda (Hurrell and
Deser, 2009). Conversely, NAO negative years weaken the
Iceland–Azores pressure gradient allowing Arctic flow and direct-
ing winter storm tracks toward Bermuda. Thus in NAO negative
winters, Bermuda experiences intensified northerlies and north-
easterlies, and frequent passage of cold fronts resulting in
accelerated ocean-atmosphere heat exchange, southerly expan-
sion of the site of mode water formation (surface ventilation of
18 1C isotherm) and enhanced penetration of the mixed layer
through the 1% photosynthetically active radiation (PAR) isolume
and nutricline. Physical conditions associated with deep convec-
tive mixing and subsequent entrainment of nutrients into the
euphotic zone is anticipated to collectively influence algal community
activity and composition but not necessarily numerical abun-
dance (e.g., Margalef, 1978).
carbon amongst photosynthetic pico- and nano-plankton groups
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Total POC and chlorophyll a standing stocks during the winter
period were not significantly different between NAO modes
(p¼0.383, 0.544, respectively, Table 2). Total autotrophic POC,
bacterial and ‘‘unidentified’’ biomass were also statistically iden-
tical each winter (p¼0.835, 0.524, 0.113, respectively). However,
striking changes in mixed layer depth maxima, phytoplankton
community composition and QC correlated with the NAO phase
(Table 2). We also noticed changes in the magnitude, particulate
elemental stoichiometry, and transfer efficiency of the carbon and
nitrogen export flux associated with the NAO (Table 2).

During NAO positive winters, picocyanobacterial biomass domi-
nated total autotrophic biomass as compared to NAO negative
winters (60715%, n¼316, p¼0.026). Simultaneously, picocyano-
bacterial QC was elevated (8679 and 337726 fg C cell�1 for
Prochlorococcus and Synechococcus, respectively) compared with
NAO negative years (51710 and 205737 fg C cell�1, respectively).
Conversely, during negative NAO winters pico/nanoeukaryotic algae
became the dominant portion (6679%) of total autotrophic biomass
as compared to NAO positive winters (n¼301, p¼0.021); during
these winters eukaryotic algae QC tended to be higher (33777
287 fg C cell�1) than during NAO positive regimes (30237
297 fg C cell�1), though not significantly (n¼301, p¼0.186). As
NAO negative winters were aligned with the deepest mixing
periods, we infer that enhanced nutrient injection and reduced
light intensity was responsible for the success of eukaryotic algae.
This finding is consistent with current understanding of the
influence of NAO on hydrographic conditions at the BATS site
(Bates, 2001) as well as changes in plankton community structure
associated with NAO (Irigoien et al., 2000; Lomas et al., 2004;
Lomas et al., 2009). Importantly, no significant difference was
observed between NAO regimes using counts alone and therefore
taxon-specific biomass trends to NAO index would have been
overlooked if a fixed conversion factor were used.
4. Conclusions

Findings from this study (1) demonstrate systematic variability in
QC as a function of depth and through time and (2) reveal sensitivity
of phytoplankton community composition to hydrographic condi-
tions governed by interannual changes in climatology. We conclude
that the NAO plays an important role in shaping winter phytoplank-
ton assemblage composition, particle export flux characteristics, and
subsequently the efficiency of the biological carbon pump. When
interpreting long-term temporal trends, the location of the BATS site
should be considered in the context of the spatial extent, overlap and
superposition of adjacent water masses. Hydrographic changes asso-
ciated with climate oscillations are probably implicit to all open ocean
Eulerian-type time-series, and so autotrophic biomass estimates may
prove useful in describing biogeographical regions (or ‘biomes’)
confined by geophysical boundaries in both diagnostic and prognostic
models (e.g., Follows and Dutkiewicz, 2011). In addition to regional
oscillations like NAO, smaller amplitude, longer period climate modes
(e.g., Atlantic Multi-decadal Oscillation) and secular change are
expected to influence algal community structure. Although the BATS
flow cytometric picophytoplankton record does not currently extend
far enough into the past to provide meaningful insights, taxonomi-
cally resolved records of biomass will be useful in the future for
identifying subtle interannual climate signals.
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