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Abstract

We assess population dynamics of picophytoplankton groups (=2 um diameter; Prochlorococcus, Synechococcus,

and picoeukaryote) at a Peacific Ocean coastal site in the Southern California Bight. Weekly sampling (August 2000
to January 2002), dilution experiments, and flow cytometric analysis were combined with an instrument-specific
calibration for cell size determination, allowing biovolume and carbon biomass estimation. Synechococcus was
amost always numerically dominant, accounting for 60 = 12% of the total picoplankton cells over time. It had
moderately high growth rates (0.52-0.86 d-*) and was subject to low grazing mortality (—0.14 to —0.39 d-%).
Prochlorococcus growth and mortality rates were roughly balanced (0.33 + 0.14 d* and —0.36 = 0.06 d1,
respectively). Picoeukaryotes had the highest growth rates (0.71-1.29 d—*) and were responsible for, on average,
76% of net carbon production (NCP), amounting in up to 32.05 = 1.31 ug C L-* d-* produced and 28.31 = 2.61
ng C Lt d* consumed. In order to better define the eukaryotic component of these populations, an isolate was
characterized via small subunit rRNA gene sequencing, transmission electron microscopy, and growth experiments
and was identified as the prasinophyte Ostreococcus, not previously known to the Pacific Ocean. Our results show
that although picoeukaryotes do not stand out as particularly important players in this system on the basis of cell
abundance, they dominate in terms of picophytoplankton biomass and trophic transfer potential of carbon in this

size class.

The ecology of picophytoplankton (=2 wm diameter) has
been a major area of oceanographic research since the dis-
covery of the abundant marine cyanobacteria, Synechococ-
cus (Waterbury et al. 1979) and Prochlorococcus (Chisholm
et al. 1988). Photosynthetic picoeukaryotes comprise a third
ubiquitous picophytoplankton group that is numerically less
abundant. Members of this ‘“group”” can be difficult to dis-
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tinguish on a morphologica basis, and only recently have
molecular techniques been applied to better define these pop-
ulations (e.g., Guillou et a. 1999). In part because of their
lower abundance, as well as their complexity and diversity
as a group, picoeukaryotes have been less well studied than
the marine cyanobacteria. However the work of Li (1994)
indicates that photosynthetic picoeukaryotes could indeed be
responsible for a large portion of the primary production in
the picoplankton size fraction. Using simplified carbon con-
version factors, other studies have shown that picoeukary-
otes can be responsible for a greater portion of carbon bio-
mass than either Prochlorococcus or Synechococcus (e.g.,
Partensky et al. 1996; Blanchot et al. 2001). Given the im-
portance in marine biogeochemical cycling attributed to pi-
cophytoplankton, it is essential that factors critical to eco-
system function such as carbon biomass, growth, and
mortality rates, as well as physiology of different types of
picophytoplankton, be elucidated in greater detail.
Recently, studies have addressed variations in cellular
abundance, fluorescence properties, and carbon biomass of
natural phytoplankton populations of Prochlorococcus, Sy-
nechococcus, and eukaryotic phytoplankton (DuRand et al.
2001; Shalapyonok et al. 2001). By calibrating flow cyto-
metric scatter properties with cell diameter data, DuRand et
al. (2001) estimated the absolute and relative carbon contri-
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bution of the different groups at the Bermuda Atlantic Time
Series (BATS) site, as did Shalapyonok et al. (2001) in the
Arabian Sea. The combination of such studies with molec-
ular work on ecotypic differentiation and related physiolog-
ical capabilities aids comprehension of population distribu-
tions and biomass (for review, see Partensky et al. 1999;
Scanlan and West 2002). However, factors other than growth
potential, such as grazing mortality, undoubtedly play a sig-
nificant role in population regulation. Such controls are es-
sential to carbon cycling models that aim to incorporate phy-
toplankton standing stocks and production rates, as well as
the fate of that fixed carbon.

Estimates of specific growth and grazing mortality rates
of Prochlorococcus and Synechococcus from widely dispa
rate oceanographic regimes (e.g., Landry et al. 1995a; Reck-
ermann and Veldhuis 1997; Rivkin et a. 1999; Kuipers and
Witte 2000; Sherry and Wood 2001; Worden and Binder
2003) show that these rates are frequently different for the
two groups, suggesting they are subject to different grazing
pressure terms, as has been shown in laboratory experiments
(Christaki et al. 1999; Guillou et a. 2001). Few rate mea-
surements are available for photosynthetic picoeukaryotes.
In the Sargasso Sea, small eukaryotes were found respon-
sible for a large portion of picoplanktonic primary produc-
tion despite their low abundance (Li 1994). In larger size
fractions, Landry et al. (1995a) addressed nanoeukaryote
growth rates in the equatorial Pacific and found that this
group grew faster than the photosynthetic prokaryotes.

We are interested in the dynamics of picophytoplankton
and especially in better defining the role and composition of
eukaryotes in this size fraction. Therefore, we have under-
taken time series sampling at a Pacific Ocean coastal mon-
itoring site and used size-calibrated flow cytometry in com-
bination with culture-based approaches and dilution
experiments to explore these dynamics. Evidence is pre-
sented that photosynthetic picoeukaryotes, including the pra-
sinophyte Ostreococcus, contribute significantly to biomass,
carbon production, and trophic transport of carbon and, by
these measures, are the dominant picophytoplankton at the
coastal site studied.

Materials and methods

Sudy site location and weekly sampling—Time series
sampling and experimental studies were conducted at the
Scripps pier (32°53'N, 117°15'W), a Pacific Ocean coastal
site bound by the California Current. Water samples were
collected from surface water at the end of the 330-m pier on
a weekly basis in the morning hours. Samples were fixed in
0.25% glutaraldehyde (final concentration) and frozen at
—80°C until later flow cytometric analysis. Midday seawater
temperature data was attained from recordings taken by the
Climate Research Division, Scripps Institution of Oceanog-
raphy (meteora.ucsd.edu/weather/observations/sio_pier).

Culturing and isolate characterization—A picoeukaryote
was isolated from a pier sample by nitrate enrichment of a
1-um filtrate, followed by plating in 0.3% agar solidified F/4
(Guillard 1975) and colony isolation. After isolation, the pi-
coeukaryote strain (hereafter termed CCE9901) was main-

tained in F/4 media at 20°C and rendered axenic using an-
tibiotics for later laboratory studies. Axenic cultures were
then grown in F/4 amended with 10 nmol L-* selenium
(SeF/4), which improved growth reliability. Ostreococcus
tauri was obtained from D. Vaulot and F Le Gall and aso
rendered axenic. Culture growth was monitored by in vivo
fluorescence and cells were diluted into fresh media prior to
the onset of stationary phase to ensure constant exponential
growth, as described previously (Binder and Chisholm
1990). For comparison of nitrogen utilization, the two or-
ganisms were first acclimated to constant light of 40 umol
quanta m=2 s~* (fluorescent cool-white light) and then main-
tained for at least 10 generations prior to experiments. Cells
were then inoculated into SeF/4 media, in which the standard
nitrogen source had been replaced by test source (200 wmol
Lt urea + 80 nmol L-* Ni, 100 umol L-* NH,, 500 wmol
L-* NaNQ,), as well as no nitrogen SeF/4 and Ni—SeF/4
media as controls. All growth experiments were replicated.

DNA of both CCE9901 and O. tauri was isolated using
the DNeasy extraction kit (Qiagen) according to the manu-
facturer’'s recommendations. PCR amplification of the small
subunit (SSU) rRNA gene was accomplished using the prim-
ers5'-ACCTGGTTGATCCTGCCAG-3' (500 nmol L-*fina
concentration) and reverse 5'-TGATCCTTYGCAGGTT-
CAC-3’ (500 nmol L-* final concentration) in conjunction
with 2.5 U HotStar Taq polymerase (Qiagen), 200 wmol L -*
each dNTR and 1.5 mmol L-* MgCl, in a 50-ul reaction
volume. After a 15-min hot start period (95°C), 32 amplifi-
cation cycles were performed, consisting of 1 min denatur-
ation (94°C), 1 min anneding (55°C), 2 min elongation
(72°C), followed by a 10-min final extension (72°C). PCR
products were cloned with the TOPO-TA® cloning kit (In-
vitrogen) and plasmids were isolated with the Quiprep® kit
(Qiagen) according to manufacturers’ protocols. Subsequent-
ly, plasmids were sequenced using ABI Prism BigDye ter-
minators on an ABI377XL (Applied Biosystems). 18SrRNA
gene sequences for CCE9901 and O. tauri have been de-
posited in GenBank under the accession numbers AY 329636
and AY 329635, respectively. The O. tauri SSU rRNA gene
sequence has previously been reported under the accession
number Y 15814.

For transmission electron microscopy (TEM), 10 ml of
cultures of CCE9901 were concentrated in an ultracentrifuge
at 5473 X g for 10 min at 20°C. The supernatant was re-
moved, and the pellet was resuspended in 1 ml F/4 medium.
The cells were then spun at 7,000 X g in a microcentrifuge
for 10 min, and the supernatant was aspirated. The remaining
cells were fixed overnight at 4°C in modified Karnovsky’s
fixative (2% paraformaldehyde, 1% glutaraldehyde in 0.2
um filtered seawater, 0.2 mol L-* Na cacodylate buffer, pH
7.4) followed by 1% OsO, in 0.1 mol L-* Na cacodylate
buffer, pH 7.4, and subsequently dehydrated with a graded
series of ethanol solutions (50%, 70%, 80%, and 95%, and
100% twice) followed by propylene oxide and infiltration
with epoxy resin (Scipoxy 812, Energy Beam Sciences). Af-
ter polymerization at 65°C overnight, thin sections were cut
and stained with uranyl acetate and lead citrate. Sections
were examined at an accelerating voltage of 60 kV with a
Zeiss EM10B €electron microscope.

Four photosynthetic picoplankton isolates, Prochlorococ-
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Table 1. Dilution-based estimates of growth (u) and grazing mortality (g) rate for the respective picophytoplankton groups and mean
cellular carbon at the experiment onset. Values for net carbon produced (NCP) and carbon consumed (CC) are followed by the standard
deviation (in parentheses, calculated from experiment replicates). CC/NCP represents the fraction of NCP consumed.

Mean cellular

Abundance " g carbon NCP CcC
Experiment date  (X10* ml-?) (dy (dy (fg C cell 1) (ng L1 dY) (ng L1 d™Y) CCINCP
Picoeukaryotes
29 Dec 00 1.6 0.75 0.27 354.40 5.65(0.50) 2.34(0.68) 0.41
19 May 01 3.0 1.24 0.43 162.01 13.14(3.07) 6.03(1.85) 0.46
30 Jul 01 2.2 1.29 1.09 488.00 32.05(1.31) 28.31(2.61) 0.88
19 Oct 01 2.6 122 0.42 307.70 17.32(1.80) 8.24(0.95) 0.48
8 Dec 01 25 0.75 0.34 312.86 8.82(0.63) 5.07(0.08) 0.58
18 Jan 02 11 0.71 0.17 341.26 5.45(0.09) 1.67(0.36) 0.31
Synechococcus
29 Dec 00 33 0.52 0.27 77.68 1.71(0.14) 0.90(0.28) 0.53
19 May 01 8.2 0.86 0.31 65.14 7.23(0.21) 3.24(0.02) 0.45
30 Jul 01 10 0.69 0.39 58.50 6.08(0.07) 4.58(0.49) 0.75
19 Oct 01 3.8 0.77 0.15 73.89 2.64(0.20) 0.62(0.01) 0.23
8 Dec 01 6.5 0.56 0.22 69.92 3.45(0.18) 1.50(0.52) 0.43
18 Jan 02 4.2 0.58 0.14 71.21 2.85(0.10) 0.74(0.12) 0.26
Prochlorococcus
29 Dec 00 11 0.30 0.36 41.56 0.16(0.00) 0.19(0.03) 1.15
19 May 01 32 0.48 0.33 38.0 0.73(0.10) 0.54(0.04) 0.74
30 Jul 01 31 0.09* 0.35 39.5 0.12(0.00) 0.50(0.01) 4.22
19 Oct 01 25 0.46 0.48 27 0.55(0.08) 0.46(0.10) 0.83
8 Dec 01 0.8 0.27 0.34 41.88 0.09(0.00) 0.10(0.04) 1.04
18 Jan 02 1.6 0.35 0.30 38.2 0.32(0.03) 0.27(0.07) 0.87

* Growth rate was estimated from the 0.1 dilution bottle because of relationship nonlinearity (see Methods).

cus marinus strain MED4, Synechococcus sp. strain
WH8102, CCE9901, and Pelagomonas calceolata strain
CCMP2006, were grown in standard media (Pro99, SN, F/4,
and K media, respectively) at 20—22°C and constant light
(28 wmol quantam—2 s, CCE9901, or 25 umol quanta m-2
s71, al other strains) for flow cytometric size calibration and
were fixed while in the exponential phase of growth. Sam-
ples were preserved as above with an initia 30-min freeze
in liquid nitrogen and subsequent storage at —80°C.

Dilution experiments—Dilution experiments were based
on the methods of Worden and Binder (2003), a modification
of the approach of Landry et al. (see 1995b). Experiments
were conducted on six dates between December 2000 and
January 2002 (Table 1). Briefly, in each experiment, a nu-
trient-amended series (880 nmol L-* NO, and 72 nmol L-*
PO,, final concentrations) was employed of five different di-
lutions corresponding to fractions of unfiltered seawater
equal to 1, 0.7, 0.5, 0.3, and 0.1 and a series of nonnutrient-
amended bottles corresponding to unfiltered seawater frac-
tions equal to 1, 0.5, and 0.1. Seawater was collected from
the top 1 m of the sea surface (~0.5 m) in the dark. Seawater
for filtration (to be used for dilution) was collected first;
gravity filtered through a 0.2-um sterile acid-rinsed Gelman
Supor filter capsule, and distributed to acid-cleaned 1-liter
polycarbonate bottles. Subsequently, seawater for the unfil-
tered fraction was collected, sieved through 110-um Nitex
mesh, and distributed to the bottles, in duplicate. Nutrient
supplements were added just prior to the initial sampling.
Bottles were placed randomly in a Plexiglas on-deck (on-

pier) water bath cooled with continuously flowing seawater
to maintain near—ambient temperature conditions. On-deck
water bath light levels were adjusted with neutral density
screening to reduce the photosynthetically available radia-
tion intensity to that at 0.5 m water depth. Because these
incubations were conducted outside, the day—night cycle was
identical to that of ambient conditions. Bottles were placed
in the water bath at dawn, and incubations were terminated
after 24 h. Initia (T,) and final (T,,) time point samples were
taken from every bottle immediately before placement in the
water bath and at the end of the 24-h period, respectively.
Samples were preserved in 0.25% glutaraldehyde (final con-
centration), frozen in liquid nitrogen for 30 min, and sub-
sequently stored at —80°C. All preparations and sampling
were performed under low light conditions in order to avoid
light shock.

Flow cytometry—Samples were analyzed on a Becton
Dickinson FACSort flow cytometer equipped with a 488-nm
laser (15 mW output). Forward angle light scatter (FALS),
right angle light scatter (RALS), orange fluorescence from
phycoerythrin (PE, 564—606 nm), and red fluorescence from
chlorophyll (CHL, >650 nm) were measured after 488-nm
laser excitation. Just before analysis, 0.974-um-diameter
fluorescent latex beads (Duke) were added to samples for
later signal normalization. Samples were delivered at 12 ul
min-* for 4 min prior to data collection, and subsequently,
data were acquired from a volume of 48 ul of the sample.
Data acquisition was triggered on RALS, and count rates
generaly ranged from 350 to 900 events s~*. All samples
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were fixed and frozen prior to flow cytometric analysis. Sam-
ples were run for dilution experiments and weekly samples
taken from August 2000 to January 2002, except for the
following dates: 1 March 2001, 14 March 2001, 7 November
2001, 14 November 2001, and 21 November 2001.

Cell size—Size distributions were determined with a
Coulter Counter Multisizer 11 equipped with a 15-um orifice
for Prochlorococcus, Synechococcus, and CCE9901 and
with a 20-um orifice for P. calceolata. The apertures were
calibrated with 0.97- and 2.08-um beads. Filtered seawater
(0.2 wm) was used as a blank and to dilute samples to main-
tain the coincidence below 3%. At least 1.5 X 10* cells were
counted per sample. A lognhormal curve was fit to al size
distributions, and data from the curve fit were used for sub-
sequent analysis.

Data analysis—Flow cytometry data were analyzed using
WinList (Verity Software House). Prochlorococcus and Sy-
nechococcus were identified and enumerated on the basis of
light scatter and fluorescence signals as described previously
(Olson et a. 1990). In samples where Prochlorococcus ap-
peared to be absent or unambiguous determination was dif-
ficult (counts <100, close to the baseline), a value of zero
was entered for cell counts. Picoeukaryotes were defined
empirically as those cells that fell within a predefined anal-
ysis window in a RALS versus CHL two-parameter histo-
gram. The analysis window was defined on the basis of a
histogram generated from a picoeukaryote culture with a
mean population diameter of 2.0 um (determined by Coulter
counter). Furthermore, the analysis window included all cells
passing through a 2-um filter (with no vacuum applied) prior
to fixation, which were subsequently preserved and run on
the flow cytometer. Synechococcus cells were removed from
the defined window by gating based on PE fluorescence be-
cause these populations frequently overlap in both CHL fluo-
rescence and light scatter properties. Throughout the study
the analysis window allowed collection of picoeukaryote cell
counts without truncation of natural populations. Mean fluo-
rescence and RALS values were linearized and normalized
to the linearized bead mean. Data from 25 July 2001 was
discarded because of extremely high noise that made un-
ambiguous definition of populations impossible.

Biovolume measurements and volume-to-carbon conver-
sion factors were generated by empirically derived calibra-
tions. Here, biovolume was determined by first converting
RALS data to cell diameter, and then cell diameter was con-
verted to biovolume assuming spherical shape. A linear re-
gression was fitted to laboratory calibrations between mul-
tiple determinations of mean RALS and mean Coulter
counter cell diameter measurements of picoplankton cultures
(MED4, WH8102, CCE9901, CCMP2006) preserved while
in the exponential phase of growth. Cultures used for the
calibration ranged from a minimum Coulter cell diameter of
0.70 = 0.00 um (MED4) to a maximum of 2.02 = 0.02 um
(CCMP2006), with intermediate sizes of 1.09 = 0.01 um
(WH8102) and 1.19 = 0.01 um (CCE9901). The empirically
derived linear regression (r2 = 0.99) yielded the relationship
d (um) = [4.1566 X (Lga.s)] + 0.5918, where d isthe mean
diameter and L, s is the bead-normalized, linearized mean

RALS. This equation fit the data better than the power re-
lationships commonly used for FALS on the basis of Mie
light scattering theory (see, e.g., Jacquet et al. 2001).

Three approaches were used for carbon conversion. First,
average cell biovolume was converted to carbon with the
value 237 fg C um=3, an average of CHN measurements for
the groups of interest: Synechococcus (230 fg C um~—3) and
Prochlorococcus (240 fg C um=23) from Nolan (unpubl. data)
and Micromonas pusilla (238 fg C um~=2) from DuRand et
a. (2002). This average value was also consistent with our
own CHN analysis of Ostreococcus sp. strain CCE9901 (sin-
gle determinations of two cultures showed 233 and 247 fg
C pwm=2). Second, carbon content was calculated with the
equation log carbon (pg cell %) = 0.94 X log volume (um?)
— 0.6 (Eppley et al. 1970). Third, carbon content was cal-
culated as C (pg) = 0.433 X (Biovolume)°sss (Verity et al.
1992). Carbon biomass was then determined for each group
by multiplying carbon per cell by cell concentration.

Correlation analysis was performed between all parame-
ters both within and between populations; reported values
reflect the Pearson correlation coefficient. The fraction
change between T,, and T, (T,,/T,) was also analyzed across
dilutions for CHL and RALS for all three populations.

Net growth rate was calculated for the different groupsin
each bottle on the basis of the T, and T,, cell counts from
the dilution experiments. Dilution data were first tested with
an ANOVA according to the methods of Worden and Binder
(2003) to determine the suitability of regression analysis. In
one experiment (30 July 2001), the assumption of linearity
on which this method is based was violated for Prochloro-
coccus. Therefore, we determined the growth and grazing
mortality rate using end-point analysis as discussed else-
where (see Worden and Binder 2003 and references therein).
For all other data growth and grazing mortality rates were
taken as the Y-intercept and slope, respectively, from the
linear regression of the observed net growth rates versus
dilution (e.g., Landry et al. 1995b).

Results

Environmental abundance and population characteris-
tics—Photosynthetic picoeukaryotes and Synechococcus
were always present at this monitoring site, whereas Pro-
chlorococcus populations were sometimes absent (Fig. 1).
Synechococcus concentrations reached 2.6 X 10° ml-2,
Prochlorococcus reached 7.2 X 10* ml -1, and the picoeu-
karyote maximum was 5.9 X 10* ml —*. Synechococcus dom-
inated numerically on all but five dates: on three dates Pro-
chlorococcus dominated, and on two dates picoeukaryotes
dominated (Fig. 1). Prochlorococcus was low in abundance
or absent during the winter and spring months from late
January to mid-May 2001. Overall Synechococcus corre-
sponded to 60 = 12% of the total picoplankton cells, where-
as picoeukaryotes comprised 24 = 9% and Prochlorococcus
16 = 13%. Seawater temperatures ranged from 13 to 24°C
(17 = 3°C). Population abundance did not appear to be sen-
sitive to temperature in a coherent fashion, although maxi-
mum concentrations occurred below 18°C. Picoeukaryote
and Synechococcus cell concentrations were well correlated
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Fig. 1. Picoeukaryote, Synechococcus, and Prochlorococcus
cell concentrations and temperatures from August 2000 through
January 2002 at the Pacific Ocean coastal site. Ticks represent ap-
proximately the first of the month. Arrows indicate dates on which
dilution experiments were performed. Note the different Synecho-
coccus y-axis scale.

with one another (r = 0.76, P < 0.0001). Prochlorococcus
concentrations were weakly correlated with the latter two
populations (r = 0.27 and 0.31, respectively, P < 0.02).

CHL fluorescence per cell varied dramatically but non-
systematically for all groups, whereas changesin RALS (and
cell diameter) were greatest for the eukaryotes (Fig. 2). Pi-
coeukaryotes had the highest CHL fluorescence per cell and
the largest mean cell size and Prochlorococcus the lowest
and smallest. RALS was not related to cell abundances,
whereas cellular CHL fluorescence showed a weak negative
correlation in both picoeukaryotes (r = —0.288, P < 0.02)
and Synechococcus (r = —0.316, P < 0.02). In picoeukar-
yotes, CHL fluorescence per cell and mean population cell
size were positively and significantly related (r = 0.53, P
< 0.0001). This was not the case for either Prochlorococcus
or Synechococcus. Synechococcus cellular CHL fluorescence
and temperature were negatively correlated (r = —0.606, P
< 0.0001).
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Fig. 2. (A) Changes in picoeukaryote, Synechococcus, and
Prochlorococcus CHL fluorescence per cell over the time series,
normalized to linearized bead means. Note the different y-axis
scales for each group. The bottom panel (B) shows the respective
mean diameters for each group.

Carbon content estimates for picoeukaryotes were calcu-
lated with biovolumes determined through size-calibrated
RALS data, similar to the approach of DuRand et al. (2001),
with the use of our conversion factor (237 fg C um~2) rather
than theirs (325 fg C um=3; see Discussion) and with the
equations of Eppley et a. (1970) and Verity et a. (1992).
Eppley’s approach yielded values (average 533 fg C cell -4,
SD = 175) close to ours (average 530 fg C cell %, SD =
185), whereas Verity's approach yielded higher values (av-
erage 863 fg C cell -1, SD = 258). For further interpretation



Dynamics of marine picophytoplankton

1005"1"1"

T T T "
@ Picocukaryotes |

30

173

100

W ~
(= W

Relative abundance (%)

0
100
75

50

W Prochlorococcus 1
Synechococcus

25 H

0.1 ——+—————+———+——————+—— 10
E m Synechococcus |
£
<
20 g
=
o
=
O
0. Lt 10
10 F ® Prochlorococcus,
g Yoh A
- . © 420
i ¢ AN
0.15 o u“u“ Dn o
E T T "
0'01"1"|"|"|"|"10
Aug Nov Feb May Aug Nov Feb

Sample date

Fig. 3. Changes in standing stock carbon biomass calculated for
each of the three groups on the basis of population biovolume and
abundance combined with a picoplankton carbon conversion factor.
Note the different left y-axis log scales. In all plots, the temperature
scale (right y-axis) ranges from 10°C to 30°C.

of the data set, values based on the DuRand et al. approach
are employed (see Discussion). Synechococcus carbon con-
tent averaged 82 fg C cell - (SD = 8), and Prochlorococcus
averaged 39 fg C cell - (SD = 1). Picoeukaryotes contained
considerably more carbon per cell as well as more variation
from date to date (average 530 fg C cell =%, SD = 185).
Fluctuations in carbon biomass over time (Fig. 3) were
highly related to changes in cell concentration (Prochloro-
coccus, r = 0.998; Synechococcus, r = 0.990; picoeukary-
otes, r = 0.644; for all, P < 0.0001). Picoeukaryotic bio-
mass was also correlated with size (r = 0.507, P < 0.0001)
and temperature (r = 0.499, P < 0.0001). The picoeukar-
yotic component contained the largest fraction of carbon bio-
mass in the picoplankton size class (Fig. 3), with values
ranging from 1.60 to 33.28 ug C L—* (average 9.40 ug C
L-1, SD = 5.20). Prochlorococcus carbon biomass ranged
from 0.0 to 2.82 ug C L-* (average 0.58 ug C L%, SD =
0.55) and Synechococcus from 0.40 to 22.20 (average 4.32
ug C L%, SD = 3.33). Averaged over the entire sampling
period, this corresponded to 66.44 = 10.86% of carbon bio-
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Fig. 4. (A) The relative contribution to picophytoplankton
abundance (%) and (B) the relative contribution to picophytoplank-
ton standing stock carbon biomass (%) for each group from August
2000 through January 2002.

mass being picoeukaryotic, 29.36 £ 10.44% from Synecho-
coccus, and 4.20 = 4.07% from Prochlorococcus (Fig. 4).

Characterization of a study site isolate—To better define
the picoeukaryotic component of these populations, we iso-
lated and characterized a picoeukaryotic organism from
these waters. On the basis of SSU rRNA gene sequencing,
the isolate (CCE9901) is a prasinophyte bearing highest
identity (99%) to O. tauri (Courties et a. 1994; Courties et
al. 1998). TEM showed this small ovoid organism to have
no cell wall, just a thin membrane surrounding the cell (Fig.
5). Cell diameter of CCE9901 ranged from 0.7 to 1.2 umin
culture, although no experimental effort was made to define
the upper and lower limits of cell size for this organism;
indeed, later laboratory experiments have shown it can be
1.5 wm in diameter. The isolate was capable of growth on
NH,, NO,, and urea as sole nitrogen sources at rates higher
than O. tauri when grown under the same light conditions
(Table 2).

Dilution experiments—Field growth and grazing mortality
rates were substantially different among the three groups
(Table 1). The highest growth rates estimated on each of the
experiment dates were those of the picoeukaryotes, with an
observed maximum of 1.29 d-* (average 0.99 = 0.28 d ).
Synechococcus growth rates varied within a fairly small
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4

Fig. 5. TEM of Ostreococcus CCE9901, a picoeukaryotic prasinophyte present at the study site
not previously known to the Pacific Ocean. P, chloroplast; Sg, starch grain within the chloroplast;
G, Golgi body. The arrow indicates the cell membrane; notice the absence of a cell wall.

range (0.66 *+ 0.13 d%). Prochlorococcus consistently had
the lowest growth rates measured (average 0.33 = 0.14 d1).

Grazing mortality rates were not directly related to growth
rates. Picoeukaryote grazing mortality rates ranged widely,
from —0.17 to —1.09 d-*. Although picoeukaryote grazing
mortality rates were higher on the three dates with the high-
est growth rates (1.24, 1.29, and 1.22 d%), the fraction of
growth consumed was not necessarily higher on these dates
(Table 1). Synechococcus was under the lowest grazing pres-

Table 2. Growth rates of the Pacific Ocean Ostreococcus
CCE9901 isolate versus O. tauri in nitrogen source experiments
performed in duplicate. Shown are the average and standard devi-
ation of three successive transfers in the respective nitrogen source.

Nitrogen
source CCE9901 (d-%) O. tauri (d%)
NO, 0.89+0.04 0.77+0.05
NH, 0.77+0.01 0.62+0.04
H,NCONH, 1.14+0.03 0.78+0.06

sures observed on al but one date, when its mortality rate
was comparable to that of Prochlorococcus. Furthermore,
Synechococcus abundance and T, cell size were negatively
correlated (r = —0.982, P < 0.0001) across the dilution
experiments. In two of the three experiments with particu-
larly low grazing mortality, dilution (release from grazing)
resulted in a statistically significant (as determined by t-test)
10% reduction in mean cell size in the most dilute bottles
versus either T, cells or undiluted T,, cells. Prochlorococcus
grazing mortality rates were frequently equal to or higher
than its growth rate and remarkably constant (—0.36 =+ 0.06)
regardless of cell concentration or growth rate. In general,
variable physiological responses as evaluated by changes in
mean fluorescence per cell and not related to incubation light
level (see Worden and Binder 2003) were observed in some
nutrient-amended treatments but did not appear to affect
growth or grazing mortality rates or dynamics relative to
nonamended treatments.

Temperature was significantly correlated with growth and
grazing mortality rates of picoeukaryotes only. Picoeukary-
ote growth rates were systematically higher in higher tem-
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Fig. 6. Net carbon production (dark bars) and carbon consump-
tion (light bars) per day for each picophytoplankton group. Error
bars represent the standard deviation for NCP estimates and CC
estimates calculated individually for experiment replicates. Note the
different y-axis scales.

perature waters (r = 0.906, P < 0.02), as were grazing mor-
tality rates (r = —0.917, P < 0.02; greater mortality in
higher temperature waters).

Combining carbon biomass and rate measurements—To
assess the amount of daily production consumed, we com-
bined carbon hiomass data with that of the dilution experi-
ments, yielding six individual ‘“snapshots” of trophic trans-
fer in this system. Net carbon produced per day (NCP) was
based on the carbon biomass of the total number of cells
produced (as calculated from the T, concentration and
growth rate) minus that of the initial T, cell concentration.
Carbon consumed per day (CC) was based on the difference
between the carbon biomass of the total number of cells and
the carbon biomass of the cells in the T,, undiluted bottles.
Picoeukaryotes accounted for a large portion of NCP (76%)
and CC (79%) in this size fraction (Fig. 6). The ratio of CC/
NCP was highest for Prochlorococcus on all experiment
dates relative to that of picoeukaryotes and Synechococcus.

At a more detailed level, passage of carbon through the

picophytoplankton can be seen by incorporating this rate-
based dynamic component into the data. For example, al-
though picoeukaryotes abundance was moderate on 19 May
2001 relative to immediately subsequent dates when a bloom
appeared to occur, the growth rate (1.24 d-1) was quite high.
The grazing mortality rate (0.43 d-*) was comparatively low
on this date, and presumably, this relaxed grazing pressure
allowed the accumulation of cells represented by the bloom.
On 30 July 2001, picoeukaryote abundance was lower than
on 19 May 2001 (with a dramatic rise and decline of cell
numbers between these dates), growth rate was slightly high-
er, but grazing mortality was much higher (1.09 d-%). These
trends viewed in terms of picoeukaryote standing stock car-
bon show lower biomass on 19 May 2001 (4.58 = 0.09 ug
C LY than on 30 July 2001 (12.17 = 0.50 ug C L) be-
cause of the significantly larger mean cell size of the pi-
coeukaryote population on the latter date. The May NCP
(13.14 = 3.07 pug C Lt d1) was greater than the standing
stock, with slightly <50% of this production consumed, re-
flected in the large carbon biomass increase on subsequent
dates. In July, the picoeukaryote NCP (32.05 + 1.31 ug C
Lt d-*) was again considerably higher than the standing
stock biomass, but the vast mgjority of this carbon was *‘ un-
seen’”” because ~88% of it was consumed immediately.

Discussion

We have focused on the picoplanktonic fraction of the
phytoplankton, defined as those cells =2 um, because of
their ubiquity, abundance, and persistence, al of which con-
tribute to their potential importance to primary production
and carbon cycling. To explore the dynamics of these or-
ganisms, we undertook time series sampling at a Pacific
Ocean coastal site and used an approach similar to that taken
by DuRand et a. (2001) in combination with dilution ex-
periments and culture-based techniques.

The monitoring site employed is a dynamic coastal envi-
ronment that has been studied for many years (e.g., Eppley
1986). Measurements from 1983 to 1997 show chlorophyll
a (Chl a) to range over four orders of magnitude (0.02 to
over 80 ug L%, with a long-term mean of 1.58 ug L1,
whereas nutrient concentrations are generally below detec-
tion levels (McGowan pers. comm.). A wide variety of phy-
toplankton contribute to primary production at this site (see
Eppley 1986).

Basic population dynamics—Synechococcus and picoeu-
karyotes were present on all sample dates. Prochlorococcus
was frequently absent during the spring (Fig. 1), athough
the role of instrument sensitivity in this absence cannot be
ruled out. Prochlorococcus populations had low red fluores-
cence, as has been found in stratified surface waters of the
Sargasso Sea (Olson et al. 1990). Low-power lasers (e.g., 15
mW) such as that used in this study are known to be insuf-
ficient for discrimination of some Prochlorococcus field
populations. Other factors, such as advection or heavy graz-
ing, might account for the absence of noticeable Prochlo-
rococcus populations during the spring months (Fig. 1). Ab-
sence is supported by HPLC pigment analysis showing
divinyl Chl a, indicative of Prochlorococcus consistently
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missing during February, April, and early May from 1998
through 2000 (Goericke unpubl. data).

Light scatter, cell size, biovolume, and carbon biomass—
Because of the relationship between light scatter and size
characteristics (see Morel and Bricaud 1986), flow cytome-
ter—specific calibrations have been used to generate cell bio-
volume measurements. Olson and coworkers showed FALS
to be strongly correlated with Coulter counter size determi-
nations (see Olson et al. 1989; DuRand et al. 2001), whereas
Jacquet et al. (2001) defined the relationship between FALS,
RALS, and confocal microscopy determinations of cell size.
Because biovolume conversion factors are sensitive to cell-
size estimates, we derived the calibration for this factor em-
pirically with the use of cultures within the same picophy-
toplankton groups and size ranges as the field populations
under observation. RALS exhibited a very tight relationship
with Multisizer cell size measurements best described by a
linear regression (r2 = 0.99). In addition to cell size, both
refractive index and cell shape can influence the scattering
properties of a cell, and these factors might have influenced
the linearity of the observed relationship between cell size
and RALS. The average cell sizes for Prochlorococcus and
Synechococcus were identical to those reported by DuRand
et al. (2001) at BATS (0.68 um and 0.87 wm, respectively)
and dlightly lower than those attained by Shalapyonok et al.
(2001) in the Arabian Sea. The calculated biovolumes were
used to estimate carbon content on the basis of a carbon
conversion factor generated with triplicate diel CHN mea-
surements of Prochlorococcus and Synechococcus (Nolan,
unpubl. data) as well as M. pusilla (DuRand et a. 2002), a
phytoplankter also found at this site. Published Nannochloris
values (see DuRand et al. 2002) were not used in the carbon
conversion factor, although close (252 fg C um=2), because
the mean diameter of these cells (2.71 um) is significantly
larger than those under study. CHN analysis of two
CCE9901 cultures (single determinations, growth stage not
monitored) also yielded values similar to the average used
in this analysis (233 and 247 fg C um~2). Thus, the carbon
conversion used here (237 fg C um~=23) may provide a fairly
robust representative value for picophytoplankon. The equa-
tion of Eppley et a. (1970) developed for eukaryotic algae
yielded very close carbon estimates for the picoeukaryotes,
whereas that of Verity et a. (1992) yielded values on average
39% higher than ours. Our estimates showed picoeukaryote
cellular carbon content to be 6.5-14 times that of the pico-
cyanobacteria. As discussed elsewhere, there is considerable
uncertainty over carbon conversion factors (e.g., DuRand et
al. 2001; Shalapyonok et al. 2001); however, the use of cell
size in initial biovolume calculations, as well as CHN anal-
ysis of relevant organisms, should serve to strengthen these
data.

It should be noted that glutaraldehyde can cause cell
shrinkage. For instance, Verity et a. (1992) found a 7% re-
duction in Synechococcus bacillaris biovolume after fixation
in 0.5% glutaradehyde (final concentration), and Booth
(1987) found a 14% reduction in M. pusilla biovolume using
2% fixation (final concentration). Should the fixation pro-
cedures used in our study result in cell shrinkage, then pi-
cophytoplankton contribution to total carbon would be un-

derestimated. Data are not currently available to assess
which species are more or less affected by cell shrinkage or
whether glutaraldehyde concentration is a factor (0.25% final
concentration was used in this study); however, on the basis
of the above studies, shrinkage could result in an underes-
timation of picoeukaryote carbon relative to Synechococcus
carbon.

Like DuRand et al. (2001), we found that fluctuations in
picophytoplanktonic carbon over time were often determined
by changes in cell abundance. Because of the stability in
mean cell size of Prochlorococcus and Synechococcus pop-
ulations, close to 100% of the variance in total carbon was
explained by changes in cell abundance, whereas for pi-
coeukaryotes variation in total carbon was a function of both
changes in cell abundance and size. These shifts in mean
population size are likely to reflect changes in species com-
position of the picoeukaryotic fraction. Because all samples
were taken in the morning hours, it is unlikely that they are
heavily influenced by diel variations in cell size or volume,
as observed previously (e.g., Binder et a. 1996; DuRand et
al. 2002). The contribution of picoeukaryotes to the average
total phytoplanktonic carbon can be calculated on the basis
of the long-term mean Chl a (1.58 ug Chl a L—%) and pub-
lished C:chlorophyll values for this site. Eppley (1968)
found average ratios of 90 for nutrient-depleted waters and
30 for nutrient-rich waters, the latter of which agrees well
with an average of ratios (C: chlorophyll 26.23) in Geider
(1987) for nutrient-replete cultures grown at temperatures
corresponding to those at our site. The Eppley ratios yield
average total phytoplankton biomass of 48 ug C L-* and
142 C L-* for nutrient-replete and deplete conditions, re-
spectively. The average biomass of picoeukaryotes during
our study (9.40 ug C L) comprises 7% to 20% of the total
phytoplankton carbon as calculated above. Depending on the
respective production rates of larger phytoplankton versus
that of these relatively fast-growing picoeukaryotes, the
overal contribution of picoeukaryotes to primary production
could be much greater than indicated by standing stock es-
timates.

Defining the picoplankton community and interactions—
To address the competitive abilities of these picoeukaryotes
with respect to their prokaryotic counterparts, picoeukary-
otes relevant to the system under study must be identified.
As afirst step, we isolated and characterized a picoeukaryote
(CCE9901) from this site initially identified as a prasino-
phyte on the basis of high-performance liquid chromatog-
raphy (HPL C)—determined pigment characteristics (Goericke
unpubl. data). SSU rRNA gene sequence confirmed this clas-
sification and showed highest relatedness to O. tauri, the
smallest free-living eukaryote known in the world (Courties
et al. 1994). CCE9901 provides the first Ostreococcus dis-
covered and isolated from the Pacific Ocean. Seasona 18S
rRNA environmental clone libraries confirm the frequent
presence of Ostreococcus at the study location (Worden and
Palenik unpubl. data). Higher growth rates of CCE9901 rel-
ative to O. tauri on a variety of nitrogen sources indicate
this isolate is a physiologically distinct strain (Table 2).
Comparison of chromosomal banding on the basis of pulse
field gel electrophoresis and other phylogenetic markers sup-
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port this finding (Worden and Palenik unpubl. data). Thisis
not surprising considering the different environments from
which the strains were isolated, O. tauri being from an en-
closed, shallow oyster production lagoon (Thau lagoon) and
CCE9901 from open coastal waters, often having relatively
low nutrient concentrations. The presence of Ostreococcus
at this Pacific Ocean coastal site, as well as environmentally
derived Ostreococcus sequences in the Mediterranean (Diez
et al. 2001), Antarctic (Diez et al. 2001), and North Atlantic
(Vaulot et al. 2002), suggests its role in marine ecosystems
is likely more important than previously recognized.

Similarities in Synechococcus, Ostreococcus, and M. pus-
illa (Cochlan and Harrison 1991) nitrogen utilization abili-
ties could provide insight into the strong positive correla
tions between Synechococcus and picoeukaryote field
populations in terms of abundance, growth rate, and CHL
fluorescence per cell. Like Ostreococcus CCEQ901, isolates
of Synechococcus from this site are capable of using nitrate
and ammonia (Palenik unpubl. data), and most Synechococ-
cus strains are capable of using urea (Waterbury et a. 1986;
Collier et a. 1999). Increases in growth rate and cellular
chlorophyll concentration are both well-established respons-
es to a reduction in nutrient stress (e.g., Caperon and Meyer
1972; Sosik and Mitchell 1991), suggesting that the positive
relationship between these two picoplankton groups might
be founded in similar response to relief from nutrient stress.
Clearly, simply considering nitrogen uptake differencesis an
oversimplification of the complexity of factors affecting
these populations; however, it is a step in exploring the un-
derlying reasons for the observed dynamics.

In contrast to the strong positive relationships between
picoeukaryote and Synechococcus populations, Prochloro-
coccus CHL and abundance were weakly correlated with that
of eukaryotes and Synechococcus. In addition, Prochloro-
coccus growth rates were not correlated with those of either
of the other groups. Interestingly, although no Prochloro-
coccus strain to date can utilize nitrate (see Moore et al.
2002), this organism is reported to use organic nitrogen in
the natural environment, and transporter systems for uptake
of such sources have been found by genome analysis (Zub-
kov et a. 2003). Thus, one can hypothesize that athough
some picoeukaryotic organisms and Synechococcus thrive
under similar conditions, competing directly for macronutri-
ents such as NO,, Prochlorococcus relies either on its su-
perior surface area to volume ratio to more efficiently access
NH, or its ability to take up organic nitrogen compounds at
high rates. We found that Prochlorococcus numbers were
higher during and after the summer when dynamics of this
system are thought to be dominated in part by recycled nu-
trients.

Several other studies of Prochlorococcus, Synechococcus,
and picoeukaryote abundance and biomass support the above
hypothesis. The tendency for Synechococcus and small eu-
karyotes to covary and Synechococcus to have opposing pat-
terns of abundance with Prochlorococcus has been noted in
the Arabian Sea (Campbell et al. 1998; Shalapyonok et al.
2001) and the Sargasso Sea (e.g., DuRand et al. 2001). By
evaluating different regions of the monsoonal Arabian Sea,
Shalapyonok et al. (2001) observed that small eukaryotes
were highly successful in terms of abundance and biomass

in coastal upwelling regions and in regions with moderately
elevated nitrate levels. In contrast, Prochlorococcus domi-
nated in oligotrophic regions in the Arabian Sea. Similar
results were found for the low-nutrient, permanently strati-
fied waters (no measurable nitrate) at Station ALOHA in the
North Pacific Ocean where picoeukaryotes are generally mi-
nor relative to Prochlorococcus in terms of both abundance
and biomass (Campbell et al. 1994; Campbell et al. 1997).

Differential grazing mortality—Many explanations are
possible for the differential grazing mortality observed. A
simple explanation is that distinct predator populations spe-
cifically or preferentially consume each group. For instance,
laboratory experiments with two ciliate grazers showed
higher removal rates of Synechococcus compared to Pro-
chlorococcus and improved growth on Synechococcus for
one of the ciliate predators (Christaki et al. 1999). In con-
trast, heterotrophic flagellates underwent significant growth
on Prochlorococcus but not Synechococcus (Guillou et al.
2001). Synechococcus has also been found to be selectively
egested by some nanoflagellates, whereas other bacteria are
digested (Boenigk et a. 2001). Synechococcus isolates from
Lake Constance were shown to be subject to prey selection,
which appears to be based on isolate cell surface character-
istics with less-grazed Synechococcus having a highly gly-
cosylated, paracrystalline layer (Postius and Ernst 1999).
Our study of Ostreococcus CCE9901 shows that these cells
have no cell wall, only a thin membrane, which we hypoth-
esize could enhance its value (or desirability) as a prey item
(Fig. 5).

In the grazing experiments, there was a significant nega-
tive relationship between Synechococcus cell size and abun-
dance. Furthermore, in two of the three experiments yielding
the lowest mortality rates, mean cell size decreased in diluted
T,, bottles (low grazer concentration) versus undiluted T,,
bottles (higher grazer concentration). These results indicate
that smaller cells were more heavily grazed than larger cells.
Grazer size selectivity in field populations has been sug-
gested previously (Dolan and Simek 1999; Worden and
Binder 2003). Potentially, severa ecotypes are represented
within one flow cytometric population, and within popula-
tions, ecotype-specific grazing might occur (see Postius and
Ernst 1999), or physiological constraints might render dif-
ferent cell sizes. It is unlikely that the observed cell size
differences are related to differences in the proportion of
larger replicating cells versus smaller divided cells given the
sampling time (early morning). Field studies of Synechococ-
cus have found that division generally occurs after the onset
of morning and before late evening (Sherry and Wood 2001,
Binder and Durand 2002, Worden and Binder 2003). Similar
results have been demonstrated in laboratory experiments
with Synechococcus (Jacquet et al. 2001).

Decrease of Prochlorococcus numbers in coastal envi-
rons—The decline of Prochlorococcus abundance in coastal
zones has been hypothesized to be a result of high rates of
grazing mortality relative to growth rates, whereas the suf-
ficiently higher growth rates of Synechococcus allow it to
maintain a sizable population despite grazing pressure (Chis-
holm pers. comm.). Our results support the hypothesis that
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Prochlorococcus numbers are low in these environments be-
cause of heavy grazing mortality and suggest that Synecho-
coccus may be numerically dominant not only because of
high growth rates but also because grazing pressure on this
group is lower than on Prochlorococcus and picoeukaryotes.
The mortality rates we observed here resulted in a greater
proportion of Prochlorococcus daily growth consumed than
seen in some oligotrophic systems (e.g., Worden and Binder
2003). Thus, Prochlorococcus might be present close to
coastal zones under heavy grazing pressure relative to its
growth rate, so essentially it is grazed to extinction unlike
the more abundant or faster growing picophytoplankton pop-
ulations. In environments such as the study site employed
here, where upwelling occurs periodically, Prochlorococcus
might routinely be reintroduced from oligotrophic offshore
populations as well.

Implications for trophic transfer of carbon—In all of the
experiments conducted, grazing pressure was significantly
different for each of the groups, as were growth rates. In
several, a significant portion of picoeukaryote and Synecho-
coccus NCP was not consumed (on experiment day). This
apparent imbalance between phytoplankton growth or car-
bon production and subsequent consumption has been ob-
served elsewhere (e.g., Worden and Binder 2003), although
balance may occur at different temporal and spatial scales
than studied here or previously. Understanding the fate of
this carbon, whether it undergoes processes such as large
grazing events, viral lysis, or advection, is a necessary step
toward understanding carbon fluxes in marine systems.

Conclusions—At this study site, picoeukaryotes were the
greatest in terms of standing stock carbon, as well as NCP
and CC, athough not numerically dominant (see Fig. 4).
This occurred because of the multifactorial effect of greater
biovolume, higher growth rates, and high grazing mortality
rates. In some cases, more than 2.5 times the visible picoeu-
karyote standing stock was produced and consumed in a
fashion that was effectively invisible without growth and
grazing mortality rate measurements. A member of this pi-
coeukaryotic community is Ostreococcus, a potentialy im-
portant prasinophyte not reported previously in the Pacific
Ocean. In contrast, Synechococcus was numerically domi-
nant but had relatively low NCP and CC. Clearly, the large
differences in NCP and CC between populations are of cen-
tral importance to understanding trophic transfer in these
systems. Furthermore, given the extreme differences in car-
bon transfer efficiency reported for heterotrophic flagellate
consumption of Prochlorococcus (23%) versus Synechococ-
cus (0.9%) (Guillou et a. 2001), it is critical that greater
attention be focused on quantifying carbon transfer efficien-
cy to fully comprehend relative ecosystem roles.
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