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Abstract—Time-series data on community structure in the upper 200 m at Station ALOHA in the
subtropical North Pacific were collected at approximately monthly intervals from December 1990
through to March 1994 during an extended El Niño-Southern Oscillation (ENSO) event.  Samples
were analyzed by flow cytometry to enumerate Prochlorococcus, Synechococcus, picoeucaryotes,  3 -
20 µm algae, and heterotrophic bacteria, as well as to quantify cellular chlorophyll fluorescence for  the
autotrophic components.  A significant seasonal cycle was evident in cellular chlorophyll fluorescence
for each of the autotrophic components, with maxima occurring each winter as a consequence of
photoacclimation.   Abundance of each picophytoplankton component exhibited temporal variability
on  both seasonal and  interannual scales.   Although the magnitude of the seasonal cycles in the
abundance was relatively small, the cycles appeared to be out of phase.  Typically, abundance maxima
of Synechococcus occurred in winter, of picoeucaryotes in spring, and of Prochlorococcus during sum-
mer/fall.  The different timing in these cycles may explain why the presence of a seasonal pattern in
total phytoplankton biomass has been difficult to establish.   Abundance of the larger 3-20 µm algae
varied over two orders of magnitude during the time series, with no obvious seasonal pattern.  The 3 -
20 µm algae were a small percentage of  the total estimated carbon biomass (~ 8 %).  Heterotrophic
bacteria were the most numerous of the picoplankton and the seasonal pattern in their 200-m integrated
abundance paralleled  Prochlorococcus over the time series.  Together, the procaryotes contributed  60
- 90 % of the total estimated microbial carbon.  Significant interannual variation in the total 200-m
integrated microbial carbon estimates may be related to the effects of the extended ENSO event which
began in 1991.  1997 Elsevier Science Ltd. all rights reserved.

INTRODUCTION

The subtropical central North Pacific Ocean has been described as homogeneous with respect
to its physical and biological properties. Previous studies reported the central gyre to be a
stable community, and stochastic events were proposed to explain the observed variability in
phytoplankton biomass (e.g. McGowan and Hayward, 1978; Hayward et al., 1983; DiTullio
and Laws, 1991).  Documented variations in primary production and biomass were small
(e.g., Bienfang and Szyper, 1981), with no discernible seasonal cycle.

More recent reports, however, provide evidence that seasonal variation in phytoplankton
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biomass in the subtropical North Pacific does exist.  At the Hawaiian Ocean Time series
(HOT) Station ALOHA (22o 45' N; 158o W),  seasonal cycles have been observed in  chloro-
phyll a (chl a) concentrations at the depth of the chl maximum layer  (Letelier et al., 1993)
and in the depth of the nitracline (Dore and Karl, 1996).  Winn et al. (1996) also found
significant seasonal variations in in situ fluorescence and chl a concentrations at Station
ALOHA, but the cycles differed in the upper and lower portions of the euphotic zone.  In the
upper 50 m,  the winter increase in chl a concentration was found to be a photoadaptative
response to the lower average light intensities experienced by the phytoplankton in the   mixed
layer, and was not the result of an increase in phytoplankton biomass.  In the lower euphotic
zone, however, the seasonal maximum in chl a concentration in May or June was due to a
change in the rate of primary production and in phytoplankton biomass as a consequence of
increased light intensity in summer.  Venrick (1993) examined 17 years of data for the central
North Pacific at 31o N and found seasonal cycles in the phytoplankton community structure.
Although seasonal maxima in surface species and deep species are evident, the cycles are
independent, thus the seasonal cycle in biomass is obscured.

Interannual variations in community structure have been reported by Blanchot et al. (1992)
for the western equatorial Pacific between the 1987 ENSO event and the subsequent non-
ENSO  conditions in 1988.  Under nitrate-limited conditions, the smaller cells (<1 µm) con-
tributed > 60 % of chl a; however, in a normal year, when nitrate is present, or at depths where
nitrate was not limiting, the larger cells predominated.  More recently, Karl et al. (1996)
attributed a major change in structure and productivity of the pelagic ecosystem in the sub-
tropical North Pacific Ocean at Station ALOHA to the ENSO event of 1991/1992. They found
a substantial increase in primary production and assimilation number (mg C mg Chl a-1 h-1)
between the 1989/1990 pre-ENSO and 1991/1992 ENSO time periods.  The average surface
(0 – 50 m depth interval) productivity in 1989/90 was < 5 mg C  mg chl a-1 hr-1.  But between
1991 and 1992, productivity increased to > 5 mg C  mg chl a-1 hr-1 and varied as a logarith-
mic function of the mixed-layer depth.  During this period the water column became more
stable, as the frequency of mixed-layer depths  >  60 m decreased (Letelier et al., 1996).
Significant variations in phytoplankton biomass have also been observed on a longer, decadal
time scale.  From a > 20-year time series, Venrick et al. (1987) reported a significant increase
in chl a since 1970, which was coincident with interdecadal sea surface temperature (SST)
and atmospheric circulation anomalies.  The interdecadal SST warming in the tropical Pa-
cific, concurrent with SST cooling in the mid latitudes, and a deepening of the Aleutian Low
developed quite rapidly in the late 1970s (Wang, 1995).

The microbial community structure in the euphotic zone of the subtropical Pacific at
Station ALOHA is dominated by procaryotes, in particular Prochlorococcus (Campbell et al.,
1994).  However, the dynamics of the picoplankton community have not been examined.  The
goal of our project was to examine time series abundance data from Station ALOHA to eluci-
date the scales in temporal variability in the structure and composition of the picophytoplankton
community.

METHODS
Sample collection and enumeration

Samples from Station ALOHA (Fig. 1) were collected at approximately monthly intervals
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from 12 depths within the upper 200 m water column using Niskin bottles attached to a
SeaBird (model SBE-09) CTD rosette system (Karl and Winn, 1991). To remove the effect of
diel variations in abundance and cellular fluorescence, effort was made to collect all samples
around midnight, by which time most cells have completed cell division (e.g. Vaulot et al.,
1995; Campbell, unpubl.). This was mostly successful in that 27 of the 31 profiles were
collected between 2100 and 0300.  Two profiles (Aug 1991 and May 1992) were collected at
2000 h, and only two profiles were taken during daylight hours (April 1991 and Nov 1992; at
1000 and 1630 h, respectively).  Thus, midday samples, in which fluorescence would be most
adversely affected, were largely avoided.

 For picoplankton, samples were preserved with paraformaldehyde (0.2% final concen-
tration), quickly frozen in liquid nitrogen and stored at -80 oC until analysis (Vaulot et al.,
1989).  This method has been used successfully for picoplankton and larger phytoplankton
species (Vaulot et al., 1989; Olson et al., 1990; Simon et al., 1994).  In an independent com-
parison of our protocol with epifluorescence microscopy, close agreement between the two
methods was obtained for picoplankton abundance (Buck et al., 1996).  For the larger algae,
samples from the first year (Dec 90- Sept 91) were preserved and frozen in four 15-ml aliquots,
as above.  All subsequent samples were preserved and stored at 4 oC until analysis (within 48
hrs), as previously reported (Campbell et al., 1994).

To enumerate each component of the plankton, flow cytometry analyses were conducted
using high sensitivity modifications as previously described (Olson et al., 1990, Campbell
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and Vaulot 1993; Campbell et al., 1994).  For the picoplankton, Prochlorococcus,
Synechococcus, picoeucaryotes, sample volumes were 100 - 200 µl.  For heterotrophic bacte-
ria, 250 µl samples were stained with Hoechst 33342 (1 µg/ml), as described previously
(Campbell et al., 1994), and 100 µl enumerated.  Our results most likely include the non-
nucleoid containing cells noted by Zweifel and Haagstrom (1995).  However, to remain con-
sistent with all previous reports of heterotrophic bacteria, we report our total Hoechst-stained
counts (corrected for Prochlorococcus, as permitted by dual beam flow cytometry) as het-
erotrophic bacteria.  For the 3 - 20 µm algae, sample volumes ranged from 50 - 200 ml and
were processed using the modifications of Olson et al. (1989).   Mean counts for the 3 - 20 µm
analyses ranged from 50 to several 1000 events.    All chlorophyll fluorescence data (exc. 488
nm, em. 680 nm) for picoplankton and larger algae were normalized to 0.57 µm yellow-green
Fluoresbrite beads (Polysciences), which permitted us to make comparisons of chl fluores-
cence among cruises for each group.  Preservation by fixation and freezing in liquid nitrogen
is satisfactory for most picoplankton (Vaulot et al., 1989; Olson et al., 1990; Simon et al.,
1994).  Preservation may lead to an increase in chl fluorescence signal (e.g., Simon et al.,
1994), but this is variable and dependent on species examined.  All flow cytometry data were
collected in list mode and transferred to a PC for analysis by CYTOPC (Vaulot 1989).

Nutrient, CTD, and other hydrographic data were obtained from the Hawaii Ocean
Time Series data base (Winn et al., 1993;  Tupas et al., 1993, 1994, 1995) available
by anonymous ftp (mana.soest.hawaii.edu in the  /pub/hot directory).  The mixed
layer depth was defined as the shallowest depth where the density gradient was > 5
g m-4.  For NO3 + NO2, the limit of detection was 2 nM, with a precision and
accuracy of + 1 nM (Tupas et al. , 1995).   The nitracline was defined as the shal-
lowest depth for the first appearance of 0.1 µM NO2 + NO3 and was calculated as
in Winn et al. (1996).  The depth of the deep chl maximum layer (DCML) was
determined by in situ flash fluorometry (Winn et al., 1996).  Monthly wind speed
data and anomalies (m s-1) were obtained from the Climate Diagnostic Bulletin.
Conditions were categorized as normal (NE trades), stronger than normal trades, or
weaker than normal trades based on difference from the 1961-1983 composite (B.
Wang, personal communication, 1996).

Seasonal and interannual variations

To examine seasonal and interannual variations in community structure and composition,
data from profiles for each cruise were contoured using Surfer for Windows (Golden Soft-
ware, Inc.) with the kriging gridding method.  All sample depths were normalized to the
individual cruise mean density profiles to minimize the effect of internal waves.

Carbon biomass estimates

Biomass estimates were made using the carbon conversion factors applied pre-
viously for  Stat ion ALOHA (Campbel l  et  al .,  1994):   53 fg C cel l- 1  for
Prochlorococcus, 250  fg C cell-1 for Synechococcus, and 20 fg C cell-1 for het-
erotrophic bacteria.  For the eucaryotic algae, we used the relationship pg C = 0.433x
(biovolume)0.866, and average cell volumes were 6.22 µm3 for picoeucaryotes and
370 µm3 for 3- 20 µm algae.

Interannual differences in 200-m integrated abundance and carbon biomass for each
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component and total microbial carbon were tested for significance by the nonparametric
Kruskal-Wallis method.  The significance of differences of average abundances between
pairs of years was determined by the Kolmogorov-Smirnov test.

RESULTS

Flow cytometric analyses of community structure in the subtropical North Pacific at Sta-
tion ALOHA over a 40-month period (December 1990–March 1994) provide the basis for a
descriptive summary of spatial and temporal distributions of the microbial populations. We
present  (i) characteristic vertical profiles of abundance and cellular chl fluorescence for each
component; (ii) time series of cellular chlorophyll fluorescence for each photosynthetic com-
ponent; (iii)  time series of abundances for each group; and (iv) the interannual variations in
abundance and carbon biomass.

Vertical distributions of abundance

Prochlorococcus is the numerically dominant autotrophic component of the microbial
community at Station ALOHA.  The abundance of Prochlorococcus was fairly uniform above
100 m where the median count was 176 x 103 cell ml-1, but decreased rapidly down to a
median value of 6.6 x  103  cell ml-1 by 150 - 200 m.  A characteristic profile (August 1992)
and maximum abundance profile are plotted in Figure 2.  The overall variation during this
three-year time series was small, which is indicated by the overlaid curves showing  + 1 SD of
the mean of all profiles for the 40-month sampling period (n = 31).  The SD plots were
smoothed by the distance-weighted least squares smoothing function (Systat, Inc., Evanston,
IL).  The maximum in Prochlorococcus cell abundance often occurred below the surface
mixed layer (average depth 76 + 23 m), and ranged two-fold from 1.4 - 3.2 x 105 cell ml-1

(Fig. 2).
Synechococcus is less important numerically than Prochlorococcus and is generally re-

stricted to the upper 100 m, where the median abundance was 1.4 x  103  cell ml-1 (Fig. 2).
Maxima in abundance occurred at 75 m (+ 25 m) and ranged 6- fold over the time series, from
1.1 - 6.3 x  103  cell ml-1.  The variability of  Synechococcus abundance was greatest in the
upper 50 m.  During winter months, Synechococcus extended deeper in the water column
(Fig. 2); consequently, Synechococcus integrated abundance had the most pronounced sea-
sonal pattern  (see below).

The picoeucaryotes, small (<3 µm) eucaryotic algae, occurred at abundances similar to
Synechococcus.  Median abundance in the upper 100 m was 1.0 x 103 cell ml-1.  The vertical
profile of picoeucaryotes displayed a subsurface maximum (median depth 111 m + 22 m, Fig.
2), which ranged from 0.7 x 103 cell ml-1 in Aug 1991 to 6.2 x 103 cell ml-1 in April 1993, an
overall 9-fold range during the entire time series.  The subsurface peak in picoeucaryote
abundance occurred close to the DCML (Fig. 3) and the correlation between the depths of the
subsurface maximum and the DCML was significant (0.51; p < 0.01).    At times the peak in
picoeucaryote abundance was quite shallow, e.g. Feb 93, when the peak coincided with a
nitracline and DCML that were also shallower than usual (Figs. 2 & 3).

The 3–20 µm diameter algae  were distinguished by their scatter and chlorophyll fluo-
rescence flow cytometric signals, which were much larger than those of the
picoeucaryotes. The typical vertical profile of the 3–20 µm algae (Fig. 2) was similar to
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Fig. 3.   Surface mixed layer and nitracline depths (after Winn et al., 1996 and additional data), and fluorescence
maximum depths (after Letelier et al., 1993 and additional data from HOT data base).
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Fig.  2.   Vertical profiles of abundance for Prochlorococcus, Synechococcus, picoeucaryotes, larger algae,
and heterotrophic bacteria,  and cellular chlorophyll fluorescence normalized to 0.57 µm YG Fluoresbrite
beads (Polysciences, Inc.)  for photosynthetic components of the microbial community at Station ALOHA
in the subtropical North Pacific. All depths are normalized to cruise mean density profiles to minimize the
effect of internal waves.  A typical profile (from August 1992)  and the maximum abundance profile during
the time series are plotted for each component. Also plotted  are the curves  for  + 1 SD of 3-yr mean profile
(fitted by distance-weighted least squares smoothing of the means of 5 m-interval binned data from all 31
cruises [Systat, Inc., Evanston, IL]).  First row:   Prochlorococcus typical (August 1992) and maximum
(May 1993)  profiles with + 1 SD;  chl fluorescence cell-1 for August 1992 and May 1993.  Second row:
Synechococcus typical (August 1992) and maximum (February 1994)  profiles with + 1 SD;   chl  fluores-
cence cell-1 for August 1992 and February 1994.  Third row:  Picoeucaryotic algae typical (August 1992)
and maximum (February 1993)  profiles with + 1 SD; chl  fluorescence cell-1 for August 1992 and February
1993.  Fourth row:  The 3–20 µm chl-fluorescing algae typical (August 1992) and maximum (November
1992) profiles; The coefficient of variation for each 5m-bin was ~ 100 %, so curve fitting for SD could not
be resolved; chl fluorescence cell-1 for August 1992 and November 1992.   Fifth row:  Heterotrophic
bacteria typical (August 1992) and maximum (May 1993) profiles with + 1 SD.
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the picoeucaryotes in that a subsurface maximum (average depth 111 m + 27 m) occurred at
or just below the deep chl maximum.  Peaks in abundance ranged from 3–144 cell ml-1.  Both
the fixation procedure and the sample volume are likely inadequate for some of the algal
species (Vaulot et al., 1989; Lepesteur et al., 1993), therefore, abundance is liable to be un-
derestimated.  Still,  the 3–20 µm algae are small percentage of the total biomass (see below).

Heterotrophic bacteria (i.e., non-chlorophyll containing procaryotes) were enumerated
by dual-beam flow cytometry to distinguish them from Prochlorococcus, which contribute a
significant percentage of the total procaryotic cell counts (Campbell et al., 1994).  During this
time series, Prochlorococcus contributed 28 % (+ 6.3 %)  of the total procaryotic cell counts
in the upper 100 m, which is similar to the 31 % reported previously (Campbell et al., 1994).
Vertical profiles of heterotrophic bacteria abundance were quite uniform in the upper 150 m,
but typically the maximum abundance occurred in the surface mixed layer with a median
value of 4.2 x 105 cell ml-1 (range 2.3 - 7.4 x 105 cell ml-1).  Abundance decreased slowly to
a median value of 2.2 x105 cell ml-1 (range 0.9–5.2 x 105 cell ml-1) below 150 m (Fig. 2).

Cellular chlorophyll fluorescence

Cellular chl fluorescence, or the mean fluorescence per cell, which is an index of cellular
chl a concentration, increased with depth for all photosynthetic components of the commu-
nity.    The vertical profile for Prochlorococcus chlorophyll fluorescence appeared as two
layers of constant cellular fluorescence (low fluorescence in the surface mixed layer;  high
fluorescence in the deeper layer) which were separated by a sharp gradient (Fig. 2).  The
average increase in cellular chl fluorescence between the low fluorescence and the high
fluorescence layers was 35 (+ 14 SD) times (e.g., Fig 2); the maximum observed increase
was almost 80-fold.  Based on our 40-month time-series, we observed a seasonal pattern in
average cellular fluorescence throughout the upper 100 m (Fig. 4).  In the upper portion of
the water column, seasonal variation is two-fold, with a maximum in winter.   In the deeper
portion of the euphotic zone (below 100 m), the seasonal cycle is less pronounced (see also
Winn et al., 1996).

Cellular chl fluorescence for Synechococcus also increased with depth, although the deeper
high fluorescence layer was restricted due to the abrupt decrease of cells below      100 m.
Maximum fluorescence was 20 (+ 14 SD) times higher than in the low fluorescence surface
layer; the maximum increase was 60-fold.  Based on fluorescence emission (525: 575) and
excitation (488: 457-515) ratio indexes (Campbell and Vaulot, 1993), the increase in cellular
fluorescence with depth appeared to be predominately due to an increase in chl per cell, not
a succession of Synechococcus strains with different phycoerythrin pigment types (e.g., dims
vs. brights, Olson et al., 1990).  The  488 : 457-515 excitation ratio showed a slight increase
with depth (1.9 vs 2.2) but these values are within the range reported for strains with a high
phycourobilin: phycoerythrobilin (PUB:PEB) chromophore composition.  For Synechococcus
which lack PUB, or have low PUB:PEB ratios, the fluorescence excitation ratios are closer
to 1.0 (Campbell and Vaulot, 1993).  Values remained at ~ 2.0, with no indication of seasonal
variation.

The average cellular chl fluorescence for Synechococcus in the upper portion of the
euphotic zone displayed a significant seasonal cycle, with a winter maximum; however,
because Synechococcus was often absent below 100 m, statistical analysis was not possible
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Figure 4. Time-series of relative cellular chl fluorescence for Prochlorococcus, Synechococcus, and
picoeucaryotes contoured for upper 200 m from December 1990 to March1994.  Excitation was 4W all
lines for Prochlorococcus and 1W 488nm for Synechococcus and picoeucaryotes.  All Chl fl    (680 +
40 nm) were  normalized to Fluoresbrite 0.57 µm yellow-green standard beads (Polysciences).  Sam-
pling dates and depths are indicated by small circles posted on the contour map. Grid lines

                    correspond to 1 January of each year.
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Fig.  5.   Time-series of the chl fluorescence normalized to forward angle light scatter (FALS), an index
of cell size.  The ratio Chl : FALS for the 3 - 20 µm algae is contoured for the upper 200 m from January
1991 to October 1993.  Excitation 1W 488nm, all chl fluorescence (680 +/- 40 nm) were  normalized to
Fluoresbrite 0.57 µm yellow-green standard beads (Polysciences ). Sampling dates and depths are
indicated by small circles posted on the contour. Grid lines correspond to 1 January  of each year.
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Fig.  10.    Prochlorococcus, Synechococcus, picoeucaryotes, larger algae, and heterotrophic bacteria as
a percentage of the total 200-m integrated estimated microbial carbon at Station ALOHA from January
1991 to October 1993.
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for this deeper layer (see also Winn et al., 1996).  The maximum increase in Synechococcus
cellular fluorescence (taken as depth of maximum increase in cellular fluorescence between
low fluorescence and high fluorescence layers) was not correlated with nitracline, mixed
layer depth, or DCML; however, it was correlated with the depth of maximum increase in
Prochlorococcus cellular fluorescence (r = 0.85; p = 0.004).

Vertical profiles of picoeucaryote cellular chl fluorescence also displayed distinct low and
high cellular fluorescence layers.  The increase in cellular chl fluorescence with depth was
much less pronounced than for the smaller picophytoplankton, with an average of only 15 (+
36 SD)- fold increase between the low fluorescence cells of surface depths and the brighter
fluorescence of cells in the high fluorescence lower layer.  The depth of the subsurface abun-
dance maximum corresponded with the depth of the high cellular chl fluorescence layer  (e.g.,
Fig. 2) and the relationship between abundance maxima and high cellular fluorescence depths
was significant for the picoeucaryotes (r = 0.60; p < 0.001), but was not for either
Prochlorococcus or Synechococcus.  During the Feb 1993 cruise, the shallower-than-usual
large peak in picoeucaryote abundance coincided with the depth at which a rapid increase in
cellular chl fluorescence was observed, and, coincidentally, the shallowest nitracline of the
three-year time series (Fig. 2 and 3).  The contoured time series for picoeucaryote chl fluores-
cence also displayed a distinct seasonal pattern with winter maxima; however, there was also
considerable interannual variation in cellular fluorescence (Fig. 4).  The average picoeucaryote
cellular chl fluorescence was greater during the first half of our sampling period (beginning
in 1991 through mid-1992) than in the latter half of the sampling period (Jul 92 - Mar 94) (Fig
4).

For the 3 - 20 µm algae, chl fluorescence per cell also increased with depth, but the
vertical profile did not exhibit the 2-layer profile as for the picoplankton (Fig. 2).  Instead,
there was a much smaller increase with depth (4.4 + 3.6 SD  increase), and frequently the
maximum was a subsurface peak at 100 - 150 m and cellular chlorophyll fluorescence de-
creased below this peak.   Contoured cellular fluorescence for the larger algae showed no
indication of a seasonal cycle; however, if chl fluorescence is normalized to the forward angle
light scatter (FALS) signal, an index of cell size for the population, winter maxima are seen
(Fig. 5).

Seasonal variations

Contour plots of the 3-yr time series data for the picophytoplankton highlight a general
seasonal pattern in abundance that is present throughout the euphotic zone, but is especially
obvious below 100 m (Fig.  6).  Prochlorococcus abundance varied approximately two-fold
between a summer maximum and winter minimum (Fig. 6).  However, in the upper 75 m, the
timing of the maxima varied among years:  summer to fall in both 1991 and 1993, but shifted
later in 1992.  For Synechococcus, the annual cycle difference was 3 to 4-fold, with a winter
maximum (Jan - Mar) in 1992 - 1994, though the maximum was absent in 1991 (Fig. 6).  For
the picoeucaryotes, the maximum abundance varied 3- fold during 1991, 4-fold in 1992, and
almost 6-fold in 1993.  Although there appears to be considerable interannual variation in
both the magnitude and the depth of the peak in abundance, the timing appears to be in the
spring of each year (Fig. 6).  Overall, the depth of the abundance maximum was not corre-
lated significantly with the depth of the nitracline, but if we examine the “spring bloom” (Feb
- Apr) periods only, the correlation was significant (r = 0.93,  p < 0.001, n = 9).
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The 3 - 20 µm algae included two types of cells which we could distinguish based on their
fluorescence signals.  The first type, eucaryotic algae with characteristic red-fluorescence
due to chl a,  were present at low abundances throughout the time series (Fig. 7).   A second
population of cells, which were brightly orange-fluorescing and relatively small, based on
their forward angle light scatter signal,  was observed intermittently.   Although we did not
sort this population, based on examinations of samples by epifluorescence microscopy (data
not shown), we assume these cells could be the phycoerythrin-containing  cyanobacteria
Synechocystis (Ishizaka et al., 1994).  This population displayed considerable interannual
variability, but was most abundant during 1992 and 1993 (Fig. 7).  Consequently, much of the
variability in the larger fraction was due to the orange-fluorescing population.  The depth of
the red-fluorescing algae abundance maximum occurred at approximately the same depth
throughout the time series (Fig 7), whereas the orange-fluorescing cell peaks occurred at the
surface and at depth (Fig. 7).  Note, however, there are many fewer larger algae than
picoplankton, thus counting errors are greater for this component of the phytoplankton.

For the heterotrophic bacteria, there is also an apparent seasonal cycle most obvious be-
low 100 m; minima occur each winter.  Maxima in the upper 50 m, however, occur at differ-
ent times in each of the 3 years (Fig. 7).   Heterotrophic bacteria abundance appeared to be
correlated with Prochlorococcus (r = 0.63; p < 0.001).

Integrated counts for both the upper 200-m interval (Fig. 8) and the 0–50 m interval (data
not shown) for each of the picophytoplankton groups also suggest a seasonal pattern.  Dis-
tinct seasonal peaks were seen for Synechococcus and picoeucaryotes.  Synechococcus dis-
played a winter peak (Jan- Mar) in both 0- 50 m  and 200-m integrated abundances that was
5 - 10 times greater than the rest of the year; however, this peak was absent in 1991.  For
picoeucaryotes, variability among cruises was much higher than for the other picoplankton,
but a 5-fold increase during spring (Mar) was observed, except in 1991.  The annual cycle in
Prochlorococcus 200-m integrated abundance was less clear.  A minimum was seen each
winter, but the timing of the maximum was not unique.   A general increase in abundance over
the sampling period was observed, and heterotrophic bacteria integrated abundance paral-
leled Prochlorococcus.

The 3–20 µm algae integrated abundance ranged over two orders of magnitude (Fig. 8).
Unlike the picoplankton, there was no obvious seasonal pattern.  Large peaks in abundance,
especially in 1993, were due to the orange-fluorescing populations of cells (see above).

The average mixed layer depth during this time series was 50 m ( + 18 m), but a seasonal
peak (i.e., deepest) was detected each year in Feb (except for winter 1990/1991, when the
peak was in Dec; Fig. 3).  We compared the depth of the mixed layer with the vertical distri-
butions of each  picoplankton component, in particular the depths of cell abundance maxima,
but there were no significant correlations.  The mixed layer depth was inversely related to the
peak of larger algae, but the correlation was not significant (p = 0.08).   We next examined the
relationship between the mixed layer depth and integrated abundances for all components.
The most significant correlation was between the mixed layer depth and the surface (0 - 50 m)
integrated Synechococcus abundance (r = 0.57; p < 0.001); the relationship between the 200-
m integrated Synechococcus counts and mixed layer depth was less significant (r = 0.45; p =
0.01).

The depth of the nitracline averaged 115 m ( + 19 m) and also showed a significant sea-
sonal cycle (see also Dore and Karl, 1996).  The shallowest nitracline depth occurred each
winter (December) and the deepest in March/April (Fig. 3).  The winter peak appeared to be
related to the beginning of the  Synechococcus maximum and Prochlorococcus minimum
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abundance (except in 1992) (Fig. 6).  Overall, the nitracline depth was only weakly correlated
with the vertical distribution of each picoplankton group, except during the spring peak in
picoeucaryotes (see above).  Integrated 200-m water column abundances were not strongly
related to the depth of the nitracline.

Interannual variations in abundance and carbon biomass

Integrated abundance for the 200-m upper water column also displayed interannual
variability.  In particular, the winter time maximum in abundance of Synechococcus and
spring peak in picoeucaryotic algae were absent in 1991, but were distinctive during
subsequent winters (Fig. 8).  Estimated carbon biomass increased for each of the groups
during the time series (Table 1).  Significant increases were seen in Prochlorococcus
200-m integrated abundance and carbon biomass; the 1993 monthly average was signifi-
cantly greater than 1991  (p = 0.038).   For the 3–20 µm algae,  integrated total counts in the

Fig.  8.    The 200-m integrated abundance and carbon estimate for each component of the microbial
community at Station ALOHA from December 1990 to March 1994.  Note that for the 3 - 20 µm
algae, abundance ( • ) is shown on a log scale and carbon estimate ( o ) on a linear scale.  Grid lines
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0–50 m interval also increased significantly during this time series (p =  0.002).  The
largest peak for the 3–20 µm component was seen in 1993, and was due predominately
to the orange-fluorescing cells (Fig. 8).   The total estimated microbial carbon
(Prochlorococcus + Synechococcus + picoeucaryotes + larger algae + heterotrophic bac-
teria) increased significantly from an average of  2.92 mg C m-2 in 1991 to 4.20 mg C m-

2 in 1993 (p = 0.002) (Fig. 9 and Table 1).
When the contribution of each component is plotted as a percentage of the total estimated

microbial carbon, the overall dominance of the procaryotic biomass is obvious (Fig. 10), as
has been reported previously (Fuhrman et al., 1989; Campbell et al., 1994; Li 1995).  During
this time series, the heterotrophic bacteria contributed from 30–54 % of the total integrated
200-m water column microbial carbon.  The percentage contributed by heterotrophic bacteria
decreased from an average of 47 % in 1991 to 40 % in 1992 and 1993, in spite of an overall
increase in estimated carbon biomass (Table 1).   The average Prochlorococcus contribution

setamitsEnobraCdetargetnIm-002
mCg( 2- )

1991 2991 3991 4991-0991
naemllarevO

tnenopmoC sesiurcforebmuN 01 11 6 13

succocorolhcorP naeM 40.1 31.1 14.1 41.1
DS 22.0 91.0 13.0 62.0

niM 16.0 16.0 19.0 16.0
xaM 83.1 24.1 28.1 28.1

succocohcenyS naeM 40.0 50.0 50.0 50.0
DS 20.0 30.0 30.0 30.0

niM 20.0 10. 30.0 10.0
xaM 60.0 31.0 11.0 31.0

eaglaetoyracueociP naeM 82.0 44.0 15.0 83.0
DS 01.0 71.0 52.0 81.0

niM 51.0 62.0 92.0 51.0
xaM 14.0 48.0 59.0 59.0

02-3> µ eaglam naeM 02.0 43.0 06.0 13.0
DS 71.0 82.0 07.0 03.0

niM 10.0 50.0 52.0 10.0
xaM 35.0 29.0 20.2 20.2

airetcabcihportoreteH naeM 73.1 33.1 36.1 24.1
DS 32.0 53.0 13.0 13.0

niM 00.1 19.0 23.1 19.0
xaM 57.1 02.2 81.2 02.2

latoT naeM 29.2 23.3 02.4 03.3
DS 54.0 67.0 99.0 28.0

niM 30.2 31.2 61.3 30.2
xaM 87.3 36.4 46.5 46.5

Table 1. Interannual differences in the mean, SD, minimum and maximum 200-m integrated carbon estimates for Prochlorococcus,
Synechococcus, <3 µm picoeucaryote algae, 3 - 20 µm algae, heterotrophic bacteria, and total microbial carbon at Station
ALOHA.  Results are based on data from cruises between Dec 1990 and Mar 1994 (n = 31) using carbon conversion factors as in
Campbell et al. (1994).
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(34 - 35 %) was similar in each year, as was Synechococcus, which was a very small percent-
age of the total (Tables 1 & 2).   The picoeucaryotes and larger algae components were highly
variable within each year, but together contributed a larger percentage of the estimated car-
bon biomass in the latter half of the time series  (Fig. 10).

Prochlorococcus dominance of the microbial carbon biomass is limited to the upper por-
tion of the euphotic zone (SML; Table 2).  The contribution of heterotrophic bacterial biom-
ass increases with depth and is the major contributor below the DCML.  The contribution
from picoeucaryotes is largest at the DCML, and the 3–20 µm algae contribution is 7–10 %
throughout the euphotic zone (Table 2).

 DISCUSSION

The perception of open ocean central gyres as a stable, homogeneous environment
on both temporal and spatial scales is changing as the result of the extensive time series data
now available (e.g. Hawaii Ocean Time-series (HOT) and Bermuda Atlantic Time-Series
(BATS)).  Previously, the inability to detect  seasonal cycles in phytoplankton biomass as
predicted from simple models (e.g. Cushing, 1959) was likely due to under-sampling (see
Winn et al., 1996).  For the subtropical central North Pacific, recent observations from the
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Figure 9.  Upper panel:  Estimated total microbial carbon biomass ( • ) and the 3-month running mean
for the Southern Oscillation Index (SOI) (———) from Jan 1991 - Dec 1993.  Total  biomass is the
sum of Prochlorococcus + Synechococcus + picoeucaryotes + 3 - 20 µm algae + heterotrophic bacte-
ria carbon biomass.  The 1991-1994 ENSO event began in Mar 91, indicated by a negative SOI, and
continued throughout this time series, except for a short weakening during April-July 1992.  Lower
panel:  Wind speed anomalies (departures from 23 year monthly mean [1961-1983]) around Station
ALOHA from Jan 1991 to Dec 1993 are plotted on a scale from  – –  to ++  (B. Wang, pers. commun.),
where – –   =  much weaker than normal (< -1 m s-1 anomaly); –  = slightly weaker than normal (0 to
-1 m s-1 anomaly);   0 indicates normal conditions (NE trade winds);  +  =   slightly stronger than
normal (0 to 1 m s-1 anomaly);  + +  =  much stronger than normal (> 1 m s-1 anomaly).  Data from
J. O’Brien and J. Stricherz in the Climate Diagnostic Bulletin published by NOAA/NWS/NCEP.
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time series at Station ALOHA reveal variability on  both seasonal and interannual time scales
(e.g., Letelier et al., 1993; Karl et al., 1995).

Seasonal  variations in community structure

Patterns of temporal variability in the larger phytoplankton in the central North Pacific
Ocean have been reported by Venrick (1993).  She  identified two groups of species within the
phytoplankton (> 5 µm)  that could be defined by the depth and timing of their maximum
frequency of occurrence.  During the summer, the surface species were found most frequently
in the upper 75 m.  The deep species (75 - 150 m) bloomed in winter.  This distinct vertical
structure was observed consistently, but because the timing of the maxima in these two groups
did not coincide, Venrick suggested that a seasonal cycle in biomass would be masked.

Different phasing in seasonal cycles may exist for the picophytoplankton in the subtropi-
cal North Pacific as well.  The relatively small range of variation in cell abundance (Fig. 2)
and in 200-m integrated abundance (especially for Prochlorococcus) is consistent with our
previous report for the picophytoplankton based on only four profiles (Campbell and Vaulot,
1993).  From this 3-yr time series, however, we can identify a seasonal pattern in the abun-
dance of the autotrophic components, though there is considerable interannual variability as
well.

The suggested phasing in the peaks of abundance for each of the picophytoplankton (i.e.,
Synechococcus in winter, picoeucaryotes in spring, Prochlorococcus in late summer/fall) cor-
responds to what we would predict based on our knowledge of these groups (e.g., Olson et
al., 1990; Blanchot et al., 1992).  Decreased water column stability and  increased nitrate
stimulate Synechococcus.  Observed peaks in Synechococcus follow the occurrence of the
deepest mixed layer depths (December–February) and the shoaling of the nitracline (Figs 3,
6, and 8).  The depth of the mixed layer, although not strongly correlated with abundance of
any component, was significantly correlated with Synechococcus 200-m integrated counts.

Table 2. The average percentage of carbon biomass (+ 1 SD)  contributed by each component of the community for December 1990-
March 1994 (n = 31) for the 200-m water column, the surface mixed layer (SML), the deep chlorophyll maximum layer (DCML), and
below the DCML layer (Deep).  Overall ratio of photosynthetic biomass: HBac  is  56:44.  An average total carbon estimate (mg C
m-3) for each depth stratum was calculated by dividing the integrated total C estimate by the depth of the interval.

nmuloCretaW LMS LMCD peeD

m002-0 m05-0 411 ± m81 m571-021
tnenopmoC )%( )%( )%( )%(

succocorolhcorP )5(1.53 )6(0.24 )9(0.62 )5(5.41
succocohcenyS )1(6.1 )1(2.2 )1(10.0 )4.0(2.0

eaglacitoyracueociP )5(6.11 )4(3.9 )6(3.81 )6(2.31

eaglAmm02-3 )8(1.8 )8(4.7 )9(1.01 )11(4.01

airetcabcihportoreteH )6(6.34 )7(9.93 )11(2.64 )11(7.26

nobraClatoTegarevA
lavretnihcaerof

mCgm( 3- )

5.61 4.32 31 21
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Our findings are consistent with observations in the Mediterranean Sea, where peaks in
Synechococcus occurred after mixing, in a less stable water column, and  Prochlorococcus
occurred only under stratified conditions (Bustillos-Guzmán et al., 1995).  At Station ALOHA,
the annual cycle in Prochlorococcus abundance appears to coincide with periods of shallow
mixed layer depth (Figs. 3, 6, 8).  The extension of the summer/fall Prochlorococcus “peak”
through winter of 1992/93 (Fig. 6) occurred during a period of very shallow mixed layer
depths (Fig. 3).  The Prochlorococcus annual cycle is also related to the seasonal pattern in
the depth of nitracline, and, therefore, the availability of nutrients.  During 1991 and 1993, the
maximum in Prochlorococcus occurred when the nitracline was deepest, at which time
Prochlorococcus may outcompete other algae, or, perhaps, is more efficient at utilizing re-
cycled nutrients.  This pattern was not evident for Prochlorococcus during 1992, however.

The  bloom of picoeucaryotes during spring is coincident with the temporal distributions
of pigment concentrations at the DCML at Station ALOHA, in particular 19'-
hexanoyloxyfucoxanthin and 19'- butanoyloxyfucoxanthin (Letelier et al., 1993).  These two
pigments are diagnostic markers for prymnesiophytes and pelagophytes, respectively, which
have been shown to be dominant picoeucaryotes at Station ALOHA (Andersen et al., 1996).
Spring time increases in chl a at the DCML were shown to be due to an increase in the daily
average irradiance combined with an increase in nutrient supply resulting from vertical dis-
placement of the pycnocline (Letelier et al., 1993).  Recent observations in the Gulf of Aqaba,
Red Sea, however, revealed a different pattern in succession which began with the
picoeucaryotes in winter (Lindell and Post, 1995).  Most likely, this difference is due to very
different hydrographic conditions (e.g. mixing to 600 m).  Also, the winter nutrient-replete
conditions included measurable nitrate in surface waters, a situation which never occurred at
Station ALOHA.

The seasonal variations in picophytoplankton community structure we observed are simi-
lar to other regions of the ocean.  In the North Atlantic at Station OFP (Sargasso Sea), the
summer peak in Prochlorococcus alternates with a winter (February) peak in Synechococcus,
and the magnitude of the seasonal changes for each component are not much different from
what we have found at Station ALOHA:  in summer, a 3-fold increase  for integrated
Prochlorococcus abundance; in winter (Feb), a 5-fold increase for Synechococcus, and an
approximately 2-fold increase for picoeucaryotes (Olson et al., 1990).  The absolute abun-
dances of the picophytoplankton, however, are very different.  At Station ALOHA (22o N),
Prochlorococcus always exceeds Synechococcus by two orders of magnitude, whereas at
Station OFP (31 oN) Synechococcus abundance equals Prochlorococcus during its winter
peak, and is only 10- to 20- fold lower during summer.  This difference could be due to either
latitudinal differences in community structure or differences between oceans.  Shifts in com-
munity composition were observed along a transect through tropical, subtropical and subarc-
tic latitudes in the Atlantic Ocean during summer 1993 (Buck et al., 1996).  A comparison of
Station ALOHA summer integrated abundances with the 20o N Atlantic station reveals equiva-
lent abundances of picoplankton (Buck et al., 1996).  Thus, it appears that while latitudinal
differences occur, the community structure in the Pacific is similar to the Atlantic at 20o N.

At a station 10 km off  Japan (35o N; 1000 m), Prochlorococcus also exhibited a seasonal
pattern, with an abundance maximum in July - Oct. (Shimada et al., 1995).  Because maxi-
mum integrated abundances of  both Synechococcus and Prochlorococcus coincided in Sep-
tember, when water temperature exceeded 20o C, it appeared that temperature, rather
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than water column stability,  was the limiting factor for both populations at this coastal sta-
tion.

Cellular chlorophyll fluorescence

As reported previously for the picophytoplankton at Station ALOHA, fluorescence per
cell for all groups increased with depth (Campbell and Vaulot 1993).  For the picoplankton,
the large increase in cellular chl fluorescence observed  with depth in the water column could
be due to (1) a small package effect because of their small size; (2) photoacclimation, e.g., a
change in the Chl a : Chl b ratio for Prochlorococcus (Veldhuis and Kraay, 1990; Moore et al.
1995); (3) changes in quantum yield; and/or (4) shifts in population composition.  For the 3–
20 µm algae, the difference between surface and maximum cellular chl fluorescence was
much smaller than for picoplankton.  This difference is most likely due to the greater impact
of packaging effect and to physiological differences resulting in a lower capacity to
photoacclimate for the larger algae.

A significant seasonal cycle was evident in cellular chlorophyll fluorescence for each of
the autotrophic components, with maxima occurring each winter  (Fig. 4).  The two-fold
annual variation in cellular chl fluorescence was less than the five-fold increase measured for
picoplankton in the North Atlantic (Olson et al., 1990).  Nevertheless, the observed winter
maximum was also hypothesized to be a photoadaptive response to the reduced average light
intensity to which cells are exposed in winter because of the deeper mixed layer (Winn et al.,
1996).   Our data for cellular chl fluorescence for all the picophytoplankton (Fig. 4), as well as
the chl fluorescence normalized to size (Chl:FALS) for the 3–20 µm algae (Fig. 5), support
this hypothesis.  For Prochlorococcus the coefficient of variation for mean cellular chl  fluo-
rescence increased during winter.   If deeper populations are mixed up into surface waters
during winter, we would expect to see a greater range in cellular fluorescence within a sample,
which would result in more variation around the mean.

 For the picoeucaryotes, cellular chl fluorescence varied on an interannual scale as well
(Fig. 4).  Cellular chl fluorescence during the first half of the time series (Dec 1990 - Mar
1992) was significantly higher than in the latter half of the time series (t-test; p < 0.004);
however, light scatter (both forward angle and right angle light scatter parameters) were not
significantly different for the picoeucaryotes between these time periods. This shift may have
been due to different species composition, or changing nutrient conditions of the ongoing
ENSO event.

Interannual Variations

Global climate variations, such as those resulting from ENSO, have been shown
to affect phytoplankton community structure in the equatorial Pacific (Blanchot et
al., 1992).   Karl et al.  (1995) have suggested that the ENSO event beginning in
1991 had a marked effect on the ecosystem structure and productivity  at Station
ALOHA in the upper 50 m.  One of the principal effects seen during 1991- 1993
was increased water column stability, which resulted in a change in phytoplankton
community composition.  In particular, this event produced conditions favorable
for Trichodesmium growth.  Although they estimated Trichodesmium was a small com-
ponent of the biomass, it was predicted to make a significant input of fixed nitrogen to
the surface mixed layer (Karl et al., 1995).  One possible outcome of  nitrogen fixation
by Trichodesmium is that excess nitrogen is then available for other organisms, e.g.
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an echo bloom. If the excess nitrogen stimulates picophytoplankton, this could re-
sult in a shift in the phytoplankton community composition, as was predicted from
the observed increase in assimilation number (Karl et al., 1995).  Picoeucaryotes
have been observed to make the largest contribution to primary production in oce-
anic regions (e.g., Li 1994).  Such an increase in picophytoplankton production
would be consistent with the decrease in export production observed during this
ENSO event (Karl et al., 1996).  Community structure and composition have been
shown to be important factors in the coupling between production of organic car-
bon in surface waters and flux of particulate carbon to the deep ocean (Longhurst
and Harrison, 1989; Michaels and Silver, 1988).  In the North Atlantic Bloom ex-
periment, algal cell size was  the primary explanation for the interannual differ-
ence in observed fluxes (Boyd and Newton, 1995).

 The prevailing winds in the region of Station ALOHA normally are northeast trades;
however, during this three-year period (1991 - 1993), the winds were overall much weaker
(Fig. 9).   Weaker than normal trade winds (Fig. 9) and, consequently, more stable water
column conditions associated with the 1991-1994 ENSO event may have influenced the
community structure and composition at Station ALOHA  (e.g., Karl et al., 1995).  This
event, which began in Mar 1991 as the Southern Oscillation Index (SOI) decreased (Fig. 9),
was considerably longer than average (McPhaden, 1993).  It strengthened throughout 1991,
until a slacking off in Apr - Jul 1992, but then intensified in Oct - Dec 1992.  For the microbial
community, the interannual variability superimposed on the annual patterns we have observed
may be related to the  extended duration of this ENSO event.  The total estimated microbial
carbon integrated for the upper 200-m at Station ALOHA increased during our three-year
time series observations (Table 1).  Similar increases were seen for the 0-50 m interval as
well.  Within each year, biomass estimates for each component fluctuated two- to several-fold
(Fig. 8), but overall the largest effects were seen in the  biomass estimates for the eucaryotic
algae.  Picoeucaryote biomass almost doubled and the >3- 20 µm algae tripled during this
period (Table 1).

Additional data are needed to further examine the variability in community structure and
biomass estimates during “normal” conditions.  In particular, data collected at more frequent
intervals (e.g., moored instruments; Dickey, 1988), will be necessary to investigate the sources
of physical variability further and to examine the responses of phytoplankton to such events.

CONCLUSIONS

Prochlorococcus is a dominant and consistent component of the phytoplankton at Sta-
tion ALOHA.  Abundance minima occur each winter as water column stability decreases,
and abundance maxima may occur during summer/fall, when Prochlorococcus apparently
can outcompete other algae.  Peaks in Synechococcus occurred in winter, typically when the
mixed layer was deeper and the nitracline shallower; nevertheless, Synechococcus was never
a large percentage of the biomass (Fig. 10).  Picoeucaryote algae abundance maxima oc-
curred in spring.  Integrated abundance of picoeucaryotes displayed considerable variability
within and among years (Fig 8 and Table 1).   During the latter half of the time series, a
possible shift in species composition of the picoeucaryotes was shown by a decrease in
average cellular fluorescence coincident with an increase in cell abundance. The 3–20
µm algae displayed the greatest spatial and temporal variability in abundance and in
contribution to the total estimated microbial biomass.  Weaker than normal trade winds
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(Fig. 9), as well as the more stable water column conditions associated with the developing
1991-1994 ENSO, event may have contributed to interannual variability in community com-
position.

The apparent succession of seasonal cycles, along with the considerable interannual vari-
ability, for both the picoplankton and larger algae, as well the coincidence of winter maxima
in cellular chlorophyll for each of these groups in the upper euphotic zone as the result of
photoacclimation (see also Winn et al., 1996), may explain why an annual pattern in phy-
toplankton biomass has been difficult to establish for the subtropical North Pacific Ocean.
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