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a b s t r a c t

As part of the California Current Ecosystem Long Term Ecological Research (CCE-LTER) Program, samples
for epifluorescence microscopy and flow cytometry (FCM) were collected at ten ‘cardinal’ stations on the
California Cooperative Oceanic Fisheries Investigations (CalCOFI) grid during 25 quarterly cruises from
2004 to 2010 to investigate the biomass, composition and size–structure of microbial communities
within the southern CCE. Based on our results, we divided the region into offshore, and inshore northern
and southern zones. Mixed-layer phytoplankton communities in the offshore had lower biomass
(1672 μg C L�1; all errors represent the 95% confidence interval), smaller size-class cells and biomass
was more stable over seasonal cycles. Offshore phytoplankton biomass peaked during the winter
months. Mixed-layer phytoplankton communities in the northern and southern inshore zones had
higher biomass (78722 and 3279 μg C L�1, respectively), larger size-class cells and stronger seasonal
biomass patterns. Inshore communities were often dominated by micro-size (20–200 μm) diatoms;
however, autotrophic dinoflagellates dominated during late 2005 to early 2006, corresponding to a year
of delayed upwelling in the northern CCE. Biomass trends in mid and deep euphotic zone samples were
similar to those seen in the mixed-layer, but with declining biomass with depth, especially for larger size
classes in the inshore regions. Mixed-layer ratios of autotrophic carbon to chlorophyll a (AC:Chl a) had a
mean value of 51.575.3. Variability of nitracline depth, bin-averaged AC:Chl a in the mixed-layer ranged
from 40 to 80 and from 22 to 35 for the deep euphotic zone, both with significant positive relationships
to nitracline depth. Total living microbial carbon, including auto- and heterotrophs, consistently com-
prised about half of particulate organic carbon (POC).

& 2014 Elsevier Ltd. All rights reserved.

1. Introduction

The California Current Ecosystem (CCE) is a productive eastern
boundary current system where nutrient delivery by coastal
upwelling, wind stress curl and mesoscale eddies support high
plankton production and standing stocks (Huyer, 1983; Legaard
and Thomas, 2006; Rykaczewski and Checkley, 2008; Mantyla
et al., 2008; Thomas et al., 2009). The main core of the California
Current flows equatorward along the west coast of North America,
and is defined by cool, low salinity subarctic water (Hickey, 1979;
Lynn and Simpson, 1987). In the southern portion of the CCE Point
Conception marks a transition zone, as the primary orientation of
the coast line abruptly shifts from north–south to east–west,
becoming the northern portion of the Santa Barbara Basin (SBB).
A poleward flowing California Undercurrent originates in the
eastern tropical Pacific, bringing warm, saline water from offshore

and the south and forming the Southern California eddy which is
centered approximately near San Nicholas Island (Lynn and
Simpson, 1987; Niiler et al., 1989; Bray et al., 1999). The interac-
tions of these currents in the California Bight and offshore regions
set up distinct floristic zones, defined by water masses and floral
patterns, that can be used to split the region into northern and
southern nearshore, and offshore regions (Hayward and Venrick,
1998; Venrick, 2002, 2009).

To better understand pelagic ecosystem dynamics of the south-
ern CCE, extensive modeling and remote sensing studies have been
conducted to determine processes controlling chlorophyll a con-
centrations, primary production, phytoplankton growth rates, bio-
mass and carbon to chlorophyll a ratios (Eppley et al., 1985; Peláez
and McGowan, 1986; Di Lorenzo et al., 2004; Gruber et al., 2006;
Li et al., 2010; Kahru et al., 2012, 2015). However, the success of
such studies depends highly on quality in situ measurements for
parameterization, algorithm development and validation.

The California Cooperative Oceanic Fisheries Investigations
(CalCOFI) has conducted routine assessments of ocean hydrogra-
phy and biology on a spatially extensive sampling grid pattern in

Contents lists available at ScienceDirect

journal homepage: www.elsevier.com/locate/dsr2

Deep-Sea Research II

http://dx.doi.org/10.1016/j.dsr2.2014.02.006
0967-0645 & 2014 Elsevier Ltd. All rights reserved.

n Corresponding author. Tel.: þ1 858 534 6097; fax: þ1 858 534 6500.
E-mail address: agtaylor@ucsd.edu (A.G. Taylor).

Deep-Sea Research II 112 (2015) 117–128



the southern CCE region since 1949. Aside from regular chloro-
phyll a analyses and occasional taxonomic studies based on visual
microscopy and HPLC pigment analysis (Hayward and Venrick,
1998; Venrick, 1992, 2002, 2009, 2012; Goericke, 2011), detailed
investigations of microbial community biomass and structure have
not been a part of the CalCOFI program. Beginning in November
2004, the California Current Ecosystem, Long Term Ecological
Research (CCE-LTER) program has augmented core CalCOFI mea-
surements in this area, using advanced high-throughput digital
epifluorescence microscopy and flow cytometry (FCM), to assess
microbial community biomass, size–structure and taxonomic
composition.

Here we present for the first time a detailed examination of
carbon biomass, size–structure and composition of CCE microbial
communities, sampled on quarterly CalCOFI cruises from 2004
through 2010. The goal of the study is to establish baseline
measurements for the southern CCE, that are relevant for doc-
umenting and investigating climate change impacts in the region,
and that will facilitate the development of ecosystem models and
remote sensing algorithms that capture the natural variability in
phytoplankton carbon biomass and functional group composition.

2. Materials and methods

2.1. Sample collection

We collected samples for analyses of microbial community
abundance, biomass and composition during 25 quarterly CalCOFI
cruises from November 2004 (cruise 200411) to November 2010
(cruise 201011). On each cruise, we sampled three depths with
CTD rosette casts at each of 10 ‘cardinal’ stations distributed
onshore to offshore along Lines 80 and 90 of the standard CalCOFI
grid pattern (Fig. 1). The locations of cardinal stations were
selected so that at least two were located in each of the major
floristic regions identified by Venrick (2002, 2009). The depths of
sample collection were dependent upon the depth of the in vivo

fluorescence maximum: Type I stations (0–50 m fluorescence
max) were sampled at 10 m as well as the middle and bottom
shoulder of the fluorescence layer; Type II stations (50–80 m
fluorescence max) were sampled at 10 m, 40 m and the fluores-
cence max; and Type III stations (80–120 m fluorescence max)
were sampled at 10 m, 62 m and the fluorescence max. From each
depth sampled, aliquots were taken directly from the Niskin
bottles for plankton community analyses by flow cytometry
(FCM) and epifluorescence microscopy, as well as for concentra-
tions of dissolved nutrients, chlorophyll a (Chl a) and particulate
organic carbon (POC) measurements made by the CalCOFI or
CCE-LTER groups. Details of those methods are described below.

2.2. Analysis of eukaryotic nano- and microplankton by
epifluorescence microscopy

Seawater samples (500 mL) for microscopical analysis were
gently collected from the CTD and immediately preserved for slide
preparation according to a modified protocol of Sherr and Sherr
(1993). The samples were first preserved with 260 μL of alkaline
Lugol's solution, immediately followed by 10 mL of buffered
formalin and 500 μL of sodium thiosulfate, with gentle mixing
between each addition. Preserved samples were shielded from
light and left to rest at room temperature for 1 h. After the rest
period, 1 mL of proflavin (0.33% w/v) was added and the samples
were stored in the dark for an additional hour. Just prior to
filtration, the preserved samples were stained with 1 mL of DAPI
(0.01 mg mL�1) and immediately transferred to the filtration
manifold. A 50-mL aliquot (small volume, SV) of the sample was
filtered through a 25-mm black polycarbonate filter with 0.8-μm
pore size, and the remaining 450 mL aliquot (large volume, LV)
was filtered through a 25-mm black polycarbonate filter with
8.0-μm pores. We placed a 10-μm pore size, 25-mm nylon backing
filter under all polycarbonate filters to promote even cell distribu-
tion, and filtered the samples under gentle vacuum pressure
(o100 mm Hg). Each filter was then mounted onto glass slides
with one drop of Type DF immersion oil and a No. 2 cover slip, and

Fig. 1. Map of the CCE region showing the standard cruise tracks and station position of the CalCOFI sampling grid. The ten cardinal stations are depicted with filled in solid
circles. Coastal cardinal stations are solid gray, offshore cardinal stations are solid black. Open circles are the other standard CalCOFI hydrographic stations. Map adapted from
calcofi.org.
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the prepared slides were frozen at �80 1C for later analysis in
the lab.

Slides were digitally imaged using a Zeiss Axiovert 200 M
inverted compound microscope equipped for high-throughput
epifluorescence microscopy with a motorized focus drive, stage,
objective and filters. Digital images were acquired with a Zeiss
AxioCam MRc black and white 8-bit CCD camera. All microscope
functions were controlled by Zeiss Axiovision software, and
images were collected using automated image acquisition. Expo-
sure times for each image were automatically determined by the
Axiovision software to avoid over exposure. SV samples (50 mL
aliquots) were viewed at 630� magnification, and LV samples
(450 mL aliquots) were viewed at 200� magnification. A mini-
mum of 20 random positions were imaged for each slide, with
each position consisting of three to four fluorescent channels: Chl
a, DAPI, FITC (SV and LV samples) and phycoerythrin (SV samples
only). In addition, 5–10 z-plane images were acquired at each
position and for each fluorescence channel. The resulting z-stack
images were subsequently combined using an extended depth of
field algorithm to produce an entirely in-focus image from each
position channel for Chl a, DAPI and FITC. These were then false
colored (Chl a¼red, DAPI¼blue and FITC¼green) and combined
to form a single composite 24-bit RGB image for each position
(Fig. 2).

The combined images were processed and analyzed using
ImagePro software to semi-automate the enumeration of eukar-
yotic cells larger than 1.5 μm in length (Taylor et al., 2012).
Whenever possible, 20 positions and 4300 cells were counted
for each slide. With a VBA script routine in the ImagePro software,
a series of preprocessing steps were performed using the green
channel, proflavin staining of cell protein, to extract the cells from
the background for measurement. The green channel was first
extracted as an 8-bit gray scale image from the combined 24-bit
RGB image. A fast Fourier transform was then applied to remove
background noise, followed by the application of a Laplace filter
to improve the definition of cell edges and to minimize the halo
effects common in epifluorescent images. Poor quality images
were discarded. Cells were automatically segmented from the
background and outlined, and the outlines were reapplied to the

original 24-bit image. User interaction was then required to check
each image, split connected cells, outline cells that did not auto-
segment from the background and delete artifacts and detritus
that the software had incorrectly outlined.

Each cell was manually identified and grouped into seven
plankton functional groups: autotrophic dinoflagellates (A-Dino),
autotrophic flagellates (A-Flag), cryptophytes (Crypto), diatoms,
prymnesiophytes (Prym), heterotrophic dinoflagellates (H-Dino)
and heterotrophic flagellates (H-Flag). Autotrophic cells were
identified by the presence of chlorophyll a (red autofluorescence
under blue light excitation), generally clearly packaged in defined
chloroplasts, and obvious heterotrophic cells with recently con-
sumed prey were manually excluded from the autotroph classifi-
cation. Although mixotrophy is a common nutritional strategy in
pelagic microbial communities (Sanders, 1991; Jones, 2000; Stukel
et al., 2011), mixotrophic cells are grouped with autotrophs in the
present analysis. It should also be noted that because our pre-
servation and slide-making protocols are inadequate for ciliates,
they are not included in the resulting estimates of heterotrophic
protist carbon (HC). As a consequence, reported HC values should
be viewed as conservative estimates of protistan grazer biomass in
the CCE.

Analyzed cells were grouped into three size categories (Pico,
o2 μm; Nano, 2–20 μm; Micro, 20–200 μm) based on the lengths
of their longest axis. The size class for autotrophic picophyto-
plankton (A-Pico) is dominated numerically by photosynthetic
bacteria, Prochlorococcus (PRO) and Synechococcus (SYN) enumer-
ated by FCM, but microscopy included the small eukaryotes in this
size category. Biovolumes (BV; μm3) were calculated from the
length (L) and width (W) measurements of each cell using the
geometric formula of a prolate sphere (BV¼0.524� LWH), assum-
ing H¼W. Biomass was calculated as carbon (C; pg cell�1) using
the equations of Menden-Deuer and Lessard (2000): C¼0.288
BV0.811 for diatoms and C¼0.216 BV0.939 for non-diatoms. These
microscopical estimates of community abundance, biomass and
composition are available for individual cruises at the CCE-LTER
DataZoo database (http://oceaninformatics.ucsd.edu/datazoo/).

2.3. Analysis of bacterial populations by flow cytometry

Samples (2 mL) for FCM analysis of phototrophic bacteria, PRO
and SYN, and heterotrophic bacteria (H-Bact) were preserved with
0.5% paraformaldehyde (final concentration) and flash frozen in
liquid nitrogen. On shore, the samples were stored at �80 1C, then
thawed in batches and stained with Hoechst 34442 (1 μg mL�1,
final concentration) immediately prior to the analysis (Campbell
and Vaulot, 1993; Monger and Landry, 1993). The analyses were
conducted at the SOEST Flow Cytometry Facility (www.soest.hawaii.
edu/sfcf) using a Beckman-Coulter Altra flow cytometer equipped
with a Harvard Apparatus syringe pump for quantitative analyses
and two argon ion lasers tuned to UV (200 mW) and 488 nm (1W)
excitation. Fluorescence signals were collected using filters for
Hoechst-bound DNA, phycoerythrin and chlorophyll, all normalized
to internal standards of 0.5- and 1.0-μm yellow-green (YG) poly-
styrene beads (Polysciences Inc., Warrington, PA, USA). Listmode
data files (FCS 2.0 format) of cell fluorescence and light-scatter
properties were acquired with Expo32 software (Beckman-Coulter)
and used with FlowJo software (Tree Star, Inc., www.flowjo.com)
to define populations based on DNA signal (all cells), absence of
photosynthetic pigments (H-Bact), presence of Chl a (PRO and SYN),
presence of phycoerythrin (SYN), and forward angle light scatter
(relative size). Abundance estimates from FCM analyses were
converted to biomass using mixed-layer estimates of 11, 32 and
101 fg C cell�1 for H-Bact, PRO and SYN, respectively (Garrison et al.,
2000; Brown et al., 2008). FCM estimates of bacterial abundance

Fig. 2. A graphical illustration of the automated image acquisition process, for
a single slide position using the advanced epifluorescence microscopy method.
Chlorophyll a channel is Chl a autofluorescence, FITC channel is proflavin stained
protein fluorescence, and DAPI channel is DAPI stained DNA fluorescence. The
actual image shown for the in focus 8-bit false colored image is an autotrophic
dinoflagellate under each channel, and the combined 24-bit image is three separate
channels put together. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)
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and biomass are available for individual cruises at http://oceaninfor
matics.ucsd.edu/datazoo/.

2.4. Chlorophyll a and POC analysis

Samples for Chl a and POC analyses were taken from the same
hydrocasts and Niskin bottles as used for the microscopy and flow
cytometry analyses.

Chlorophyll a values in the present dataset were obtained from
the CalCOFI database (http://calcofi.org/data/ctddata.html). Ana-
lyses were done by the standard CalCOFI chlorophyll protocol
(http://www.calcofi.org/references/ccmethods/292-art-chlorophyll
methods.html), which is based on the methods of Yentsch and
Menzel (1963), Holm-Hansen et al. (1965) and Lorenzen (1967).
Briefly, seawater samples of 50–250 ml were filtered under vacuum
(o500 mm Hg) onto 25-mm GF/F filters. The filters were placed in
10-ml screw top culture tubes, and the pigment was extracted in
8.0 ml of 90% acetone at �20 1C in the dark for 24–48 h. Prior to
analysis, the tube contents were agitated and allowed to equilibrate
to room temperature in the dark. The filters were then removed
from the tubes and Chl a fluorescence measured on a Turner Model
10 AU fluorometer.

Particulate Organic Carbon (POC) values were obtained from the
CCE-LTER DataZoo database (http://oceaninformatics.ucsd.edu/data
zoo/). Seawater samples (0.5–4 L) for POC analysis were filtered
onto pre-combusted 25-mm GF/F filters under low vacuum
(o40 mm Hg) and stored in liquid nitrogen. In the lab, samples
were acidified with fuming HCl in a desiccator, then dried for 48 h
at 60 1C. Half of the filter was then placed into a 9�10-mm tin
capsule and analyzed on a ESC 4010 CHNSO analyzer at 1000 1C,
along with combusted GF/F blank and seven standards.

2.5. Data analyses and regional grouping

Based upon a preliminary comparison of community structure
in mixed-layer samples for the ten cardinal sampling stations
in Fig. 1, which agreed largely with previously established floral
patterns for the southern CCE (Hayward and Venrick, 1998;
Venrick, 2002, 2009), we grouped the stations into southern
inshore (Stas. 90.37 and 90.53), northern inshore (Stas. 82.47 and
80.55) and offshore (Stas. 90.70, 90.90, 90.120, 80.70, 80.80, and
80.100) zones. Data from these station groupings were averaged
for the 25 cruises of our study period to assess temporal variability
in regional mixed-layer averages of phytoplankton community
carbon biomass, size–structure, taxonomic composition and pig-
ment concentration.

3. Results

3.1. General seasonal and spatial trends

Averaged over the six-year study period and for all mixed-layer
depths sampled at each cardinal station, total biomass and
composition of the phytoplankton community show the strongest
seasonal differences and the highest variability between northern
(Line 80) and southern (Line 90) areas at the stations closest to the
coast (Figs. 3 and 4). Along Line 80 (Fig. 3), the upwelling region off
Point Conception (Stn. 80.55, �32 km offshore) had higher mean
biomass during summer and fall than winter and spring cruises,
while biomass in waters overlying the Santa Barbara Basin (Stn.
82.47) was higher during winter and especially springtime cruises.
Along Line 90 (Fig. 4), biomass was most elevated during spring
and summer cruises, with the biomass peak more typically at Stn.
90.53, rather than closer to shore (Stn. 90.37). The pattern at Stn.
90.53 likely reflects the influence of advective transport of waters

from Pt. Conception upwelling to the south (Stn. 90.53, Fig. 1), as
seen generally in satellite images, as well as the northward
transport of subtropical waters to the innermost stations of the
Southern California Bight, especially during later summer and fall
(Lynn and Simpson, 1987; Venrick, 2002). Biomass at the three
offshore stations along each line typically declined seaward with-
out marked seasonal blooms, although some compositional varia-
bility was evident.

Diatoms are small contributors to biomass in the offshore
stations along each line, consistent with the lack of observed
seasonal blooms in these areas. Conversely, at the more inshore
stations, diatoms contribute significantly to biomass, particularly
during the seasons when highest total biomass for a station is
observed. Diatoms, however, do not account for all of the seasonal
variability observed at the more inshore stations. Notably, dino-
flagellates contribute comparably or more to total biomass, on
average, for most of the inshore stations and for most of the year,
including the seasons of high biomass (Figs. 3 and 4). Prymnesio-
phytes and other flagellates also make significant contributions at
times, but never clearly dominate the inshore phytoplankton
assemblage at any time of the year.

As would be expected from the inshore–offshore differences
in phytoplankton community composition (Figs. 3 and 4), which
reflect proximity to nutrient inputs, larger cells (A-Micro,
20–200 μm) are the dominant contributors to total community
biomass near the coast, and particularly near the Pt. Conception
upwelling center in the north and the Santa Barbara Basin (Fig. 5).
At these stations (82.55 and 80.47, respectively), A-Micro com-
prises 57% of total autotrophic biomass, on average, followed by
A-Nano (2–20 μm cells; 38%) and A-Pico (o2-μm cells; 5%). The
inshore stations on Line 90, which are substantially further off-
shore than their counterparts to the north, have a distinctly
different size structure in which A-Nano cells typically comprise
more biomass than A-Micro (Fig. 5). A-Pico cells notably maintain
similar mean biomass levels (3–7 μg C L�1) throughout the region,
while larger cells decline significantly with distance from shore,
though more so for micro- than nano-sized cells. As a conse-
quence, A-Nano increase in relative biomass contribution, typically
comprising the dominant size class (�60% of total AC), on average,
at all stations except 80.55 and 82.47.

The size–structure trends for mixed-layer phytoplankton along
Lines 80 and 90 are also very similar for mid and deep euphotic
zone samples, although with declining carbon biomass with depth
(Fig. 5). In mid-euphotic zone samples, mean biomass and size
composition are almost identical to mixed-layer values at most
stations, except for proportionally reduced size categories at 82.47
and 80.55. In the deep euphotic zone samples, the prominent
peaks in nano- and micro-sized cells seen in the upper layers at
coastal stations are greatly reduced relative to the size distribu-
tions at offshore stations.

3.2. Microbial carbon relationships to POC and chlorophyll

For all depths and stations sampled, estimates of total microbial
carbon based on analyses by FCM and microscopy (MC; including all
phytoplankton, heterotrophic protists and heterotrophic bacteria)
account, on average, for half of the measured concentration of
particulate organic carbon (POC) (Fig. 6). Very few of the microbial
biomass estimates exceed measured POC, and then only by relatively
small amounts. Similarly, few of the microbial biomass estimates fall
significantly below 25% of POC. An ordinary least squares regression
indicates that MC is related to POC by the equation MC¼0.46(POC),
(Pearson Correlation of 0.75; po0.0001).

Ratios of autotrophic carbon to chlorophyll a (AC:Chl a) for
mixed-layer phytoplankton average 51.575.3 (all errors are 95%
confidence level unless otherwise noted) for the region and study
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period. However, mean AC:Chl a in the mixed layer varies
significantly with the depth of the nitracline, defined as the depth
at which nitrate concentration first reaches 1 μM, for the data
binned in 20-m depth intervals (Fig. 7). An ordinary least squares
regression yields the relationship AC:Chl a¼0.35� (Nitracline
depth bin)þ33.48, (R2¼0.90). On average, therefore, our estimates
indicate a systematic 2-fold variability in mixed-layer AC:Chl a
ratios between the typically nearshore, upwelling influenced
waters with shallow nitraclines (AC:Chl aE40) and the typically
offshore, oligotrophic waters with deep nitraclines (AC:Chl aE80).
For individual samples, however, the differences can be much
greater.

Similar increasing trends of AC:Chl a ratio with nitracline depth
are also evident for samples collected routinely in the mid and

deep euphotic zone (Fig. 7), although the slopes and intercepts
decline progressively with increasing depth of collection (decreas-
ing light level, and generally higher nutrient concentrations). Like
the mixed-layer, AC:Chl a values for the mid euphotic zone vary
2-fold, on average, from 23 to 47 for shallow and deep nitraclines,
respectively. AC:Chl a values for the deep euphotic zone are less
variable, with averages ranging from 22 to 33 from typical onshore
to offshore conditions.

3.3. Temporal variability of phytoplankton biomass and composition

Over the study period, total autotrophic carbon (AC) and total
chlorophyll a (TChl a) for the southern inshore CCE region each
varied by about one order of magnitude, with AC ranging from 10

Fig. 3. Mean seasonal variations of mixed-layer phytoplankton taxa along Line 80. Diatom, autotrophic dinoflagellates (A-Dino), autotrophic flagellates (A-Flag),
cryptophytes (Crypto), prymnesiophytes (Prym), Prochlorococcus (PRO) and Synechococcus (SYN). Units are μg C L�1. Station numbers and distance from shore are given
on the x-axis. Note that the bar for station 82.47 has been reduced in the spring to fit on this axis. The actual biomass concentration reached an average of 168 μg C L�1, with
diatoms comprising 118 μg C L�1 of the total community biomass. A dotted line separates the Santa Barbara Basin (station 82.47) from the rest of line 80.

Fig. 4. Mean seasonal variations of mixed-layer phytoplankton taxa along Line 90. Diatom, autotrophic dinoflagellates (A-Dino), autotrophic flagellates (A-Flag),
cryptophytes (Crypto), prymnesiophytes (Prym), Prochlorococcus (PRO) and Synechococcus (SYN). Units are μg C L�1. Station numbers and distance from shore are given
on the x-axis.
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to 100 μg C L�1 (mean 3279 μg C L�1), and TChl a concentrations
ranging from 0.18 to 3 μg Chl a L�1 (mean 0.8170.25 μg Chl
a L�1) (Table 1 and Fig. 8A). The highest concentrations of AC

Fig. 5. Mean autotrophic community size-class structure from the mixed-layer (ML), mid euphotic zone (Mid EZ) and deep euphotic zone (Deep EZ) for the ten cardinal
stations sampled during quarterly cruises from November 2004 to October 2010. Size-classes are based on the longest cell axis measured: A-Pico (0.2–2 μm), A-Nano (2–
20 μm) and A-Micro (20–200 μm). Units are μg C L�1 and error bars represent the 95% confidence level. Station numbers and distance from shore are given on the x-axis. A
dotted line separates the Santa Barbara Basin (station 82.47) from the rest of line 80.

Fig. 6. Relationship between POC and total microbial carbon (MC) for all stations,
depths and cruises. MC is the sum of Prochlorococcus, Synechococcus, diatom, autotrophic
dinoflagellates, autotrophic flagellates, cryptophytes, prymnesiophytes, heterotrophic
dinoflagellates, heterotrophic flagellates and heterotrophic bacteria. Ordinary least
squares regression, y¼0.46x, (R2¼0.54). The dotted line represents the 1:1 relationship.

Fig. 7. Mixed layer (ML), mid euphotic zone (Mid EZ) and deep euphotic zone
(Deep EZ) autotrophic carbon:chlorophyll a ratios (AC:Chl a) as a function of
nitracline depth bin for all cardinal stations sampled from November 2004 to
October 2010. The solid line represents an ordinary least squares (OLS) regression
for the ML, the dashed line represents an OLS regression for the Mid EZ and the
dotted line represents an OLS regression for the Deep EZ. Equations and R2 values
for each regression are shown next to the regression line on the plot.
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were measured in July 2005 and the highest TChl awere measured
in April 2006, while the lowest values were found in October 2006
(AC) and November 2004 (TChl a). For the northern inshore CCE
region AC and TChl a also varied by about one order of magnitude,
with AC ranging from 22 to 229 μg C L�1 (mean 78722 μg C L�1),
and TChl a ranging from 0.64 to 11 μg Chl a L�1 (mean 3.07
0.95 μg Chl a L�1) (Table 1 and Fig. 8A). The highest concentra-
tions of AC and TChl a were measured in April 2010, while the
lowest values of AC were found in January 2010, and November
2005 (TChl a). Biomass concentrations were distinctly lower and
less variable in the offshore zone, ranging from 8.0 to
32.0 μg C L�1 (mean 16.472.4 μg C L�1) for AC (Fig. 8A) and from
0.15 to 0.80 μg Chl a L�1 (mean 0.4070.07 μg Chl a L�1) for TChl a
(Table 1).

Community composition by taxonomic groups differed sub-
stantially between the inshore and offshore environments. For the
northern inshore stations, phytoplankton biomass was dominated
by autotrophic dinoflagellates (A-Dino) and diatoms (Table 1
and Fig. 8B), which comprised an average of 39% and 36% of AC,
respectively. Temporally, dinoflagellates were the most dominant
group earlier in the study period, particularly during 2005
and 2006, while diatoms predominated later (Fig. 8B). Other
contributors to autotrophic carbon biomass varied temporally in
the northern inshore zone, but decreased on average in order
from autotrophic flagellates (A-Flag; 13%), prymnesiophytes
(Prym; 7%), Synechococcus (SYN; 5%), cryptophytes (Crypto; 2%) to
Prochlorococcus (PRO; o1%).

Among the southern inshore stations, phytoplankton biomass
was dominated by diatoms and A-Dino (Table 1 and Fig. 8C), which
comprised 26% and 23% of AC, respectively, on average. A-Dino
were also the most dominant group earlier in the study period for
the southern inshore zone, particularly during 2005 and 2006,
while diatoms predominated later (Fig. 8C). Other contributors to
AC biomass varied temporally in the southern inshore zone, butTa
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Fig. 8. (A) Mixed-layer biomass of total autotrophic carbon (AC) from November
2004 to October 2010. Offshore stations, northern inshore stations (N.) and
southern inshore stations (S.). (B) Mixed-layer biomass of northern inshore
autotrophic dinoflagellates (A-Dino) and diatoms. (C) Mixed-layer biomass of
southern inshore A-Dino and diatoms. Units are μg C L�1.
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decreased on average from A-Flag (18%) to Prym (16%), SYN (12%),
PRO (3%) and Crypto (2%). Phytoplankton community biomass in
the offshore region of the CCE was more evenly distributed among
the functional groups, with AF comprising 26%, Prym 19%, A-Dino
17%, SYN 15%, PRO 12%, diatoms 11% and Crypto 1% of mixed-layer
AC biomass (Table 1).

3.4. Temporal variability of heterotrophic protists

The distributions of heterotrophic protists (HC) assessed by
epifluorescence microscopy, comprised of heterotrophic dinofla-
gellates (H-Dino) and heterotrophic flagellates (H-Flag), generally
follow the biomass patterns for AC, except from late 2005 to early
2006 (Fig. 9A). As noted previously, since biomass of mixotrophs
and ciliates are not included in our estimates of heterotrophic
protist carbon, the reported values are conservative. For the
northern inshore stations, HC varied by a factor of 18, with a
mean concentration of 17.876.1 μg C L�1 (Fig. 9B). The highest
concentrations (61.2 μg C L�1) were found during October 2006,
while the lowest concentrations (3.3 μg C L�1) were during July
2007. The ratio of total AC to HC for these stations ranged from 1 to
29, with a mean value of 6.872.6.

For the southern inshore zone of the CCE, HC varied by a factor
of 9, averaging 9.271.9 μg C L�1 (Fig. 9C). The highest HC con-
centration (24.1 μg C L�1) was in April 2006, while the lowest
(2.6 μg C L�1) was in April 2007. The ratio of total AC to HC for the
southern inshore stations averaged 3.670.8 and was less variable
than the northern inshore zone, ranging from 1 to 10.

For the offshore regions of the CCE, HC was slightly more stable,
varying by a factor of 5.8, and had a mean concentration of
6.871.2 μg C L�1 (Fig. 9A). The highest HC value (15.3 μg C L�1)
was found during January 2009, while the lowest (2.6 μg C L�1)
was in October 2006. The ratio of AC to HC in the offshore CCE
ranged from 1 to 6, with a mean value of 2.670.4.

4. Discussion

4.1. Seasonal phytoplankton trends

Coastal upwelling and wind stress curl are major drivers of the
nutrient inputs that support phytoplankton production and biomass
in the southern CCE (Legaard and Thomas, 2006; Rykaczewski and
Checkley, 2008; Mantyla et al., 2008; Thomas et al., 2009). Nutrient
mixing by winter storms, followed by periods of relative calm and
sunshine, can also fuel significant wintertime production in the
latitudinal range (30–351N) of the CalCOFI grid. These seasonal and
areal differences in nutrient delivery mechanisms, along with
relatively consistent year-round ocean conditions, lead to a poorly
defined seasonal bloom cycle for the southern CCE as a whole. In
addition, a recent weakening of spring blooms in the region, as
noted by the shift to more summer phytoplankton maxima after the
major El Niño event in 1997–98 (Venrick, 2012), might contribute to
reduced seasonality in the present data.

A spring biomass maximum is only evident for station 82.47
overlying the Santa Barbara Basin, which also has relatively high
biomass in the winter (Table 1 and Fig. 3). Large April blooms of
diatoms in this area have long been known (Allen, 1945a, 1945b).
However, at Stn. 80.55, 32 km off Pt. Conception, which is more
strongly influenced by the seasonal cycle of coastal upwelling
favorable winds, biomass is highest during the summer and fall.
Spring–summer differences are less well defined in the south,
although mean phytoplankton biomasses for both of the shore-
ward stations on Line 90 increase during the summer (Table 1 and
Fig. 4). This area is enriched by wind-stress curl, by advective
transport from Pt. Conception upwelling, and by eddies, fronts and
meanders of the California Current jet, which takes an eastward
turn toward the coast in this vicinity (Lynn and Simpson, 1987;
Hayward et al., 1995; Peláez and McGowan, 1986; Thomas and
Strub, 1990; Haury et al., 1993; Venrick, 2000; Taylor et al., 2012).

Generally, mean phytoplankton biomass in the offshore sta-
tions is highest during wintertime, although the enhancement
is no greater than a factor of two compared to other seasons
(Figs. 3 and 4). In subtropical North Pacific waters to the west, a
winter maximum in surface chlorophyll concentration has long
been noted (Letelier et al., 1993; Venrick, 1993; Winn et al., 1995),
though largely ascribed to a photoadaptive response of cellular
pigment to lower seasonal light (Letelier et al., 1993). Additionally,
Yuras et al. (2005) have reported a winter increase in chlorophyll
concentration in the offshore surface waters in the southern
Pacific off the coast of Chile. Our current study, as well as a recent
similar analysis of phytoplankton samples collected by the Hawaii
Ocean Time-series Program at Station ALOHA (Pasulka et al., 2013),
document that the winter chlorophyll maximum is more than a
pigment response, but an actual seasonal, though modest, increase
in carbon biomass of the plankton community.

4.2. Microbial carbon relationships to POC

Particulate organic carbon (POC) measurements provide an
upper-limit constraint on estimates of total microbial carbon
(MC; including all phytoplankton, heterotrophic protists and
heterotrophic bacteria) from our microscopy and FCM analyses.
For all stations, depths and cruises, our samples of MC average one
half of POC, and only a few of the MC samples were less than 25% of
POC. One conclusion that we can draw from this result is that the
carbon:biovolume conversion factors used in our analyses do not
produce large and obvious systematic errors in plankton biomass
estimates. It is also apparent that relationships among living
organisms (MC), non-living particles (detritus) and total POC are
surprisingly consistent across quite variable environmental condi-
tions in the CCE.

Fig. 9. (A) Mixed-layer biomass of total heterotrophic protist carbon (HC) from
November 2004 to October 2010. Offshore stations, northern inshore stations (N.)
and southern inshore stations (S.). (B) Mixed-layer biomass of northern inshore
heterotrophic dinoflagellates (H-Dino) and heterotrophic flagellates (H-Flag).
(C) Mixed-layer biomass of southern inshore H-Dino and H-Flag. Units are μg C L�1.
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Cho and Azam (1990) observed a similar constancy between
POC estimates and phytoplankton and bacterial carbon in envir-
onments ranging from the oligotrophic North Pacific gyre to the
coastal Southern California Bight. However, their study did not
include heterotrophic protists, and it used a carbon to chlorophyll
a conversion of 47–50 to estimate phytoplankton carbon. Using
similar microscopy-based assessments of protistan biomass to
those used here, Landry et al. (2002) also noted that plankton
carbon estimates in the Southern Ocean were consistently around
a mean of 58% of POC for varying conditions, from open ocean
to ice-edge blooms. In addition, Claustre et al. (1999) estimated
that detrital material contributed between 43% and 55% of total
euphotic-layer particles in the tropical Pacific, using particle
attenuation as a proxy for POC, relative to chlorophyll in situ
fluorescence. Such results suggest that there exist, at least on
regional scales, a general balance of living and non-living particu-
late carbon across a broad range of system states.

4.3. Autotrophic carbon to chlorophyll ratios

The mean autotrophic carbon to chlorophyll a (AC:Chl a) value
of 51.575.3 determined in this study is only slightly lower than
the widely used value of 58 derived by Eppley et al. (1992) from
the slope of the regression of POC versus total chlorophyll a (TChl
a) for samples taken in the equatorial Pacific. While is it reassuring
to see that these estimates are not much different, the value of the
present data is not in validating a mean number, but in guiding
appropriate usage of variable AC:Chl a values in experimental,
modeling and remote sensing studies of the CCE. Many factors
affect AC:Chl a values, including light, nutrients, temperature,
taxonomic composition, growth rate and time of day (Eppley
et al., 1971; Eppley, 1972; Cullen, 1982; Geider, 1987). In addition,
methodological imprecisions, notably from inadequate counts of
large rare cells with high individual carbon contents, introduce
substantial errors into the ratio calculations. Since such errors
balance out in large data sets, our results are best viewed as
providing broad mean estimates of how the ratio varies spatially
within the southern CCE region, rather than precise individual
estimates of ratio variability.

Mean trends in the CCE data show strong associations between
AC:Chl a and nitracline depth for all depth strata sampled (Fig. 7).
The taxonomic and size-class composition of the different com-
munities of the CCE also play a role in these AC:Chl a trends. For
example, diatoms have lower AC:Chl a values than autotrophic
dinoflagellates, and larger cells typically have lower AC:Chl a than
smaller cells (Chan, 1980; Falkowski et al., 1985; Geider, 1987).
Therefore, coastal communities dominated by large diatoms are
expected to have lower AC:Chl a values. Although the mean values
of AC:Chl a largely reflect variability along environmental gradi-
ents from the eutrophic nearshore (shallow nitracline) to oligo-
trophic offshore (deep nitracline), they also predict how values
might respond, for example, to depression of the nitracline during
El Niño events, or to temporal variability at a given location due to
local processes or advective transport of water by jets, eddies,
current meanders or other mechanisms. In general, variations in
nitracline depth within the CCE lead to a factor of two difference in
mixed-layer AC:Chl a values. There is another 2-fold difference, on
average, between near-surface and deep euphotic zone values at a
given location (Fig. 7).

Although AC:Chl a is rarely measured, both its values and its
variability are important for estimating carbon flows from pigment-
based experimental rate determinations (e.g., Landry et al., 2009;
Stukel et al. 2013), for modeling of ocean ecosystem dynamics
(Morel, 1988; Taylor et al., 1991; Sathyendranath et al., 2009; Wang
et al., 2009) and for interpreting biomass and production distribu-
tions with remote sensing techniques (Eppley et al., 1985; Falkowski,

1994; Antoine et al., 1996; Behrenfled et al., 2005). Using CCE-LTER
data, for example, Li et al. (2010) have successfully parameterized
models that effectively capture observed spatial and depth variability
in phytoplankton biomass, AC:Chl a and growth rates across inshore
and offshore regions of the southern CCE. In more general usage,
values in the range of 20–80, appropriate for the conditions mea-
sured (Fig. 7), will better account for the natural variability of AC:Chl
a encountered in the southern CCE region.

4.4. Community composition

Microbial communities of the CCE vary by location and season
from low biomass, mixed communities of small pico- and nano-
sized cells to high biomass assemblages dominated by large
microplankton, often a single taxon or functional group. The
former, characteristic of the offshore region, has greater taxonomic
evenness than the inshore sampling stations and greater relative
contribution (28%) of phototrophic bacteria (Figs. 3 and 4). In
terms of size–structure and composition, the offshore CCE assem-
blages resemble those in oligotrophic regions of the central Pacific,
although with higher biomass concentrations and substantially
reduced dominance of cells in the pico-phytoplankton size class.
Nonetheless, taxonomic analysis of larger cells by Venrick (1992,
2002, 2009) has shown that species composition in offshore CCE
waters is very similar to that of the North Pacific subtropical gyre
(NPSG). Additionally, using the same methods as the current study,
Pasulka et al. (2013) found similar phytoplankton community
composition at station ALOHA in the NPSG, which would reason-
ably constitute the oligotrophic end-member of CCE variability.

For the inshore regions of the CCE, high nutrient delivery by
coastal upwelling (Huyer, 1983; Jones et al., 1983), results in
blooms of diatoms or A-Dinos, which overprint the ubiquitous
background assemblage of smaller taxa (Figs. 3, 4 and 8B). Diatoms
dominate the northern inshore phytoplankton community during
most years and seasons. However, autotrophic dinoflagellates
were especially prevalent in our data from late 2004 and mid
2005 to mid 2006 (Fig. 8B). While conditions in the CalCOFI–CCE
study area during this time period were not extraordinary, and
near their long-term averages, the upwelling season in the north-
ern California Current was markedly delayed, creating unusually
warm sea surface temperatures through the spring and early
summer months (Hickey et al., 2006; Peterson et al., 2006;
Schwing et al., 2006; Barth et al., 2007). High dinoflagellate
biomass during this period was not just a local phenomenon for
the inshore region of the southern CCE. Dominant toxin-producing
algal species in central California shifted from diatoms to dino-
flagellates (Jester et al., 2009), and there were also reports of
reduced zooplankton biomass, reduced seabird fecundity and
altered marine mammal foraging in more northern waters
(Peterson et al., 2006; Sydeman et al., 2006; Weise et al., 2006).
Additionally, northern anchovy densities decreased significantly
from 2005 to 2006 off the Oregon and Washington coast, and fatty
acid biomarkers of northern anchovy, Pacific herring and whitebait
smelt indicated that the food web in 2005 was mainly based on
dinoflagellates, switching back to diatoms in 2006 (Litz, 2008; Litz
et al., 2008).

Our present study of the microbial community biomass, size–
structure and composition is the first of its kind for the CCE region.
While the resulting six-year dataset is too short to detect long-term
trends, it nevertheless establishes baseline measurements that will
help to document and resolve temporal trends in future CCE and
CalCOFI sampling. The present study also provides a robust dataset to
facilitate the development and testing of ecosystem models at the
level of phytoplankton functional groups and to improve algorithms
for extracting community biomass and composition information
from satellite remote sensing measurements. Future climate changes
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in the southern CCE region are projected to include increased
thermal stratification (Rykaczewski and Dunne, 2010), increased
delivery of nitrate to coastal areas by upwelling (Bakun, 1990;
Snyder et al., 2003; Aksnes and Ohman, 2009), and increased
number and intensity of ocean frontal systems (Kahru et al., 2012),
each capable individually of significantly impacting productivity,
standing stocks and composition of the food web base, though their
effects will likely differ spatially. Continued monitoring as well as
experimental and modeling studies are needed to elucidate how
such changes will combine to alter biogeochemical cycling and
trophic coupling within the southern CCE region.
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