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ABSTRACT

Spatial and temporal size-fractionated phytoplankton chlorophyll-a (Chl-a) variability as pico-nanoplankton (PN, 0.4-
8.0 um) and nano-microplankton (NM, >8.0 um) off Baja California is shown. Chl-a samples from the upper 200 m were
obtained from nearshore, offshore, and intermediate locations during winter, spring, and summer 2008. PN-Chl-a con-
tribution to phytoplankton biomass was ~4 times higher than NM fraction. Chl-a PN/NM ratio increased toward off-
shore, while total Chl-a (PN + NM) decreased. Seasonally, offshore phytoplankton cells abundance had a comparable
contribution for both size-fractions, without an apparent change by the integrated water-column total Chl-a (60 mg m-2).
Vertical Chl-a profiles were similar for winter and summer seasons. The highest Chl-a concentration and phytoplank-
ton-cells abundance arose in spring, predominantly for NM at nearshore locations, reaching from 2.7-fold (nearshore:
middle) to 4.2-fold (middle: offshore) ratios. Phytoplankton Chl-aincreased from winter to spring (5.4 times), with maxi-
mum contribution of NM (6.6 times) at nearshore zones. Water-column integrated phytoplankton abundance was 5-fold
higher in spring than winter, and 2-fold over summer. Using optical microscopy, dinoflagellate cells were the most
abundant and variable phytoplankton recognizable group at intermediate zone. Smaller phytoplankton cells sustained
approximately continuous biomass off Baja California. The spatial and temporal phytoplankton biomass variability was
mainly influenced by an increase of larger cells as result of spring coastal upwelling events.

Keywords: Chlorophyll-a, IMECOCAL Program, phytoplankton-size structure, southern California Current.

RESUMEN
Se presenta la variabilidad espacio-temporal de Clorofila-a (Cl-a) en muestras de fitoplancton separadas por tamafo
celular: pico-nanoplancton (PN, 0.4-8.0 um) y nano-microplancton (NM> 8.0 um) frente a Baja California. Las mues-
tras, obtenidas de la parte superior de la columna (200 m) fueron recolectadas en estaciones costeras, oceanicas e
intermedias durante invierno, primavera y verano de 2008. La contribucion del PN a la biomasa del fitoplancton fue ~4
veces mayor que la fraccion del NM. La proporcién de Cl-a PN/NM aumenta hacia fuera de la costa, mientras que la
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Cl-a total (PN + NM) disminuye. Estacionalmente, el fitoplancton en la region oceénica tuvo una contribucion similar
en ambas fracciones de tamafio, con valores aproximadamente constantes en la Cl-a total integrada (60 mg m-2). Los
perfiles verticales de Cl-a fueron similares en invierno y verano. La mayor concentracion de clorofila-a y abundancia
fitoplancténica se obtuvo en primavera, principalmente derivada de la fraccion NM en zonas costeras, alcanzando
cocientes desde 2.7 veces (estaciones costeras: intermedias) hasta 4.2 veces (intermedias: ocedanicas). La Cl-aincre-
ment6 5.4 veces de invierno a primavera, siendo méaxima (6.6 veces) en el NM de la region costera. La abundancia del
fitoplancton en primavera fue 5 veces mayor con relacion al invierno y 2 veces mas alta que el verano. Por medio del
analisis con microscopio optico, se identificd a los dinoflagelados como el grupo mas abundante y variable en las esta-
ciones de la zona intermedia. El fitoplancton mas pequefio alcanzé una biomasa aproximadamente constante frente a
Baja California. La variabilidad espacio-temporal de la biomasa del fitoplancton estuvo influida fundamentalmente por
el incremento de la abundancia de las células de mayor tamafio como resultado de las surgencias costeras durante
la primavera.

Palabras clave: Clorofila-a, estructura del fitoplancton por tamafios, programa IMECOCAL, sur de la Corriente de Ca-

lifornia.

INTRODUCTION

Phytoplankton cell size is an important ecological variable playing
a critical role in the ocean community structure, primary produc-
tion, and oceanic food web. The phytoplankton size structure has
a strong influence on carbon transfer efficiency to higher trophic
levels (Legendre & LeFevre, 1989), and vertical transport of or-
ganic material to oceanic deeper waters and to the sediments
(Bienfang et al,, 1983). Water column stratification is related with
nutrient limitation in the upper ocean layers and abundance of
smaller size phytoplankton cells, while vertical mixing conditions
are mostly associated with high nutrient concentration and abun-
dance of large-phytoplankton cells (Daly & Smith, 1993). However,
many factors appear to influence phytoplankton community size
structure, including competitive interactions among phytoplank-
ton taxa (Tilman, 1977), zooplankton grazing (Kerr & Dickie, 2001),
cells sinking (Kigrboe, 1993), and physical aggregation (Stem-
mann et al., 2004).

Understanding the mechanisms controlling phytoplankton
community size structure in response to environmental factors is
essential in order to recognize the importance of temporal and
spatial fluctuations in the ocean food web structure, understand
biological pump regulation, and characterize the ocean response
as a long-term sink of atmospheric carbon dioxide (Irwin et al,
2006). Finkel et al. (2010) have shown that phytoplankton cell size
and elemental stoichiometry often respond to abiotic conditions
and follow biophysical factors that link environmental conditions
to growth rates, food web interactions, and ultimately ocean bio-
geochemical cycles. This suggests that cell size and elemental
stoichiometry are promising ecophysiological traits for modeling
and tracking changes in phytoplankton community structure in
response to changes of environmental conditions, including cli-
mate change.

Phytoplankton size structure and its importance in the oce-
anic ecosystems were reconsidered after the detection of the

widespread occurrence and diversity of tiny microalgae (0.2-2.0
um-size), termed pico-phytoplankton (Stockner & Antia, 1986). Se-
veral authors have indicated that nano-phytoplankton cells (2-20
um-size) also contribute significantly to phytoplankton biomass,
and together with micro-phytoplankton (20-200 pm-size) and pi-
co-phytoplankton build different mechanisms of energy and car-
bon flow in the oceanic environment (Iriarte et al., 2000; Linacre
et al, 2012). In temperate and tropical ocean environments, na-
no-phytoplankton and pico-phytoplankton cells contribute >60%
of the phytoplankton primary production and biomass, and up
to 90% over some particular ocean conditions (Platt et al., 1983;
Robles-Jarero & Lara-Lara, 1993; Marafion et al, 2001). Phyto-
plankton smallest size classes, including coccoid cyanobacteria
and pico-phytoplankton-sized algal cells, are considered to be the
most abundant in open oceanic waters, whereas shallow coas-
tal waters and more productive ecosystems at nearshore areas
are usually characterized by cells in the nano-phytoplankton and
micro-phytoplankton size classes (Li, 2002; Poulton et al., 2006;
Linacre et al, 2012).

Monitoring chlorophyll-a (Chl-a) as an indirect, standardized
and widely accepted approach to assess phytoplankton biomass
has been very useful. Chl-a concentration is an indirect indicator
of nutrient intensification or weakening in the ocean ecosystems,
and it is related with hydrodynamic variability of the upper water
column. Goericke (2011) proposes that phytoplankton community
structure fluctuates predictably as a function of total Chl-a and
that a balance between bottom-up and top-down pelagic ecosys-
tem conditions is controlled by its assembly.

Spatial and temporal Chl-a total phytoplankton variability in
the southern region of the California Current (CC) off Baja Califor-
nia is well recognized (Espinosa-Carredn et al., 2004; Gaxiola-Cas-
tro et al., 2008; Gaxiola-Castro et al,, 2010). However, in spite of the
importance of phytoplankton-size structure within the food web
and its contribution to the biogeochemical cycles, the understan-
ding of its spatial and seasonal distributions is still very restricted.
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A great variability in the size composition of phytoplankton cells
has been shown between transects perpendicular to the coast
off Baja California during winter periods (Millan-Nifiez & Millan-
Nifez, 2010).

Since phytoplankton size-fractionated distribution is parti-
cularly a significant index of the plankton community attributes,
the present study focuses on the description of the phytoplankton
size based on both the Chl-a concentration at three seasons of
the year 2008 and their distribution with depth in the IMECOCAL
off Baja California region. We aim to answer the following speci-
fic questions: 1- How does phytoplankton size structure change
spatially and temporally?; 2- How does phytoplankton size struc-
ture change with depth?, 3- What is the vertical distribution of
size-fractionated Chl-a? Answers to these questions provide a
baseline reference for future research related with regional and
long-term assessment purposes.

This work is complemented by the quantification of the fo-
remost phytoplankton taxonomic groups (>5 pm-size) analyzed
under light microscope, which allowed us to distinguish and co-
rrelate cells abundance and Chl-a with changes in several envi-
ronmental variables.

MATERIALS AND METHODS

Study area. The IMECOCAL (Spanish acronym for Mexican Inves-
tigations of the California Current) region west of the Baja Califor-
nia Peninsula is located in the southern section of the California
Current (CC). The hydrography of the area is mainly characterized
by an alongshore near-surface equatorward flow, carrying rela-
tively cool and low-salinity water from the subarctic (Durazo et
al, 2010). Also, there is a subsurface poleward current flowing
along the edge of the continental slope, and local coastal upwell-
ing events are driven by northwesterly winds during most of the
year but with more intensity during spring and summer seasons.
Subarctic water dominates during winter and spring seasons,
while tropical and subtropical influences are commonly observed
through late summer and autumn (Lynn & Simpson, 1987; Durazo
etal, 2010).

The CC southern region is surveyed by IMECOCAL that has
been monitoring the region off Baja California Peninsula since Oc-
tober 1997, following a subgrid of the CalCOFI (California Coope-
rative Oceanic Fisheries Investigations) program on the Mexican
side. The whole IMECOCAL area is within the California Upwelling
Coastal Province (Longhurst, 1998). Standard IMECOCAL surveys
are carried out along perpendicular transects (lines) to the coast
between lines 100 off Ensenada (31°40'N, 116°50'W) to 137 in the
Gulf of Ulloa (25°01°N, 112°11°W) (Fig.1). The distance between
transects is 74 km, and 37 km among stations. Additional infor-
mation of the IMECOCAL surveys and methods are available at
http://imecocal.cicese.mx/.
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Data collection. On each station of the IMECOCAL grid, CTD (Sea-
Bird SBE-911plus) casts were carried out to obtain vertical pro-
files of salinity (conductivity), temperature, and depth (pressure)
on board the CICESE R/V Francisco de Ulloa. During 2008 selected
stations were sampled by three surveys: January 23 to February
12 (IM0801, winter, n = 29 sampled stations), April 16 to May 2
(IM0804, spring, n = 24), and July 14 to August 3 (IM0807, sum-
mer, n = 37). For this work, sampled stations from lines 100 to 137
were distributed throughout three predefined transects parallel to
the shoreline and are designated as: nearshore stations “30” with
<200 m depth, n = 10 (winter), n = 11(spring) and n = 13 (summer),
middle stations “45”, n =11 (winter), n=7 (spring) and n = 12 (sum-
mer), and offshore stations “60", n = 8 (winter), n = 6 (spring) and
n = 12 (summer) (Fig. 1). During the spring survey, some stations
were not visited due to rough seas.

Chl-a analyses. Phytoplankton biomass as Chl-a was determined
at all selected stations and from seven levels of the upper 200
m depth (0, 10, 20, 50, 100, 150, 200 m) using 5-liter Niskin hottles
coupled to a General Oceanics rosette. Water samples were
passed simultaneously through a sequential filtration unit with 8
um pore-size polycarbonate filters (PC, Nucleopore, 13 mm) and
0.4 ym pore-size filter. Usually the filtration procedure delay was
less than 30 minutes and was performed under low light and low-
vacuum pressure (<100 mm Hg). Filters were immediately frozen
and stored in liquid nitrogen until analysis. Chl-a extraction was
prepared with 10 ml of 90% acetone for ~24 hours in a refrigerator,
and analyzed with a Trilogy Turner Designs Fluorometer (Model
7200-000) calibrated using pure Chl-a (Sigma-Aldrich Co.). Chl-a
concentration (mg Chl-a m=3) was measured by the non-acidifica-
tion method (module Chl-NA, model 046) following Welschmeyer's
technique (Welschmeyer, 1994), which is selective for Chl-a and
discriminates against chlorophyll-b and accessory pigments.

Chl-a from cells collected by 8.0 um pore-size filters were
categorized as nano-microplankton fraction (>8 pm, hereafter
NM), whereas those passing through 8.0 pm filter and retained
by 0.4 pm-pore filter (0.4-8 ym) were characterized as the pico-
nanoplankton fraction (hereafter PN). Both pore-size filters are
suggested as “standard” for the separation of chlorophyll in the
IMECOCAL program. Total phytoplankton-Chl-a is considered by
addition of the two size-fractionated Chl-a measurements (PN +
NM).

Phytoplankton quantification and identification. For logistical
reasons, samples for scope cell counting were taken only atloca-
tions of intermediate transects (stations 45 of the IMECOCAL grid;
Fig. 1), with a total of 10, 7 and 10 samples in winter, spring, and
summer, respectively. Sampling depths were performed from the
upper 100 m water-column section (0, 10, 20, 50 and 100 m) which
contains most of the phytoplankton biomass. Water samples (250
ml) were preserved with Lugol’s solution to a final concentration of
3%. Samples were counted by placing 50 ml in a settling chamber
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Figure 1. Standard IMECOCAL stations grid. Locations are sequentially occupied from 100 to 137 hydrographic lines. Selected
sampled stations belong to three predefined transects parallel to the shoreline off Baja California, indicated as nearshore (sta-
tions at “30” with <200 m depth), middle (stations at “45”), and offshore (stations at “60”) from lines 100 to 137 represented by
open squares. Water for phytoplankton cells counts and taxonomic analyses were sampled at stations “45” (middle). Dotted

lines show the bottom depth (m).

for at least 24 hours and examined under an inverted compound
microscope according to Utermdhl's technique (Utermdhl, 1958).
Individual organisms in the entire chamber were counted at 400x
magnification, and identification was restricted to the recognized
taxa or those with a distinguished morphology. Dinoflagellates,
diatoms, and flagellates (including coccolithophorids) species
were identified and categorized into their corresponding taxo-
nomical group. Smallest taxa (cells size ca. <5 ym) were excluded
in the analyses because of the lower magnification procedure for
phytoplankton counts.

Data analyses. A basic statistical analysis for all variables ob-
tained from the vertical profiles and along selected stations (near-

shore, middle, and offshore) were calculated. Minima, maxima,
and mean values provide insights into regional differences in
terms of significant phytoplankton and biomass structure con-
stituents. Standard trapezoidal integration method was utilized to
calculate depth-integrated fractionated phytoplankton Chl-a con-
centration (mg m-2) and phytoplankton individuals (ind m2) of the
upper water column (see selected depths for each one). Seasonal
and spatial differences among variables were verified using the
nonparametric Kruskal-Wallis test. Relationships among hydro-
graphic and biological variables were examined by the Spearman
rank correlation analysis. Statistical analyses were performed
using the Statgraphics Centurion XVI software, considering a sig-
nificance level p<0.05.
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RESULTS

Hydrography. Upper layer (0-200 m) hydrographic conditions
for the three cruises conducted in 2008, as seen in section 107
(~30°N), are depicted in Fig. 2. Section 107 was chosen since this
transect was surveyed in the three cruises. Winter stratification is
weak and the salinity minimum (33.4) indicated that the California
Current (CC) core is at surface (Fig. 2a-b). Also, the small slope
toward the coast of both temperature and salinity indicates weak
or absent coastal upwelling in this season. For spring, the upper
layer developed into larger sea surface temperatures (SST, 15
°C), with minimum values near the coast and stronger isothermal
slopes indicating coastal upwelling (Fig. 2c). During this season,
the CC core (S = 33.2) is located offshore near 50 m depth (Fig.
2d). In summer, the CC core remained offshore at the same depth
underneath higher salinity and temperature waters (Fig. 2e-f). The
slope of near shore isotherms indicate coastal upwelling, although
restricted to the first ~75 km from the coast. In all three seasons
the downward slope of deeper isotherms (~200 m) near the coast

195

indicates a narrow poleward flow, but they appear close to the
coast in winter and wider and offshore during summer.

Upper layer hydrographic conditions also may be pictured in
terms of the spatial distribution of properties. Here we have se-
lected temperature and salinity spatial distributions at 50 m depth
(Fig. 3), approximately the position of the salinity minimum during
spring and summer as described above (Fig. 2b-c). For temperatu-
re distributions, we added arrowheads to contour lines as a proxy
for near surface geostrophic flows, which are closely related to
the actual 50 m geostrophic flows, computed using 500 dbar as
the reference level (data not shown). Conditions during winter
show a southward flow; the small coast offshore temperature
gradients suggest a weak alongshore flow (Fig. 3a). Salinity is
mostly uniform throughout the entire region, confirming the upper
layer homogeneous conditions during this season. For spring the-
re was a large spatial gap where no sampling was possible due to
bad weather (Fig. 3b). Despite this, we note minimum (maximum)
temperatures (salinities) at the coast, and larger coastal offshore
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Figure 2a-f. Temperature (a, c, e) and salinity (b, d, f) vertical distribution in line 107 (~30°N) for the three surveys (winter, spring,
and summer) conducted off Baja California in 2008. This transect was chosen since was covered in the three cruises. The dis-

tance (km) refers to the shore line.
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Figure 3a-f. Spatial distribution of temperature (a, b, ¢c) and salinity (d, e, f) at 50 m depth for winter (0801), spring (0804) and sum-
mer 2008 (0807), respectively. Temperature contour lines have arrowheads showing near surface geostrophic flows, which are
quite similar to the actual geostrophic flows computed using 500 dbar as reference level.

temperature and salinity gradients indicating coastal upwelling,
both in the northern and southern regions. Due to the develop-
ment of vertical stratification, more meandering and mesoscale
features can be clearly defined in these distributions (Fig. 2b),
which were very well developed by summer (Fig. 3c) when coas-
tal upwelling is also noticeable by the minimum temperature and
maximum salinity near the coast.

Minima water-column temperature (upper 200 m depth) fluc-
tuates from 8.5 °C in winter (offshore) to 10.1 °C in summer (nears-
hore), with maxima between 17.2 °C in winter (middle stations) and
24.7 °C in summer (offshore stations). Water-column temperature
profiles have shown a seasonal thermocline in the upper 200 m
depth by spring and summer. The highest temperature difference
(~10 °C) between surface and 200 m depth is observed in summer.
Winter average temperature in near-surface waters (0-30 m) is
almost the same (~16 °C) on all transects, with ~6 °C difference
from surface to 200 m depth. During this season, temperature
consistencies along transects (p = 0.25) suggest that the Pacific
Ocean off Baja California is a region with approximately similar
winter hydrographic conditions. Temperature is significantly (p =
0.0002) lowest at nearshore locations during spring in relation to
winter and summer, indicating the increase of coastal upwelling
events in the former season.

Salinity averages in the upper 200 m water-column depth
range from 33.13 (offshore) to 34.75 (nearshore). Water column
salinity shows a similar pattern to temperature, with less vertical
variations and without differences between transects over sea-
sons (p> 0.33). Temporal and spatial salinity variability is inversely
correlated with temperature (Spearman r = -0.40). Both variables
have a typical opposite vertical pattern, with higher values of sa-
linity at nearshore surface locations during the spring upwelling
season.

Pico-nanoplankton (PN) Chl-a. Average PN Chl-a concentra-
tions in the water column are generally <1.0 mg m= (Fig. 4a-c),
except during spring when a maxima concentration (4.99 mg m-3)
is reached in the upper 20 m at nearshore locations (Table 1, Fig.
4b). Very similar PN Chl-a vertical profiles for all transects dur-
ing winter and summer are noticeable (Fig. 4a, c). Seasonal and
spatial minima and maxima of integrated water-column Chl-a PN
fraction in the upper 200 m are summarized in Table 2. Temporally,
subsurface Chl-a maximum (SCM) is distinguished in the upper
50 m, except during spring when it occurs gradually deeper from
nearshore (10-20 m) to offshore stations (100 m). Apart from spring
at nearshore and middle transects (Fig. 4, Fig. 5), PN Chl-a frac-
tion generally contributes with >50% to the Chl-avalues. There are
no temporal differences between seasons at nearshore (p=0.286)
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Figure 4a-e. Temporal and spatial concentration (mg m-3) of Chl-a 0.4-8 ym (PN, a-c), Chl-a >8 pm (NM, d-f), addition of both
fractions (PN + NM, g-i) and the Chl-a PN:Chl-a NM ratio (j-1) in the upper 200 m water column for winter, spring and summer
2008. Data plotted are averaged of the selected locations and depths at nearshore (open diamonds), middle (open squares) and
offshore (open triangles). Note that for total Chl-a in spring (h) a broader scale was used (0-6 mg m=3). In parenthesis are the
numbers of stations (n) by cruises (seasons). Minima and maxima values are shown in Table 1. PN = pico-nanoplankton and NM

= nano-microplankton.

and between offshore transects (p = 0.054) (Fig. 5a). PN Chl-a on
nearshore transects have a 1.8-fold increase in spring relative to
summer (p=0.035) (Table 3). Considering an average for the entire
study area, the lowest mean values of PN fraction difference (< 1)
occurs between summer and winter (Table 3).

Nano-microplankton (NM) Chl-a fraction. Nano-microplank-
ton seasonal average Chl-a concentrations in the water column

Vol. 24 No. 32014

was generally <0.5 mg m=3 (Fig. 4d-f). Chl-a vertical profiles show
a very similar pattern in winter and summer (Fig. 4d, f) with the
mean highest concentration (3.8 mg m=) in the upper 20 m during
spring at a nearshore station (Fig. 4e). NM Chl-a concentrations
significantly increase during spring, in particular at nearshore
(shallower than 50 m depth) and middle locations (20 m depth)
(Fig. 4e), thus contributing with >50% of total Chl-a by depth (Fig.
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Table 2. Water column (upper 200 m) integrated Chl-a 0.4 -8.0 pm (PN, mg m=2), Chl-a >8.0 pm (NM, mg m2), addition of both fractions (PN +
NM, mg m=2), and Chl-a PN/Chl-a NM ratio minima and maxima values by surveys (seasons) and transects at IMECOCAL sampling stations
off Baja California. The number of the sampled stations (n) is shown. For profiles of the mean data plotted in the water column see figure
4.PN and NM as in Table 1.

Cruise Station n Chl-20.4-8.0 ym Chl-a>8.0 ym Sum of fractions Chl a PN/Chl-a
(PN, mg m2) (NM, mg m2) (PN + NM, mg m2) NM ratio
Winter Nearshore 10 30.4-103.9 7.4-63.8 51.7-119.7 0.5-7.7
Middle " 36.0-73.8 4.3-50.3 40.3-103.1 1.0-10.3
Offshore 8 43.9-71.2 6.4-12.4 52.4-86.2 4.1-10.6
Total 29 30.4-103.9 4.3-63.8 40.3-119.7 0.5-10.6
Spring Nearshore " 29.3-225.0 8.2-478.3 37.5-581.3 0.1-5.5
Middle 7 44.8-90.0 7.5-315.2 56.0-379.6 0.2-6.6
Offshore 6 30.7-73.3 48-37.3 39.8-82.1 1.1-13.2
Total 24 29.3-225.0 4.8-478.3 37.5-581.3 0.1-13.2
Summer Nearshore 13 9.7-82.8 10.4-107.1 20.0-157.6 0.5-10.5
Middle 12 22.0-72.2 6.3-39.8 33.4-88.7 1.0-10.3
Offshore 12 31.3-62.5 4.2-24.6 37.1-76.2 4.1-10.6
Total 37 9.7-82.8 4.2-107.1 20.0-157.6 0.5-11.0
Winter Summer
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Figure 5. Temporal and spatial percentage contributions of the Chl-a0.4-8 ym (") and Chl-a >8 ym (M) fractions by depth at near-
shore (a-c), middle (d-f) and offshore (g-i) during winter, spring, and summer 2008. The percentage contributions are based on
the average values reached at each transect during the survey (season). For number of samples averaged (n) see Table 1. PN =
pico-nanoplankton, NM = nano-microplankton.
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Table 3. Seasonal Chl-a ratios variability from two size-fractionated and total Chl-a phytoplankton biomass at IMECOCAL sampled tran-
sects off Baja California. Ratios are estimated from the water column integrated Chl-a (mg Chl-a m=2) as shown in Fig. 5. PN and NM as in

Table 1.
Spring:Winter Spring:Summer Summer:Winter
Chl-a PN fraction Nearshore 1.35 1.79 0.76
Middle 1.12 1.41 0.79
Offshore 0.91 1.20 0.75
Mean 1.21 1.57 0.77
Chl-a NM fraction Nearshore 6.57 4.96 1.33
Middle 337 3.40 0.99
Offshore 1.54 1.52 1.01
Mean 5.37 472 1.14
Total Chl-a (PN + NM) Nearshore 271 3.03 0.91
Middle 1.66 1.98 0.84
Offshore 0.99 1.26 0.79
Mean 2.16 2.53 0.85

5b, e). A conspicuous subsurface Chl-a maximum (SCM) was ob-
served at 20 m depth, except for the summer middle stations when
it occurred at 50 m (Fig. 4f). Water-column integrated Chl-a was
maximum in spring nearshore locations (Fig. 6b). Moreover, Chl-a
by middle and offshore zones was significantly similar between
seasons (p> 0.485) and without differences between transects (p
=0.139) in winter. However, during spring (p = 0.013) and summer
(p=0.0002) NM Chl-a fraction at nearshore locations was higher
than for middle and offshore locations. As an average for the en-
tire study area, the NM Chl-a largest increase arose from winter
to spring (5.4 times), with a main contribution (6.6) by nearshore
zones followed by the middle transect with 3.4 times increase
(Tables 2-3).

Total Phytoplankton Chl-a biomass. Maxima concentrations of
both size-fractionated phytoplankton Chl-a (NM + PN) were from
1.37 mg m=% in summer (offshore stations) to 14.94 mg m-3 during
spring (nearshore stations) (Table 1). Chl-a vertical profiles show
a very similar pattern in winter and summer (Fig. 4g,i), with the
mean highest concentration (5.2 mg m=3) in the upper 20 m dur-
ing spring in a nearshore station (Fig. 4h). Spatial and temporal
minima and maxima for integrated total Chl-a in the upper 200 m
are summarized in Table 2. Temporally, total Chl-a concentration
at nearshore locations was higher in spring (p = 0.04). For winter,
no significant differences between transects (p = 0.074) and be-
tween periods for the middle transect (p = 0.143) were observed.
In summer, there was a slightly higher Chl-a concentration near-
shore in relation with offshore locations (p = 0.01). Spatially, the
averaged integrated Chl-a decreased towards offshore, where a
very similar temporal value (~60 mg Chl-a m-2) for this zone was
achieved (Table 2 and Fig. 6c). Averaged total Chl-a increase for

the entire study area from winter to spring was 2.2-fold (Table 3),
with the greatest change on nearshore positions (2.8 times).

Chl-a(PN/NM) ratio. Average Chl-a phytoplankton PN/NM ratio in
the upper water-column ranged from 2 to 8 (i.e. pico-nanoplank-
ton cells exceed nano-microplankton) particularly at offshore sta-
tions (Fig. 4j-). Regional and temporal variability of minima and
maxima integrated Chl-a PN/NM ratios are summarized in Table 2.
For the complete area, highest variability is reached in spring (C.V.
96%) mainly at nearshore zones. Seasonally, there is a nearshore
reduced Chl-a PN/NM ratio during spring rather than in winter
(p=10.03). Comparing middle and offshore transects, the amounts
of both fractions remain similar (> p = 0.251) and spatially related
in winter (p = 0.351). During spring and summer, PN/NM ratios
at nearshore regions are <2, lower than those near middle and
offshore positions (< p = 0.03; Fig. 4k, ). There is a major contribu-
tion of the PN fraction (PN>NM) towards offshore positions. The
PN/NM Chl-a ratio tends to be higher at depths lower than 100 m
(Fig. 4j-1), with the highest ratios (~9-fold) in spring and offshore
stations (Fig. 4k). This pattern is very similar for all locations and
surveys (Fig. 6d).

Vertical Chl-a distribution. Subsurface Chl-a maximum (SCM)
was a noticeable structure in our study (Fig. 4). Averaged chlo-
rophyll maximum in both phytoplankton fractions was shallower
(~10-20 m depth) at nearshore locations and deeper (50-100 m)
offshore, with lower concentrations particularly in PN through
the spring season (Fig. 4b). During winter and summer, NM Chl-a
fraction showed a vertical homogenous distribution (Fig. 4d and f).
However, an evident Chl-a increase was distinguished between
10-20 m depth at nearshore and middle stations during the spring
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Figure 6. Temporal and spatial integrated Chl-a concentration (mg m-2) from the upper 200 m water column of: a) Chl-a 0.4-8 ym
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Data plotted are average sampled at stations “30” (nearshore, ), stations “45” (middle, ) and stations “60” (offshore, ) during the
winter, spring and summer 2008 at IMECOCAL sampling stations off Baja California. Bars represent mean + standard deviation.
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upwelling season (Fig. 4e). Averaged water-column PN/NM ratios
ranged from two to eight except in spring and summer nearshore
stations. These values indicate the highest PN fraction contribu-
tion throughout the water column (Fig. 4j-I), with its lowest influ-
ence in coastal areas.

Phytoplankton abundance. Total phytoplankton abundance (cells
>5 um) in the upper 100 m ranged from 1.1 x 10°ind m= in winter
to 194.3 x 10%ind m~3 in spring (Table 1). Maximum phytoplankton
cell abundances were observed generally in the upper 50 m layer
(Fig. 7a-c). A phytoplankton increase up to 39 x 10 ind m= was
detected during spring in the upper 50 m related to winter and
summer seasons (Fig. 7a-c). In spring, averaged water-column in-
tegrated phytoplankton was nearly 5-fold higher than winter and
2-fold higher than summer (Table 4, Fig. 7d).

Abundance and species richness (data not shown) of Dino-
phyceae (Heterocapsa ssp., Prorocentrum ssp., Ceratium spp.)
and Bacillariophyceae (Pseudo-nitszchia spp., Chaetocerus ssp.,
Rhizosolenia spp.) dominated the phytoplankton community. Din-
oflagellates were the most abundant cells (Fig. 7d), representing
>50% of total phytoplankton for each period, and reaching 64% by

Vol. 24 No. 32014

summer. Diatoms contributed with 28%, 37%, and 35% of the to-
tal phytoplankton abundance during summer, winter, and spring,
respectively. Dinoflagellates and diatoms have shown a similar
vertical pattern during winter (Fig. 7a and c). Integrated water-
column dinoflagellate abundance was four times higher in spring
than winter, and 1.3 times higher than summer (Table 4). Seasona-
Ily, the highest increase of dinoflagellates/diatoms ratio was 1.34
reached from winter to summer.

Relationships between variables. Using the Spearman’s rank
correlation analysis in the water column, significant positive
relationships (p< 0.05) are recognized between water-column
temperature and Chl-a phytoplankton fractions (PN and NM) (r
=0.32to r = 0.71) and with total Chl-a (r = 0.65 to r = 0.99). Inverse
correlations (r = -0.23 to r = -0.76) between Chl-a in both phyto-
plankton fractions and salinity are observed. In spring and sum-
mer water temperature is not significantly correlated with the NM
fraction (p> 0.05), but it is positively correlated (r=0.43 to r = 0.60)
with the PN fraction through all sampled periods. During spring,
dependence of phytoplankton Chl-a fraction on salinity variability
is only significant at nearshore locations, without correlation of
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abundances see Table 1.

the NM fraction for the middle and offshore transects. Total Chl-a
concentration has higher correlation with the PN fraction, except
atnearshore zones during spring season. Dinoflagellates and dia-
toms cell abundances show positive and significant correlations
with Chl-a fraction >8 pm (dinoflagellates, r = 0.76, n = 100; and

diatoms, r = 0.93, n = 100).

DISCUSSION

Seawater temperature changes seasonally and spatially from
surface to 200 m depth, with higher values in summer when a
stronger stratifications is characteristic in the upper 100 m depth
(Fig. 2a, ¢ and e; Fig. 3a-c). In contrast, lower temperature and
more saline waters occur nearshore in spring (Fig. 2c), indicat-

ing coastal upwelling episodes (Fig. 3b). Coastal upwelling events
off Baja California appear to be associated with the predominant
northwesterly winds (8 m s~'; data not shown) mostly occurring
during spring and summer seasons (Barton & Argote, 1980; Dura-
20 et al,, 2010). The concomitant offshore Ekman transport brings
to the surface deeper and colder (more saline) waters near the
coast (Figs. 2, 3). Thus, hydrographic variability during seasons
influences the phytoplankton hiomass water column distribution,
with a typical decrease in Chl-a from nearshore to offshore zones
and PN fraction dominating offshore (Tables 1 and 2; Fig. 6d).

During spring, phytoplankton <8 pm (PN) Chl-a was the pre-
vailing fraction (>50%) throughout the water column in all but the
nearshore and middle transects, where cells >8 um fraction (NM)
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Table 4. Seasonal ratios of main phytoplankton group abundances at middle stations (middle) in the IMECOCAL region. Ratios are calcula-
ted from the upper 100 m water column integrated data (ind m~2) as shown in figure 7d.

Spring:Winter Spring:Summer Summer:Winter
Dinoflagellates 4.00 1.30 3.09
Diatoms 3.64 1.58 2.30
Flagellates 222 1.19 1.87
Total 5.23 1.97 2.66
Dinoflagellates/Diatoms 1.09 0.82 1.34

were dominant. Seasonal and interannual Chl-a IMECOCAL pat-
terns indicated that spring Chl-a maximum is the result of phyto-
plankton growth in response to upwelling-favorable northwester-
ly winds (Gaxiola-Castro et al.,, 2008).

Phytoplankton PN fraction contributed >4-fold over NM to
water-column integrated Chl-a (Fig. 6), although the latter frac-
tion is likely more important with depth in most of the sampling
locations (Fig. 5). During spring coastal upwelling episodes, to-
tal integrated Chl-a is larger nearshore (Fig. 6¢) because of the
increase in phytoplankton cells abundance (Fig. 7), mainly the
NM fraction (Fig. 6b). Nevertheless, Chl-a PN biomass is always
higher at nearshore areas, and it increases through spring (Fig.
6a) as result of its higher growth rate (Linacre et al, 2012). In ge-
neral, both Chl-a fractions showed a decrease from nearshore
to offshore locations, which is more evident for the NM fraction
(Figs. 6a and b). In the offshore zone phytoplankton hiomass has a
comparable contribution from both size-fractions, leaving/making
total integrated Chl-a (~ 60 mg m2) almost constant. This value
can be considered as a threshold for the open ocean waters of
the study area.

The main factors regulating phytoplankton size structure
under different trophic conditions are still under consideration
(Sherr et al., 2005; Irwin et al. 2006; Echevarria et al., 2009). Al-
though small-sized phytoplankton cells are considered as charac-
teristic of oligotrophic open-ocean systems (Li, 2002), they have
been reported to be also abundant in coastal upwelling ecosys-
tems (Montecino & Quiroz, 2000; Worden et al., 2004; Sherr et al.,
2005; Linacre et al,, 2012). The dominance of PN over NM fractions
in a northern Baja California coastal location (Gonzalez-Morales
et al. 1993; Linacre et al. 2010) has indicated that an increase in
total Chl-a is generally associated with an intensification in pico-
plankton biomass. Our work shows that Chl-a PN fraction genera-
Ily represents between 50 to 75% of the total phytoplankton Chl-a
concentration. It also shows that Chl-a PN/NM ratios increase
from nearshore to offshore waters and that temporal variability of
NM fraction reaches higher values than that of smaller cells. This
finding agrees with the following observations: a) phytoplankton
usually shows a decrease in their cell-size from nutrient-sufficient
coastal areas to poor-nutrient open ocean zones (Mouw & Yoder,
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2005); b) the most variable portion in the phytoplankton size-abun-
dance ranges is the microplankton fraction, and ¢) abundance of
smaller cells (picoplankton) is rather constant and plays a minor
role in the biomass variability (Rodriguez et al., 1998). Goericke
(2011) pointed out that total phytoplankton Chl-a concentration
usually declined from values up to 10 mg m= in eutrophic coa-
stal regions to <0.1 mg m=3 in oligotrophic offshore regions of
the California Current System. The lower offshore Baja Califor-
nia total Chl-a concentration and the dominance of PN fraction
suggests this oceanic region to be a mesotrophic/oligotrophic
environment.

In agreement with our Chl-a NM results, we have shown that
the oceanic Baja California epipelagic environment is characte-
rized by episodic pulses of large phytoplankton cells, particularly
during the spring upwelling period. In the spring survey, dinofla-
gellates (mainly Heterocapsa spp., Prorocentrum spp., Ceratium
spp.) were mostly observed. Some chain-forming diatoms (Pseu-
do-nitszchia spp., Chaetocerus spp., Rhizosolenia spp.) were less
significant. These two groups represent about 70% of the total
phytoplankton counts (cells >5 pm) in spring season, with ~3.6 and
2.6 times higher than those for winter and summer, respectively
(Fig. 7).

Dominance of larger phytoplankton cells from winter/spring
mixed water-column to summer stratified environment supports
the recommendation that greater cell development is improved
mainly by physical conditions (Echevarria et al., 2009). In general,
dinoflagellate and diatom structure and abundance variability has
been correlated with subsequent changes in the regional circu-
lation associated with coastal upwelling events (Tilstone et al.,
2000; Figueiras et al.,, 2004; Aguilera et al., 2009). Other authors
likewise noted that phytoplankton biomass changes in the Cali-
fornia Current were primarily driven by larger-size class’s cells
(Mullin, 1998; Anderson et al., 2008). High contributions of Chl-a
grounded on large sized cells biomass are observed along the Ba-
ja California coastal waters, particularly in spring season (Gonza-
lez-Morales et al,, 1993; Millan-Nufiez et al.,, 2004, Millan-Nufiez
& Millan-Nufiez, 2010; Linacre et al., 2012). Hernandez-Becerril et
al. (2007) described phytoplankton with relatively low species ri-
chness dominated by coccolithophorids for spring season off Ba-
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ja California, together with nanoplanktonic centric and pennate
diatoms.

During spring coastal upwelling events, colder and high sali-
nity water conditions occur atnearshore locations as result of sub-
surface waters vertical advection. The raising of the pycnocline
generates SCM formation at shallow depths, which is mainly cons-
tituted by large-size phytoplankton cells (Espinosa-Carredn et al.,
2012). As we pointed out, vertical mixing conditions, mixing layer
thickness, and phytoplankton cells advection from intermediate
waters appear to be processes mainly affecting the SCM vertical
position off Baja California (Espinosa-Carreon et al. loc.cit). Ruiz
et al. (1996) argued that if phytoplankton cells with settling velo-
cities >1.0 m d™' were concentrated at the bottom of the mixed la-
yer, larger-scaled turbulence events would recover cells and dis-
perse them in the mixed layer resulting in a net upward transport.
However, predominance of large phytoplankton cells in coastal
upwelling regimes is not only a consequence of high turbulence,
but also due to vertical advection (Rodriguez et al., 2001).

Likewise, because the mixed-layer is deeper offshore Baja
California (Jeronimo & Gomez-Valdes, 2010), it increases settling
particles velocities, forcing larger cells to settle below the eupho-
tic zone. This is consistent with the findings of this work since PN
cell contribution to SCM in open waters prevailed and is located
deeper. This suggests that off Baja California, trophic status will
determine not only the development but also the maintenance,
depth, size-structure, and magnitude of the SCM. These results
establish the importance of larger-sized phytoplankton cells pro-
ducing the spring Chl-a maximum at nearshore zones, their occu-
rrence at upper water-column layers, and the progressive increa-
se of the importance of smaller size-cells towards open waters
and at subsurface zones.

La Nifia conditions were evident in the California Current re-
gion since summer of 2007 until the first part of 2009 (McClatchie
et al, 2009). The main effects of the La Nifia occurrence were
stronger coastal upwelling events, with lowest sea surface tem-
perature. Nevertheless, surface temperature (10-m depth) off Baja
California was typically average, with phytoplankton chlorophyll
above the mean (McClatchie et al, 2009). Because in this work
we are only showing 2008-year chlorophyll data, it is not possible
to demonstrate some large scale temporal tendencies as result of
La Nifia effect off Baja California. However, from the McClatchie
et al. (2009) results, there is an apparent notorious increase in the
total chlorophyll concentration during this particular year.

In regard to the questions posed earlier, we have shown
that: 1- Phytoplankton biomass of small-sized cells (PN<8 pm) and
large-sized cells (NM>8 pm) exhibit a spatial patchiness distribu-
tion off Baja California related with hydrographic variability. Fur-
ther, an overall decline in Chl-a concentration in the upper 200 m
water-column depth from nearshore to offshore waters is consis-
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tently observed as result of decreasing water-column dynamics
offshore. 2- Water column averaged phytoplankton PN/NM ratios
range from 2 to 8, except in spring nearshore locations. These
ratios indicate the highest PN-fraction contribution to the water
column, but with NM fraction being more significant with depth
in most of the sampled transects. There is a homogenous phyto-
plankton biomass vertical pattern during winter and summer,
with spring Chl-a maxima in the upper 50 m depth particularly at
nearshore zones. Phytoplankton Chl-a increase at these shallow
depths appears to be more related with the onshore and offshore
thermocline vertical position. 3- Seasonally, PN Chl-a concentra-
tion is less variable than the NM Chl-a fraction, and they maintain
almost the same values offshore. Throughout the upwelling spring
period at nearshore locations, the NM fraction is significantly
higher than PN, with maxima for both large-size phytoplankton
cells abundance (dinoflagellates and diatoms) and biomass. Di-
noflagellates dominate the phytoplankton community through the
three sampled seasons. 4- Subsurface Chl-a maximum averaged
depth is located on shallow waters (~10-20 m) at nearshore zo-
nes. In contrast, lower concentrations and the position of the
SCM at deeper levels (50-100 m) are placed offshore, particularly
during spring season. Maxima Chl-a vertical positions appear to
be related with the thermocline vertical location described for
the region. 5- Factors controlling phytoplankton community size
structure with dominance of larger NM cells and high hiomass at
nearshore zones may be coupled with coastal upwelling environ-
ments. Meanwhile, phytoplankton community size structure with
dominance of PN fraction is most likely in the transitional (middle)
and offshore zones.

Traditional knowledge has shown that small phytoplankton
cells retain almost constant biomass levels and that autotrophs
biomass variability is in general the result of large phytoplankton
cells abundance. This seems to be the prevailing condition at the
Baja California-IMECOCAL nearshore zone of the southern Cali-
fornia Current region.
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