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ABSTRACT

Integrated total phytoplankton production (PP,,.q4) (grams of carbon per square meter per day, gC m2d"") was calculated
for the oceanic region off Cabo Corrientes, Mexico. This was done with semi-analytic models from the literature and
using chlorophyll a concentrations (Chlg,) and photosynthetically active radiation (PAR,;) from monthly composites of
the satellite sensor SeaWIFS, for May and November 2002, and June 2003. Average values for PP .4 had a seasonal
variation for the inshore (1.50 and 0.70 gC m2 d"' for May and June, and 0.38 for November) and the offshore (0.55 and
0.41 gC m2d"' for May and June, and 0.31 for November) zones. Itis interesting to note that our PP, data are similar to
the previously reported PPy values for the Cabo Corrientes region. In general, Chlg,; and PP,,,q support the previously
reported ship data, which showed intense upwelling conditions during May, an upwelling relaxation period in June,
and non-upwelling in November. Estimated PP,,,4 values are within the range of those for other upwelling enriched
ecosystems of the Pacific off Mexico.
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RESUMEN

Se calculd la produccion integrada del fitoplancton (PPp.4) (gC m?2 d') para la region oceénica frente a Cabo
Corrientes, México. Se utilizaron modelos semi-analiticos publicados en la literatura cientifica, y concentraciones de
clorofila a (Chlg,) y la radiacion fotosinteticamente activa (PARg,) de imédgenes satelitales compuestas mensuales
del sensor SeaWIFS, de mayo y noviembre 2002, y junio 2003. Los valores promedios de PP,,,4 tuvieron una variacion
estacional en la zona costera (1.50 y 0.70 gC m2 d"' para mayo y junio, y 0.38 para noviembre) y fuera de la costa (0.55 y
0.41 gC m2d-" para mayo y junio, y 0.31 para noviembre). Los datos de PP, fueron similares a los valores previamente
reportados de PPy para la region frente a Cabo Corrientes. En general, Chlg, y PP0q concuerdan con los datos
publicados previamente, mostrando condiciones intensas de surgencias durante mayo, un periodo de relajamiento en
junio y condiciones sin surgencia en noviembre. Los valores de PP,,,4 estan dentro del rango de los reportados para
otros ecosistemas del Pacifico frente a México enriquecidos por surgencias.

Palabras clave: Cabo Corrientes, surgencias, clorofila satelital, productividad primaria modelada, Pacifico Tropical
oriental.
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INTRODUCTION

Marine primary production (PP) is one of the key processes in the
global carbon cycle, controlling the uptake of dissolved inorganic
carbon in the euphotic zone and its transfer to the organic pool in
the ocean. Through the export process the carbon is transported
to the ocean’s interior and eventually transported back to the sur-
face (Schneider et al,, 2007). Total production is equal to the sum
of both new and regenerated production (PP = PP, + PP,).

One of the main limitations of estimating PP by the traditio-
nal radiocarbon ("*C) method is the small number of point samples
generated for a particular area, and the poor temporal coverage.
Thus, satellite ocean color offers an alternative to estimate the
phytoplankton primary production rates in the oceans with an
ample spatial-temporal variability that is not possible to cover
by research vessels. The early models for primary production
estimation in the ocean were based on laboratory experiments
to characterize the light-chlorophyll relationship (Ryther, 1956).
They offered the basis for models that make use of variables
measured from remote sensors (e.g., pigments, irradiance, etc.)
(Longhurst et al., 1995; Hidalgo-Gonzalez et al,, 2005). It has been
argued that instantaneous point PP values based on satellite
data are very imprecise, but when the average of satellite data
are used for whole oceanic regions, and for relatively large time
scales, such as months or seasons, the estimated PP values can
adequately represent very well the biological dynamics of those
regions (Hidalgo-Gonzalez & Alvarez-Borrego, 2004). The large
number (n) of pixels within our region of interest (Fig. 1), and for
whole months, allows for very precise pigment (Chlg,) and PAR,
(Photosynthetic Active Radiation) averages with relatively small
standard errors (s/n®3).

Remote sensors provide information on the photosynthetic
pigment concentration for the upper 22% of the euphotic zone
(Kirk, 1994). To model primary production in the water column
from satellite-derived photosynthetic pigments, estimates of
the vertical distribution of pigment concentration are required,
whereas the assumption of a mixed layer with a homogeneous
pigment distribution could lead to inaccurate estimates of inte-
grated primary production (Platt et al, 1991). The deep chloro-
phyll maximum (DCM) is a consistent feature in the ocean (Cullen
& Eppley, 1981). Generally, accounting for its presence increases
estimates of integrated production.

Radiocarbon primary production data (PP, for the area off
Cabo Corrientes covering the whole spectrum from oligotrophic
to eutrophic waters (from 0.17 up to 1.40 gC m2 day™), are very
scarce (Zeitzschel, 1969; Gaxiola-Castro &Alvarez-Borrego, 1986;
Lara-Lara & Bazan-Guzman, 2005). Lopez-Sandoval et al. (2009)
applied the ™C method to study the spatial and temporal variation
of PPy, in this region for May and November 2002, and June 2003.
However, due to the poor spatial resolution of this method, to the

Lépez-Sandoval D.C., et al.

Gulfh Inshore zone
California EH Offshore zone

24° N

O

NN

9

\{\g\\

X

Cabo
21° SanLucas

X0

X3
5%
0%
3
XL

X

S
%
%

|
o
%
3%
\
£ |
Q
N
]
5

o

|

35

S

XK
N

[ Xep]

o o

S o

=0

>

2

w

KX
QS
N ‘030‘0‘\0\////
18° MEXICO Pacific
5 \ Ocean
T T
110° W 104°

Figure 1. The region of study off Cabo Corrientes. Shaded areas
show the inshore and offshore zones, which were used to calculate
the average PP,,q values.

very few generated data, and to the ample hydrographic variabili-
ty of the zone, we decided to estimate average values of PP using
remote sensing based models (PP,,,), and to make comparisons
with average PP, values for the same months and areas within
our region of interest. Our objective was to obtain representative
average primary production values for whole months and zones
within the region off Cabo Corrientes, in contrast to few instanta-
neous point C estimates.

MATERIALS AND METHODS

The study region off Cabo Corrientes, is located between 18° and
22° N, and from 104° 10" to 107° 25" W (Fig. 1). This is the region
covered by the three oceanographic cruises of Lopez-Sandoval et
al. (2009) (locations of hydro-stations are shown in figure 2). A line
joining Cabo San Lucas and Cabo Corrientes defines the entran-
ce to the Gulf of California. Thus, the northern part of our study
area is at the southeastern portion of the entrance to the gulf.
Winds are from the northwest for most of the year, with maximum
speeds during winter and spring, and from the southeast during
summer and autumn. The region has been characterized by the
presence of mesoscale structures such as eddies, thermal fronts,
and coastal upwelling events (Lavin et al., 2006; Zamudio et al,
2007). Upwelling conditions in this region may result with alongs-
hore winds during winter and spring (Roden, 1972); and also as a
result of the interaction between coastal currents and the phy-
siography, mainly Cabo Corrientes, similar to the generation of
cold-water plumes off Point Conception, California, as described
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Figure 2a-c. SeaWIFS satellite monthly chlorophyll a (mg m?)
composite for: a) May 2002, b) November 2002 and c¢) June 2003.
The dots represent the hydro-stations of the three cruises of Lépez-
Sandoval et al. (2009). The white areas in a and ¢ panels indicate
the presence of clouds during the whole month.

Vol. 19 No. 3 = 2009

181

by Fiedler (1984). Coastal upwelling has an important effect on the
nutrient supply to the euphotic zone and hence on chlorophyll a
concentrations (Chl mg m) and PP. The geostrophic currents are
equatorward during winter and spring off Cabo Corrientes (thus
propitious to upwelling), while during summer and autumn they
are poleward (figure 7 in Keesler, 2006). This causes downwelling
near the coast, and the sinking of the thermocline, with oligotro-
phic waters at the surface during summer and autumn.

To generate the PP vertical profiles (mgC m h, with a PP,
value for each meter), we used the model proposed by Platt et
al. (1991), and the modification proposed by Hidalgo-Gonzalez
and Alvarez-Borrego (2004). Platt et al’s (1991) model is a non-
homogenous, non-spectral model, and this means that Chl is
allowed to change with depth (Chl,) by means of a Gaussian
curve that reproduces the DCM, but the change of the spectral
distribution of PAR with depth is not taken into consideration.
Hidalgo-Gonzélez and Alvarez-Borrego’s (2004) modification is a
non-homogeneous, spectral model that allows for the change of
the spectral distribution of irradiance with depth, based on the
method proposed by Giles-Guzman and Alvarez-Borrego (2000).
To estimate PP,,, (mgC m?2 d'), the region off Cabo Corrientes
was separated into an inshore zone (<60 km from the coast) and
an offshore zone (>60 km; Fig. 1) following Lopez-Sandoval (2007).
PP, was generated for each hour from dawn to dusk, with a varia-
ble PAR, for different hours of the day, and a constant Chl, with
time. Each PP, profile was integrated with depth from z = 0 to the
bottom of the euphotic zone (Z,,) to transform from mgC m* h' to
mgC m?2 h' (PP, = ZPP,, where z changes meter by meter). Z,,
was considered to be the depth where PAR, = 0.01(PAR,). Then
PP, values were integrated for the whole day to calculate PP,
= XPP,,,, with a PP, value for each hour of the day (to transform
from mgC m2 h' to gC m? d”'). Finally, to estimate PP,,,, f-ratio
values (PP,../PPnoq) Of 0.4 and 0.1 were applied to the PP,
values of the inshore and offshore zones, respectively, following
Eppley’s (1992) suggestion.

We used Platt et al's (1991) model for the inshore zone data
of May 2002, which had case Il waters (Chl>1.5 mg m):

PP, =[P";,Chlgy) 0 pag PAR,] X [(P")2 + (PAR, 0" ppg)?] %5 mgC
m3h,

where: the asterisk means that the value is normalized per
unit of chlorophyll concentration; P*, (mgC (mg Chl)" h"') is the
photosynthetic rate at optimum irradiance; Chlg,, is the average
Chl for depth z for the chosen oceanic zone (inshore or offshore),
derived from the monthly satellite composite and a model for the
Chl vertical distribution; o"pag (mgC (mg Chl)" h! (umol quanta m2
s )1) is the initial slope of the photosynthesis-irradiance (P-E)
curve; and PAR is the scalar photosynthetically active radiation
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Table 1. Model parameters to generate the average vertical profiles
of chlorophyll for each month, and for each zone, inshore (IZ) and
offshore (0Z). Chl, is the background pigment concentration, h is
the total pigment (mg m?) integrated under the Gaussian curve,
o controls the thickness of the deep chlorophyll maximum layer
(DCM), and Z,, is the depth of the DCM.

himgm?)  o(m)  Z,(m) Chl, (mgm?

Sampling Month

lz 0z 1Z 0z 1Z 02 IZ 0z

May 2002 241 77 10 18 22 30 -025 0.04
November 2002 151 72 24 25 39 43 -025 -0.09
June 2003 41 27 15 26 30 44 012 017

(400-700 nm, umol quanta m2 s ). The photosynthetic parame-
ters, P",, and o'pap, are derived from photosynthesis-irradiance
(P-E) experiments in such a way that, in combination with Chl,
they represent the whole photosynthetic capacity of phyto-
plankton, and there is no need to include the concentration of
other pigments. The implicit assumption is that, although phyto-
plankton populations can vary in their composition, their suite of
pigments does not change in such a way as to make a significant
impact on photosynthetic rates.

Hidalgo-Gonzalez and Alvarez-Borrego’s (2004) modification
was used in those cases when the chlorophyll profiles showed
case | waters (Chl<1.5 mg m?). These waters correspond to the
offshore zone of May 2002, and of both inshore and offshore
zones of November 2002 and June 2003

PPz = [P*m (I)max Chlsat(z) a*ph(z, chl) PARZ] X [(002315P*m)2
+ (PAR, @pyax @% phiz o)1 0 mgC m3 h',

In this equation @, is the maximum quantum yield (mol C
(mol quanta)’), and a* ;) (m? (mg Chi)?) is the phytoplankton
specific absorption coefficient of light averaged for the spectral
distribution of PAR at depth. This corrects the initial slope o"PAR
for the spectral distribution of the in situ scalar PAR. In place of
o'ppg the product 43.2d,,, a*,u,cny Was used (Giles-Guzmén &
Alvarez-Borrego, 2000). The factor 43.2 converts mol C to mgC,
seconds to hours, and mol quanta to pmol quanta. These expres-
sions show that in order to estimate PP, not only the surface Chl
value is needed, but also the vertical profiles of Chl and PAR.

Surface chlorophyll (Chl,) and PAR (PAR,,) monthly com-
posites were taken from the SeaWIFS sensor (Sea-viewing Wide
Field-of-view Sensor) archive data (http://oceancolor.gsfc.
nasa.gov/). These are Chlg, maps produced with the standard
algorithm of the GSFC (Goddard Space Flight Center), with a 9
km? resolution. No filter was used to smooth the original data.
An average Chlg, was taken from the monthly satellite composi-
tes, for each zone within our region. For the application of both

Lépez-Sandoval D.C., et al.

production models, an average chlorophyll profile was estimated
for each month and zone (inshore and offshore) from the ship
Chl, data in Lopez-Sandoval (2007) and it was adjusted to the
respective average Chlg,. Following Platt et al. (1988), a Gaussian
distribution function was fitted to the ship Chl, data from each
hydro-station. The Gaussian equation is:

Chl, = Chl, + [h/o(2r)*5]exp[-(Z - Z,,)4267],

where Chl, is the chlorophyll concentration (mg m~) at depth
Z (m), Chl, is the background pigment concentration, h is the total
pigment (mg m2) above the baseline Chl, (h is the area under the
Gaussian curve and it is larger than the integrated Chl for the
euphotic zone, Chl;,,), o controls the thickness of the DCM layer,
and Z,, is the depth of the DCM. For each month and zone, average
values of the parameters Chl,, h, o, and Z, were calculated to
generate a single Chl profile (table 1). Then, each average chlo-
rophyll profile was adjusted so the surface had the average value
from the satellite monthly composite. To do this, Z,, was adjusted
following Hidalgo-Gonzalez and Alvarez-Borrego (2008). Through
this adjustment Chl, was transformed to Chlg,;,. Two deep Chl
maxima were reported for the three cruises, one between 20 and
50 m, and a second generally deeper than 90 m (Lopez-Sandoval,
2007). Due to the very low values of PAR, (<1% of PAR,) for depths
greater than 70 m, estimates of PP, for the second maximum indi-
cate thatits contribution to the integrated value (PP, is not signi-
ficant. Thus, for the purpose of fitting the ship data to the Gaussian
curve, the second deeper Chl maximum was not considered.

Average PAR,, values were taken from the monthly satellite
composites for our study region, for each of the three studied
months. The SeaWIFS algorithm provides PAR,, values corres-
ponding to z = 0 (just below the sea-surface). These are daily
average values (mol quanta m?2 d'). The shape of the diurnal
variation of incident irradiance illustrated by Kirk (1994) was used
to adjust these PAR,, values to obtain average PAR,, ; values
(umol quanta m?s') for each hour from dawn to dusk. This implies
the assumption of uniform cloudiness throughout the average day.
Sets of PAR,, , profiles were generated for each zone and month
from these PAR,, , values following Giles-Guzman and Alvarez-
Borrego's (2000) method for case | waters. This method is based
on the Lambert-Beer law (PAR,, ; = PAR,, ; exp(-K,Z). This law was
applied meter-hy-meter allowing for the spectral change of irra-
diance with depth and its effect on a variable K,. When Chl, values
>1.5 mg m? were found near and at the DCM, the PAR,, , values
were calculated following Giles-Guzman and Alvarez-Borrego's
(2000) method for the surface and subsurface water layers (with
Chl, <1.5 mg m?), and a constant K, (equal to the one for Chl,=1.5
mg m*) was used for the deep layer (with Chl, >1.5 mg m?).

There are no data on the photosynthetic parameters of
phytoplankton for this oceanic region. Thus, as a first approxima-
tion, we used the average values proposed by Cullen (1990) for
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Figure 3a-b. Average vertical profiles of chlorophyll concentration
derived by fitting the in situ data of Lépez-Sandoval (2007) to the
Gaussian curve, and adjusting for the average monthly satellite
value, for the inshore (a) and offshore (b) zones. The horizontal lines
show the bottom of the euphotic zone.

these parameters: P*;,=4.8 mg C (mg Chl)" h"' and o' ppp = 0.017
(mgC (mg Chl)" h'" {(umol quanta m?2 s )'). The phytoplankton
specific absorption coefficient (&) (M? (mg Chi)') was calcu-
lated following Giles-Guzman and Alvarez-Borrego (2000).

RESULTS

Average PAR,, . values for noon were 1670, 965, and 1490 umol
quanta m? s for May and November 2002, and June 2003, res-
pectively (Fig. 2a-c). The largest average depth of the euphotic
zone (Z,,) was 54 m and it was for the offshore zone of June 2003
while the smallest Z,, was 22 m for the inshore zone of May 2002.
The May Chlg,; distribution showed relatively high values south of
Cabo Corrientes, with highest values in the inshore zone (Fig. 2a).
The June 2003 Chlg, distribution also showed relatively high values
in the inshore zone, but with a much smaller spatial coverage than
that of the May composite (Fig. 2c). The November Chlg, distribution
showed in general very low values, with few exceptions in the ins-
hore zone north of Cabo Corrientes, outside the region covered hy
the oceanographic cruises of Lopez-Sandoval et al. (2009; Fig. 2b).
The monthly mean Chlg, for May 2002 was 0.60 and 0.47 mg m for
the inshore and the offshore zones, respectively; for November 2002
it was 0.42 and 0.17 mg m? for the inshore and the offshore zones,
respectively; and for June 2003 it was 0.27 mg m* for both zones.

Table 2. Average modeled phytoplankton total and new production
(PPog and PPoe,. gC m? d”") for the inshore and offshore zones of
the region off Cabo Corrientes.

Inshore Zone Offshore Zone
Sampling Month PPiod PPew PPiod PPew
May 2002 1.50 0.60 0.55 0.06
November 2002 0.38 0.15 0.31 0.03
June 2003 0.70 0.28 0.41 0.04

Vol. 19 No. 3 = 2009

18

The average modeled chlorophyll profile for the inshore
zone of May 2002 had the largest Chl, values of all zones and
months (Fig. 3a). Its maximum was ~9.4 mg m* and it was at the
bottom of the euphotic zone. The average Chl, profile with the
lowest values was the one for the offshore zone of June 2003,
with a Chl maximum of 0.58 mg m- at 44 m, 10 m above the bottom
of the euphotic zone (not visually appreciable in figure 3b). The
euphotic zone integrated modeled chlorophyll (Chl;,) had maxi-
mum average values for May, for both, inshore (116.6 mg m?) and
offshore (38.9 mg m?) zones. November 2002 had intermediate
Chl,, average values with 41.4 and 30.7 mg m? for the inshore
and offshore zones, respectively. June 2003 presented the lowest
Chl;,; average values with 33.1 and 25.9 mg m?, for the inshore
and offshore zones, respectively.

Average PP, for the inshore zone of May 2002 was much
larger (1.50 gC m2 d') than that for the offshore zone (0.55 gC
m2 d). Average PP, for both inshore and offshore zones of
November 2002 were close to each other (0.38 and 0.31 gC m
d!, respectively). Average PP, values for June 2003 showed
a clear gradient with a higher inshore value than that of the
offshore zone, 0.70 and 0.41 gC m? d”', respectively (table 2). In
accordance with the PP, values, average PP, value for the
inshore zone of May 2002 (0.60 gC m2 d”') was larger than the
inshore value for June 2003, and this was higher than the one for
November 2002; and a similar temporal change resulted for the
offshore zone (table 2).

DISCUSSION

Phytoplankton production calculated from remote sensed data
on ocean color, which depend on parameters developed from
ship observations, yield more representative estimates of the
large-scale average production than those calculated from ship
data alone (Platt et al, 1991). Morel and Berthon (1989) indicated
that it is unreasonable and probably superfluous to envisage the
use of a light-production model on a pixel-by-pixel basis when
interpreting satellite imagery. Our objective was to obtain repre-
sentative average production values for whole months and zones
within the region off Cabo Corrientes.

The vertical resolution of the Chlg,, profiles offer significant
advantages when compared to models that use homogeneous
Chlg, profiles, because they take into account the phytoplankton
biomass and the light field vertical variability throughout the
water column. Based on the hydrography, Lopez-Sandoval (2007)
defined the two zones within the Cabo Corrientes region, inshore
and offshore.

Lopez-Sandoval et al. (2009) reported that the upwelling
index shows the beginning of the upwelling period in January, it
is relatively intense from March through May, relaxing in June,
and with a non-upwelling period from July through December.
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Lopez-Sandoval et al. (2009) also reported low values of sea sur-
face temperature (SST) and high Chl near the coast with uplifting
of the thermocline towards the coast for May 2002 and June
2003. During May and June, the enrichment of the coastal zone
seems to be the result of nutrient inputs from below the euphotic
zone as a result of upwelling. This was in spite of a moderate El
Nifio reported for the years 2002 and 2003 (Durazo et al., 2005).
This event was detected in March 2002 for the area between
5° S and 5° N. El Nifio events arrive about half a year later to
the entrance region of the Gulf of California (Robles-Pacheco
& Christensen, 1983). Thus, our May 2002 data were collected
previous to the arrival of this El Nifio. A thorough analysis of data
on sea surface temperature and sea-level anomalies would be
necessary to find out if the effect of this El Nifio was significant
for our June 2003. This migth explain the relatively low values of
Chl, obtained for this month. Nevertheless, as it was mentioned
above, there is evidence of upwelling in our study area during
June 2003.

In general, the parameters that were used in this study
to model the vertical chlorophyll profile could be considered
as representatives of the two zones and the three periods that
characterize the region. However, more ship Chl data are needed
to better characterize the means of the Gaussian parameters and
their temporal and spatial variation.

Rigorous comparison of satellite-derived PP, values with
average results from ™C incubations is difficult due to the very
different time and space characteristics of these measurements
(Hidalgo-Gonzalez & Alvarez-Borrego, 2004). Nevertheless, it is
interesting to compare both kinds of data. Our PP, average
values largely overestimated (they are two or threefold) the PP,
average values from Lopez-Sandoval et al. (2009) for both inshore
and offshore zones. Lopez-Sandoval et al.'s (2009) PP,,; data are
very few and very scattered, with a large standard error (up to
88% of the mean). However, in agreement with the PPy, results
reported by Lopez-Sandoval et al. (2009), our PP, values were
highest for May (within the relatively intense upwelling season),
they were followed by those for June (during the upwelling
relaxation period), and they were lowest for November when
stratification was strongest.

Gaxiola-Castro and Alvarez-Borrego (1986) reported two
point instantaneous PPy, values for January (within the upwe-
lling season) and for the offshore zone off Cabo Corrientes (0.41
and 1.40 gC m? d,), and Lara-Lara and Bazan—Guzman (2005)
reported 0.17 and 0.42 gC m? day' also for January, compared
to our PP,y average value of 0.55 gC m? day' for May 2002. On
the other hand, Zeitzschel (1969) reported a single instantaneous
point estimate for our offshore zone and for November (0.45 gC
m2 day), which is 45% larger than our PP, average value for
that month. Thus, these PP, data suggest that phytoplankton
production is very patchy in this region of the ocean and that our
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PP..q average values may be much more representative than
instantaneous point estimates.

Possibly, part of the differences between PP,y and PPy,
were due to the use of constant values for the photosynthetic
parameters in a region of ample spatial and temporal environ-
mental variability. The effect of nutrient concentration is not
explicit in our primary production models because it is implicit
in the Chl values. Nutrients control phytoplankton biomass but
have a very weak effect on photosynthetic parameters (Cullen et
al, 1992). It has long been known that photosynthetic parameters
change with depth and time (Falkowski & Owens, 1980; Valdéz-
Holguin et al,, 1999). Also, Montecino et al. (2004) have shown that
there are significant variations of the photosynthetic parameters
during upwelling events; usually they have lower values during
the intense phase of upwelling than during the relaxation period.
Tonn et al. (2000) also reported lower values for the photosynthe-
tic parameters in the upwelling area of the Arabic Sea than those
for the surroundings. Conditioning to a higher irradiance regime
could produce higher photosynthetic parameters (Falkowski &
Owens, 1980). When upwelling is intense phytoplankton is con-
ditioned to a lower irradiance regime, because water is arriving
at the euphotic zone from below, and when upwelling relaxes or
there is strong stratification phytoplankton cells at or near the
sea surface are conditioned to a higher irradiance regime. Data
on time and space variation of photosynthesis-irradiance (P-E)
parameters are needed for this region off Cabo Corrientes.

The submarine light field (PARz) is very well characteri-
zed by the methodology reported by Giles-Guzman & Alvarez-
Borrego (2000). In spite of possible errors, ocean color satellite
imagery are very consistent; the seasonal cycles and the spatial
variation of Chlg, behave very much as expected according to
physical phenomena such as currents, eddies and the occu-
rrence of upwelling (Hidalgo-Gonzalez & Alvarez-Borrego, 2004).
Trees et al. (2000) reported that, despite the various sampling
periods and numerous geographic locations, there are consistent
patterns in the ratios of the log accessory pigments to log total
Chl (Chl a, Chl a allomer, Chl a epimer, and chlorophyllide a), and
there is a strong log-linear relationship for these ratios. Trees
et al. (2000) indicated that this log-linearity largely explains the
success in remotely sensed chlorophyll algorithms, even though
phytoplankton populations can vary in their composition and
suite of pigments. Thus, most of the uncertainties of PP, values
for this region of the ocean are mainly due to the lack of proper
knowledge on the variations of the photosynthetic parameters
(P, and o'pap, and quantum efficiency derived from the latter
as shown above). Nevertheless, even with average photosyn-
thetic parameters as those used in this work, a reasonable first
approximation to the hiological dynamics of this region has been
attained. The seasonal and spatial variations of PP have been
described in a similar fashion as that using the *C method, but
with a greater spatial and temporal coverage.
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Satellite primary production off Cabo Corrientes

Pennington et al. (2006) used satellite ocean color ima-
ges to show that during spring this region off Cabo Corrientes
develops high pigment concentrations, and this is mainly due to
coastal upwelling events. On the other hand, during late autumn
(November) the lowest Chl and PP, were registered. This was
probably due to downwelling causing a deeper and stronger
thermocline. This caused the inshore and offshore zones to exhibit
similar PP,,,4 values due to very oligotrophic coastal waters. The
vertical salinity distribution reported by Lopez-Sandoval (2007)
clearly show the low surface values inshore indicating the pre-
sence of the Surface Equatorial Water Mass, with warm and low
nutrient waters. A factor causing part of the decline in PP, for
November 2002 was the relatively low PAR, average value, 965
umol quanta m? s compared to 1670 for May 2002. This caused
~14% of the difference between the PP, estimates for these two
months, the rest of the difference was caused by the larger Chlg,
values for May. The relatively low PAR, November values were
due to the seasonal cycle of irradiance and the relatively large
cloud coverage during this month.

The spring PP, values for our study area were of similar
magnitude as the values reported for other productive regions
off the Mexican Pacific coast. For example, Alvarez-Borrego
and Lara-Lara (1991) reported 26 PP,,; data for “winter” condi-
tions of the central Gulf of California with an average of 1.43 gC
m2 d". They reported 12 values for the big islands region of the
gulf with an average of 2.1 gC m2 d"', and four values for the
northern gulf with an average of 1.1 gC m?2 d',compared to our
May value of 1.50 gC m? d"" for the inshore zone. Also, our spring
inshore PP,,4 rates are comparable to the PP, data reported
by Gaxiola-Castro and Alvarez -Borrego (1986) for the entrance
to the Gulf of California (for January, from 0.19 to 1.40 gC m2 d*'),
and to the satellite-derived values reported by Hidalgo-Gonzalez
and Alvarez-Borrego (2004) for the upwelling season of the Gulf
of California (1.16 - 1.91 gC m2 d-).

Our PP,,,, values for the inshore zone are between half and
~150% of the values reported by Hidalgo-Gonzalez and Alvarez-
Borrego (2004) for the entrance region of the Gulf of California.
The value for May 2002 is between ~45% and ~85% of those
reported by these latter authors for the upwelling season of the
middle and northern Gulf of California.

The description of the temporal and spatial variability of
PP..., may give us an idea of the variability of the flux of organic
matter out of the surface layer. Since the organic matter is degra-
ded in its way down to the bottom and only the most refractive
particles reach the bottom, e-ratio values (the fraction of PP
reaching the bottom) are expected to be smaller than fratios.
Organic particle flux has not been measured in our region of
interest. Therefore, data needs to be generated on this issue
for a clear understanding of its benthic ecological dynamics. In
any case, the PP, seasonality in the region off Cabo Corrientes
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shows that this flux of organic matter is much lower during sum-
mer and autumn than during the upwelling season.

Our data show that the region off Cabo Corrientes exhibits
significant seasonality in the PP, rates. In general, seasonal cycles
are weak over much of the open-ocean eastern tropical Pacific, but
several eutrophic coastal areas do exhibit substantial seasonality
(Pennington et al, 2006). Our results corroborate it. Undoubtedly, this
is a response to the physical and chemical environmental variability
of the study area. This was caused by upwelling that enhances the
rates of nutrient supply to maintain high levels of primary production,
much above those of oligotrophic waters.
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