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ABSTRACT

As the pigment present in all photosynthetic phytoplankton species,
chlorophyll-a (CHLA) is the most common indicator of the phytoplankton
biomass in any aquatic ecosystem, and thus the quantification of its seasonal
variability is key to understanding the dynamics of the marine ecosystem. Based
on in-situ observations systematically gathered during four seasons in different
years, this paper reports the surface CHLA concentrations in the central part of
the Bay of La Paz, Gulf of California, Mexico. The in-situ data are compared
and supported by satellite observations at 1 km/pixel of resolution from the
Moderate Resolution Imaging Spectroradiometer. The results show clear
seasonal variability, with the highest values recorded during winter time, while
the lowest values were recorded during summer. Spring and fall represented
seasons of transition. Satellite observations were consistent with the variability
observed in in-situ data. The seasonal variability observed could be related to
different mechanisms including the local atmospheric forcing, which induces
wind-driven mixing and changes in the heating/cooling of the water column.
The results presented here contribute to our understanding of the phytoplankton
population dynamics in the Bay of La Paz, a highly productive region that
supports different species with great importance both ecologically and
economically.
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INTRODUCTION

Chlorophyll-a (CHLA) is the most abundant pigment on Earth, is a key component of
the climate carbon system, and as the pigment present in all photosynthetic
phytoplankton species, is the most common indicator of the phytoplankton biomass in
any aquatic ecosystem [1,2]. Thus, quantification of its seasonal variability is key to
understanding the dynamics of the marine ecosystem, particularly in coastal areas, as
these sites are areas for refuge, feeding and spawning for several ecologically and
commercially important species [3], predominantly in regions that have been
characterized as hot-spots of biodiversity [4].

The Gulf of California and adjacent areas are unique and highly productive ecosystems
that support an immense biodiversity, including endemic, endangered, threatened and
protected species [5]. The Bay of La Paz is the largest basin within the gulf, and is one
of the most important coastal regimes as it represents an environment of great
biodiversity and productivity that supports an abundant variety of megafauna [6].
Additionally, because of its location, near the connection with the open Pacific Ocean,
the bay represents a sensitive recorder of regional variations in the subtropical Pacific
Ocean [7], the major source of interannual variability in the area being related to the El
Nifo/Southern Oscillation [8]. At the center of the Bay of La Paz there is a marginal
basin with a maximum depth of 420 m named the Alfonso Basin, which has been
classified as a slope basin produced by extensional tectonics in a borderland type
margin setting [9]. This region has been characterized as highly dynamic, mainly due
to the confluence of oceanographic processes that are present inside the basin at
different scales and induce mixing within the water column and enhance the nutrient
concentration in the euphotic layer, thus inducing high levels of CHLA. This process
involves internal waves [10] and mesoscale cyclonic eddies [11], which in turn regulate
the biological productivity in the region, particularly that of phytoplankton.

In the Bay of La Paz, CHLA variability has been associated with normal periods of
surface layer heating and cooling, which in turn determine the mixed layer and the
availability of nutrients that promote a high phytoplankton biomass [12]. Based on in-
situ observations, the seasonal variability of CHLA in the Bay of La Paz was evaluated
by Martinez-Lépez et al. [13], who linked the physical forcing with the CHLA
concentration, showing an inverse relationship with temperature and water column
transparency; the lowest values were found during the warmest season as a result of
strong water stratification while the highest values were observed during the coldest
season as a result of mixing processes in the water column. Reyes-Salinas et al. [14]
documented the effect of water column stratification during summer, calculated using
the stratification index, showing inhibition of the fertilization of the surface layers and
thus primary productivity levels, which partially explains the seasonal variability in the
Bay of La Paz.

Recent information suggests that the most conspicuous process within the bay that
regulates biological production is the presence of a mesoscale cyclonic eddy that has
been documented throughout the year and is assumed to be quasipermanent. This eddy
has been associated with the generation of an Ekman nutrient pump that induces a high
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nutrient injection (particularly nitrate) and enhances the CHLA levels in the euphotic
layer [11], which in turn lead to the differential distribution of diatoms and
dinoflagellates [15], and a zooplankton aggregation in the eddy field [16].

This paper reports changes in the surface CHLA concentration in the central portion of
the Bay of La Paz, based on in-situ observations gathered on board the research vessel
(R/V) “El Puma” owned by the National Autonomous University of Mexico, during
four scientific expeditions covering the winter, spring, summer and fall seasons. The
results obtained from the in-situ observations are compared and supported by satellite
data obtained from the Moderate Resolution Imaging Spectroradiometer (MODIS),
coinciding with the dates when the research cruises took place. The results contribute
to our understanding of the dynamics, in terms of the seasonal variability of
phytoplankton biomass, of the Bay of La Paz, a highly productive region that supports
different species with great importance both ecologically and economically.

MATERIAL AND METHODS
Study area

The Bay of La Paz is located in the southern part of the Gulf of California, close to its
connection (~200 km) with the open Pacific Ocean. It is the largest basin in the gulf,
covering an area of ~3400 km2. The bay and the gulf are connected through two
openings, with different dynamics; in the north, the Boca Grande is the main source of
exchange for surface waters between the gulf and the bay because it is wide and deep,
while in the southern part of the bay, the San Lorenzo channel joins the bay to the gulf
through a shallow and narrow opening. The bay reaches its maximum depth (420 m) in
the central area, in a marginal basin named the Alfonso Basin, which is highly dynamic
due to the oceanographic processes that occur there, including internal waves and the
presence of a quasipermanent cyclonic eddy [10, 11]. This region is also highly
dynamic in terms of its seasonal pattern of winds, with the prevalence of high velocity
(>10 m s1) and persistent northwesterly winds during the winter, and the occurrence of
low wind speed conditions (<5 m s) associated with frequent calm periods during the
summer [17]. This high variability in the wind pattern has been associated with different
mixing processes that occur in the bay, and that ensure the availability of nutrients for
the phytoplankton communities [4, 11]. The contribution of rivers to the bay is
practically nil, which gives it the characteristics of an open ocean environment.

Sampling strategy

In this research a total of 20 hydrographic stations were systematically sampled in four
oceanographic expeditions on board the R/V “El Puma” during four different seasons
in different years (Figure 1). The hydrographic stations were selected by considering
that the central portion of the bay, in the Alfonso Basin, is the region with the highest
hydrodynamics in the Bay of La Paz, therefore making it of special scientific interest.
The information used in this paper was collected during the following scientific
expeditions: 1) “DIPAL-V”, which took place in the winter of 2012 (December 9-12,
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2012); 2) “DIPAL-IV”, which took place in the spring of 2011 (May 26-29, 2011); 3)
“DIPAL-III, which took place in the summer of 2009 (August 12-16, 2009) and 4)
“PALEOMAR-I”, which took place in the fall of 2014 (November 22-25, 2014).
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Figure 1. Location of the study area, a) The Gulf of California, and b) The Bay of La
Paz. + symbols in red represent the hydrographic stations. The bathymetry is shown in
meters.

At all hydrographic stations, a General Oceanics rosette equipped with 10 L Niskin
bottles was used to collect water at the surface (2 m depth) for spectrophotometric
determinations of CHLA. Immediately after collection, sub-samples of =3 L were
vacuum filtered with a stainless steel vacuum manifold system at less than 10 psi,
through nitrocellulose membrane filters (Merck Millipore Company, MA, USA), with
apore size of 0.45 um and 47 mm in diameter. After filtration, the filters were deposited
in plastic centrifuge tubes (covered with aluminum foil to avoid the negative effects of
light) and then stored in dark conditions at -20 °C prior to processing. During the
filtering process, precautions were taken on board to work in low light conditions to
prevent any possible degradation of the samples.
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Laboratory analyses

The samples were analyzed in the laboratory immediately after the research cruise. The
CHLA was extracted with 90% acetone for 24 h in dark conditions and frozen at -20 °C
[18, 19]. Following extraction, the samples were centrifuged at 4500 rpm (Eppendorf
centrifuge 5840) for 30 min, then three measurements of absorbance were taken,
following the protocols of Strickland and Parsons [18], at 750, 664, 647, and 630 nm
using a Genesys 10S UV-VIS (Thermo Scientific) spectrophotometer. During the
analyses, the measurements were taken while maintaining low light conditions in the
laboratory to prevent degradation of the samples.

Satellite images

Satellite images of CHLA during the dates when the research cruises took place were
obtained from MODIS of the NASA Ocean Color  Browser
(https://oceancolor.gsfc.nasa.gov/cgi/browse.pl). The images, with a spatial resolution
of 1 km/pixel, were processed using SeaDAS version 7.4 following standard
algorithms, and applying filters to remove low quality data. Before mapping, different
filters were applied including CLDICE, HILT, LAND, and STRAYLIGHT.

RESULTS AND DISCUSSION

The CHLA levels obtained in the in-situ determinations showed interesting variations
with progressive changes according to each season. The highest CHLA concentrations
were recorded in the winter, ranging from 0.30 to 9.87 mg m 3 with the maximum values
observed into a core in the region close to Roca Partida Island (Figure 2a). During
spring the CHLA values ranged from 0.13 to 3.18 mg m, with the maximum values
located in the same region as observed in winter (Figure 2b). The lowest values were
recorded in the summer, with a maximum of just 1.17 mg m, and a homogeneous
distribution throughout the study area (Figure 2c). During the fall, the CHLA values
showed an incremental increase with respect to the summer, ranging from 0.04 to 2.60
mg m and with the maximum values in the central part of the study area (Figure 2d).

The Bay of La Paz and adjacent areas are characterized by low cloud conditions
throughout the year, making it an interesting region for analyzing seasonal variations
of CHLA derived from satellite imaging [20]. In this study, the satellite data obtained
showed a clear signal due to the cloud-free conditions, with variations for each season
supporting the in-situ observations, and although there were differences in their
absolute values, it is important to keep in mind that there is natural variation between
the extracted CHLA concentration and the data derived from satellite images due to
changes in the quantum yield of phytoplankton [20].
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Figure 2. Surface CHLA distribution in the central part of the Bay of La Paz during
four different seasons, a) winter, b) spring, c) summer, and d) fall.

The satellite observations showed that the highest values for the four target seasons in
this study were recorded during the winter, reaching values of 10 mg m= in the western
part of the bay, close to the coast (Figure 3a). This high concentration could be related
to the presence of the mining industry active in San Juan de la Costa, which could
represent a source of nutrients, particularly phosphate. The values observed in spring
were lower than those observed in winter, ranging from 0.20 to 1.40 mg m= (Figure
3b). The lowest values of CHLA were observed in the summer, reaching only 0.30 mg
m3 (Figure 3c). During the fall season, the values of CHLA showed an increase with
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respect to those observed in the summer, reaching values of ~2.00 mg m in the central
part of the bay (Figure 3d).

The strong variability observed in the CHLA values in the different seasons sampled in
this study, with maximum values during winter and minimum during summer, suggest
that there are several physical mechanisms acting on the phytoplankton communities
inside the Bay of La Paz throughout the year. One of these could be related to the wind
patterns reported in the study area. During the winter, strong and persistent winds
induce strong mixing within the water column, which ensures high nutrient
concentrations in the euphotic layer available for the phytoplankton where the highest
values of CHLA were observed. In contrast, during the summer the low wind speed
conditions associated with frequent calm periods inhibit mixing of the water column,
and thus there are no nutrient fluxes in the euphotic layer, leading to the lowest values
of CHLA [12].
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Figure 3. Satellite CHLA distribution in the central part of the Bay of La Paz during
four different seasons, a) winter, b) spring, ¢) summer, and d) fall.
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Another mechanism that could be involved in determining the observed seasonal
variability in the levels of CHLA is related to the heating and cooling of the surface
layer throughout the annual cycle. Indeed, during the summer the maximum irradiance
levels induce high values in the sea surface temperature, which results in strong
stratification of the water column. This inhibits the flux of nutrients to the euphotic
zone, prompting the formation of a warm and oligotrophic surface layer, which in turn
explains the low CHLA concentrations observed. During the winter, the surface layer
begins to cool due to changes associated with irradiance levels. This heat loss induces
convective vertical movements, which in turn generate mixing in the water column and
therefore ensure a suitable nutrient concentration for phytoplankton, leading to high
CHLA values [21, 22]. Under this scenario, heat loss and convective vertical
movements associated with the presence of strong winds would generate intense mixing
in the water column, which explains the high concentrations of CHLA observed during
the winter.

Seasonal variabilities in CHLA levels have been documented in different domains
worldwide in agreement with our results. In the Mid-Atlantic Bight two major periods
of high CHLA have been reported i.e., fall-winter and spring, associated with the
occurrence of storms that induced mixing of the water column [23]. Off the western
coast of Sabah (Malaysia), CHLA levels increase during the winter-spring season
(December to April) due to the strong northeasterly winds of the region and the
occurrence of a coastal upwelling [24]. Strong seasonal variability has been reported in
the Gulf of Alaska, with maximum values during winter-spring as a result of different
combinations of environmental variables [25]. In the Bay of Bengal (India) strong
seasonal variability in CHLA levels has been reported as a consequence of changes in
the deep mixed layer, which in turn was associated with wind-driven mixing and the
local atmospheric forcing [26].

The results presented here contribute to our understanding of the Bay of La Paz, a region
considered as a hotspot of biodiversity and a region that is increasingly threatened by
anthropogenic forcing, making it essential to determine the baseline conditions of the
system in order to establish the repercussions of possible changes and their effects on
the marine ecosystem, particularly on the phytoplankton community, a group of
organisms that is essential for all marine trophic webs and is important in any marine
ecosystem due to its contribution to mitigating climate change by reducing global CO-
levels.
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