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Bahia Magdalena is a coastal lagoon with an enormous biological and fishing wealth;
it is located in the Pacific coast of Baja California (Mexico), a transitional zone between
tropical and temperate regions which is strongly affected by the global-scale climate
phenomena. The objective of this work was to determine the impact of the unusual and
consecutive warming events known as The Blob (TB2013-2015) and the 2015-2016
El Nino on the hydrological characteristics and plankton communities, the lower levels
of the trophic web, from January 2015 to December 2017. This coastal lagoon
lacks river runoff and primary producers depend on the upwelling’s nutrient supply.
The environmental variables analyzed were the upwelling index (PFEL-NOAA), the air
and sea temperature, salinity, nutrients, and chlorophyll-a. The species composition,
species richness and the Shannon-Weiner diversity index were used to describe some
aspects of the phytoplankton community structure and its phenology. The biomass
and mortality of zooplankton also were analyzed. The seasonal pattern of hydrology
was described with data collected in nine sampling stations. An alternative approach
used with both biological and environmental datasets was to select representative
sampling stations located in the vicinity of the inlet and in the interior of the lagoon.
Chla-fluorescence imagery collected by the MODIS-Aqua satellite was used as an
indicator of phytoplankton abundance. Statistical analyses included bi- and multivariate
parametric and non-parametric tests. Principal component analysis was used to
describe the seasonality of hydrological data and the canonical correlation analysis to
relate environmental and biological datasets. The increase of temperature at a global and
local scale in 2015 had as consequence an atypical increase in the water temperature
in the fall of 2015, coincident with the abrupt diminishing of upwelling strength and input
of nutrients advected from the ocean. A recovery of these two variables was recorded in
2016 at the end of the EI Nifio. The most abundant group of phytoplankton species were
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diatoms. Algal blooms were composed by species adapted to high temperatures and
nutrients depletion in 2015, while in 2016 and 2017 were composed by ruderal-
strategist species and they were boosted by the nutrient pulses associated with the
spring upwellings. The fall algal bloom, typical of subtropical coastal lagoons, was
observed only in 2016 and it was confined to the interior of the lagoon where there
are local inputs of nutrients. In 2015 and 2016 there was a succession of diatoms and
dinoflagellates related to the rising of temperature while in 2017 this pattern changed
because of the strong upwellings. The relationships of water temperature and silicate
with a ratio of diatoms’ cell abundance, was analyzed using generalized additive models
(GAMSs), showing significant correlations but different trends in some years. The species
richness of diatom blooms was high; on the other hand, species diversity increased
at the end of spring and early summer. The seasonal pattern of zooplankton biomass
showed changes along the 3 years, but the most noticeable was an increase during
winter and early spring 2015 and the lack of the usual high values of June-July in 2017.
The seasonal pattern of the phytoplankton abundance was different in comparison with
the 1982-1983 El Nino while the zooplankton was similar among the three strongest
El Nino. The changes we observed strongly suggest that the warming caused by
those phenomena highly affected the upwelling strength, the length of the temperate
and warm seasons and the hydrology. Phenology of phytoplankton and zooplankton
changed after the strong perturbation under the El Nino, and possibly The Blob. The
recovery of phytoplankton biomass began in 2017, but its taxonomic composition was

not adequate to support the zooplankton recovery.

Keywords: The Blob, upwellings, nutrients, plankton biomass, phytoplankton structure

INTRODUCTION

Bahia Magdalena (BM) is one of the most important coastal
lagoons in Mexico for its biological and fishing wealth;
it is located on the southwestern coast of Baja California
(24.26-25.75° N, 111.33-112.30°W), a transition zone between
tropical and subtropical environments of the Eastern Pacific. This
lagoon is an anti-estuary because it is in a semi-arid zone and
lacks permanent continental drainages. The lagoon area covers
565 km?, and two zones can be identified according to depth
and thermohaline structure: the inner zone is shallow (<20 m)
and occupies approximately half of the lagoon’s surface, it is
characterized by a homogeneous vertical distribution of salinity,
temperature, nutrients and Chl-a (Cervantes-Duarte et al., 20105
Zaitsev et al., 2010). The deeper zone (>20 m) is connected to
the ocean through a mouth, and the influence of the sea can be
identified there due to the thermohaline stratification modulated
by the coastal upwelling activity (Zaitsev et al., 2010).

Coastal upwellings are the primary source of BM nutrient
supply, and the tidal currents advect cold nutrient-rich water
from the ocean to the lagoon (Zaytsev et al., 2003; Cervantes-
Duarte et al, 2010). The temperature diminish, and nitrate
and phosphate concentrations increase from March to June, the
period of considerable upwelling strength; ammonium is also
higher in this period and is associated to high biological activity.
The rest of the year the temperature is high and the upwelling

strength and the advection of nutrients are lower (Cervantes-
Duarte et al., 2013).

This region is periodically influenced by the temperate
California Current (winter-spring), and a coastal current
from the Mexican tropical Pacific and the Gulf of California
(summer-fall; Durazo, 2015; Goémez-Valdivia et al., 2015).
Global-scale climate processes, such as the El Nifo-Southern
Oscillation (ENSO) and the Pacific Decadal Oscillation (PDO),
among others (Sydeman et al., 2014), enhance the tropical
or temperate characteristics according with their phase. The
PDO closely tracks the first mode of North Pacific sea surface
temperature variability and “likely includes both tropical and
extra-tropical sources of decadal variability” as the ENSO
(Alexander et al., 2002).

The temperature in the northeastern Pacific Ocean from
2013 to 2016 was high due to the succession of The Blob
(TB; fall 2013-spring 2015) and a warm phase of the ENSO
(El Nino; summer 2015-spring 2016). TB consisted in a large
mass of relatively warm water in the Pacific Ocean off the
coast of North America which modified atmospheric and
marine temperature, wind patterns, upwelling strength, and
productivity from Alaska to Baja California, (Leising et al., 2015;
Mcclatchie et al., 2016; Robinson, 2016; Zaba and Rudnick,
2016). TB was the result of the enhanced ocean-atmosphere
coupled mode of variability in the tropical and North Pacific,
and in the northeastern Pacific forced by the strengthened
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North Pacific Oscillation-like atmospheric pattern since 2013.
The second ocean-atmosphere mode reflected the meridional
variability through the tropical-extratropical teleconnection, and
it was an important precursor to the ENSO variability (Tseng
et al, 2017). These authors concluded that TB was a clear
precursor of (but not a direct cause of) the 2015-2016 El Niio,
representing the typical extra-tropical impact from the Northern
Hemisphere.

TB caused physical-chemical anomalies at the northeastern
Pacific Ocean as deeper thermoclines and nutriclines and strong
stratification, which led to a decrease in nutrient fluxes and
modified the vertical distribution of chlorophyll-a (Chl-a) (Zaba
and Rudnick, 2016). This warming had an impact on the
marine communities with intense, harmful algal blooms (HABs)
caused by the diatom genus Pseudo-nitzschia after upwelling
events (Du et al, 2016), the stranding of marine mammals
and birds, in areas of United States and Canada, as well as
the presence of several tropical fish species in more temperate
areas (Cavole et al., 2016). The El Niflo began in summer 2015,
and its maximum intensity was reached in November 2015
(World Meteorological Organization, 2016). It was comparable
to 1982-1983 and 1997-1998 events (Gawthrop et al., 2016).

The seasonal temperature patterns in BM changed during
the El Nifio; positive temperature anomalies were measured in
spring of both 1983 and 1997 (Lluch-Belda et al., 2000). On
the other hand, water coming from the equatorial Pacific Ocean
deepened the thermocline, which together with weakened winds
diminished coastal upwelling along Baja California (Durazo and
Baumgartner, 2002). Species richness, diversity and abundance
of phytoplankton in BM decreased during the 1982-1983 El
Nifio and had a slow recovery process starting in 1985 and
completed in 1986 (Gdrate-Lizdrraga and Siqueiros-Beltrones,
1998). In contrast, the seasonal pattern of Chl-a, an indicator
of phytoplankton biomass, was recovered in 1998 when the
El Nifio ended (Palomares-Garcia et al., 2003) but the highest
Chl-a concentration was approximately 25% smaller than in 2006
under ENSO-neutral conditions, and the weak 2007 El Nifio
(Palomares-Garcia et al., 2003; Cervantes-Duarte et al., 2010).
Zooplankton biomass (ZB) decreased in BM during both strong
the El Nifio (Palomares-Garcia et al., 2003; Hernandez-Trujillo
etal., 2010).

Prolonged warming periods as 2013-2016, might be more
frequent in the future in the northeastern Pacific Ocean due
to feedback between the North and equatorial Pacific Ocean
climatic processes (Di Lorenzo and Mantua, 2016), causing
significant changes in the transitional region’s ecosystems located
in Baja California. Plankton and environmental studies carried
out in BM for decades (Funes-Rodriguez et al., 2007) indicated
changes in the abundance of several species during the strong
1982-1983 and 1997-1998 El Nifno. However, these studies are
insufficient to describe and analyze in detail the effects of a
more extended warming period over the phytoplankton and
zooplankton communities (the basis of the trophic web). The
goal of this paper is to identify the variations in the plankton
community structure and phenology, in response to changes in
hydrological characteristics caused by the warming events from
2015 to 2017.

MATERIALS AND METHODS

Monthly 2008-2017 temperature anomalies measured in Ciudad
Constitucion, located 50 km from the BM lagoon (25,083°N,
111,824°W, altitude: 48 MAMSL), were used to describe climatic
variability at local scale, because the correlation between daily
air temperature of this locality and Puerto Cortes (PC), in the
adjacent Bahia Almejas, was significant in 2014-2015 (R = 0.93,
P < 0.05), and PC data were insufficient to calculate anomalies.
Temperature climate normal was the average of 1961-2001
(Ruiz-Corral et al., 2006).

The Cumulative Coastal Upwelling Index or CUI (Pacific
Fisheries Environmental Laboratory-NOAA) was used to
describe the upwelling phenology of the 3 years (Bograd et al,,
2009) and to compare it with the 1967-2010 average. Slope
and residuals of a simple linear regression analysis applied to
CUI vs. time (Julian days) were used to define the upwelling
seasons (US). The days in which the Upwelling Index (UI) was
higher than 100 m3 s~! per 100 m of coastline (UI > 100) were
accounted for and compared with the 1967-2010 average. This
value corresponds to the strongest events (Zaytsev et al., 2003).

Thirty-six sampling campaigns were carried out, in 1 day per
month, during neap tides so that conditions were comparable and
to diminish the effect of strong currents. The water temperature
(TW), salinity and depth were measured with a CTD SeaBird
19 plus. Samples for the analysis of oxygen, inorganic nutrients,
and Chl-a were collected on the surface and the bottom in nine
stations (E1-E9, Figure 1), whose coordinates were determined
with a Garmin GPSMAP 276C GPS (Datum WGS 1984). At
sites deeper than 20 m (E5-E8) another sample at mid-depth
(10-15 m) was taken. Dissolved oxygen was determined by the
Winkler titration method according to Strickland and Parsons
(1972). The percentage of saturation was calculated with the
equation proposed by Weiss (1970). Samples for Chl-a analysis
were filtered through GF/F fiberglass filters, and the extraction
was made with the Venrick and Hayward (1984) procedure.
The Chl-a concentration was determined with the method of
Jeffrey and Humphrey (1975) using a Spectronic Genesys-2
spectrophotometer. Water samples for nutrients were filtered
(except silicate) and preserved with standard methods; the
analysis was made with the techniques described by Strickland
and Parsons (1972).

The TW, salinity, and density (TSD), concerning changes
in the adjacent marine zone were described with data from
E7, located at the channel of communication with the ocean
(lagoon’s mouth). The temperature anomalies correspond to the
difference between the TW measured on the surface and the
1981-1998 average (Lluch-Belda et al., 2000). On the other hand,
the dissolved oxygen, percentage of oxygen saturation, nitrite,
nitrate, phosphate, and silicate concentrations were calculated as
the semester averages per depth-level (0 m, 4-10 m and >15 m)
to compare their variability among years. We also contrasted the
nutrients concentrations and Chl-a of the inner (E1, E2, and E9)
and outer stations (E6 and E7). The comparisons between levels,
semesters and stations were made with the non-parametric rank
sum test of Mann-Whitney and the Kruskal-Wallis H test (Sokal
and Rohlf, 1987).
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FIGURE 1 | Bahia Magdalena lagoon, Mexico. PSC, San Carlos Port. Sampling sites for hydrological analysis. E1, EI muellecito; E2, Punta Gato; E3, La Herradura;
E4, La Palmita; E5, Canal La Gaviota; EB, Yellowtail amberjack culture; E7, lagoon’s mouth; E8, Magdalena Town; E9, Oyster culture. Symbols show the sampling
stations and circles the stations where plankton hauls were done. The lagoon was divided into four quadrants Q0-Q1 to FLH analysis. Bathymetry is indicated as a
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Monthly values of each sampling station, as well as variables
of each year, were analyzed by principal component analysis
(PCA) to identify the most influential variables on the system
variance, both in spatial and temporal aspects. Average values
of each variable per sampling station were subjected to
an agglomerative hierarchical cluster analysis (medium link
method) to complement this analysis, based on similarities of the
Pearson’s coefficient of correlation. Both analyses were done with
XLSTAT for MS Excel.

Collection of phytoplankton samples was simultaneous to
the sampling for hydrological analysis, except in winter 2016,
when there was no biological sampling. Samples were preserved
in Lugol's iodine solution and stored in the dark until
analyzed. Enumeration of phytoplankton was done with the
Utermo6hl method (Hasle, 1978; Andersen and Throndsen, 2004;
Reguera et al,, 2011). Analysis was done mainly on micro-
phytoplankton (20-200 pwm); the identification of nanoplankton
species (<20 wm) was not possible, due to the usual limitations
of the inverted microscope low magnification. We were able to
recognize the size, shapes and some morphological characters
such as flagella, pigmentation, and aggregations.

Community structure analysis was made to determine changes
in the taxonomic composition, cell density, percentage of diatoms
and dinoflagellates, and species richness-diversity (Shannon and
Weaver, 1949). Analyses were applied to two representative
sampling stations E6 and E9. The former is where the marine

influence is higher, near the lagoon’s mouth, and the latter within
the lagoon. The analyses included between 70 and 80% of the total
number of samples collected between January 2015 and August
2017. Other approach consisted in identifying the cell abundance
peaks in the seasonal variability, including algal blooms (AB),
using 50% of the total samples. In this paper, AB is an event
in which cell density was higher than the “normal cycle of
phytoplankton biomass” in a region (Smayda, 1997). In our case,
it was defined as higher than 5 x 10° cell L™! based on the
average cell density of the spring and fall blooms described by
Garate-Lizarraga and Siqueiros-Beltrones (1998).

The cell density data available from all sampling stations
(50% of total samples) were related with Chl-a records of all
depth levels and by level by simple regression analysis to test
its usefulness as an indicator of phytoplankton abundance. On
the other hand, the sampling frequency was once a month,
losing the rest of days. Therefore, daily and monthly composite
images of the fluorescence of Chl-a (FLH; pixel size 0.125°)
collected by MODIS-Aqua satellite (OceanColor- NASA) were
used to describe the seasonal variability. FLH was related with
cell density (surface) using linear regression. FLH data were
recorded on the date of sampling or the nearest one, in case
of cloudiness. For this analysis, the lagoon was divided into
four quadrants (Figure 1), with sampling stations distributed as
follows: upper left quadrant, northwestern zone stations (E1, E2,
and E9); upper right quadrant, northeastern station (E3); lower
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left quadrant, lagoon’s mouth stations (E8, E7, and E6); and lower
right quadrant, south and central lagoon stations (E5, E4).

Zooplankton samples were collected with a standard conical
net (0.6 m mouth diameter, 505 pm mesh) equipped with
a mechanical digital flowmeter (General Oceanics); it was
towed horizontally in a semicircular trajectory at 1 m depth
approximately at a speed of 1 m s~! on all stations (Figure 1)
except in the E1 and E3 stations. Samples of five stations were
fixed and preserved in a 4% formalin solution buffered with
a saturated sodium borate solution. A neutral red solution
was added approximately 10 min before fixation to stain
living animals. Samples of E5 and E9 stations were fixed with
alcohol. ZB (mL 100 m™3) was determined by the displacement
volume method (Beers, 1976) and mortality as the percentage of
zooplankton (%ZD) that did not absorb stain (Elliott and Tang,
2009). Coverage of samples in the case of biomass analysis was
84.8% in E7, 97% in E5 and 100% in the remaining stations.
Analysis of %ZD was focused on E6 (sampling coverage 96.9%)
and E2 (sampling coverage 87.8%).

The relationship between environmental and biological
datasets was analyzed with bivariate and multivariate statistical
analysis. The relationship between the ratio of diatoms’ cell
abundance (%D) to total diatoms + dinoflagellates, with TW and
silicate, was analyzed using a generalized additive model (GAM)
with a quasi-binomial type error distribution, using the R package
mgcv (Wood, 2006; R Core Team, 2016). FLH values were related
to average TW of the water column in each station by simple
linear regressions.

A canonical correlation analysis (CCA) was carried out to
identify and measure the association among environmental and
biological variables, using the R Vegan package (Oksanen et al.,
2018). Stations E6 and E9 were the only datasets included.
The environmental variables set (X) included UI (average of
the five previous days), TW, salinity, ammonia, nitrite, nitrate,
phosphate, silicate, Chl-a, oxygen, while the biological (Y) set
contained phytoplankton cell density (Cd), diatom cell density
(CdDiat), dinoflagellate cell density (CdDino), percentage of
diatoms (pDiat), percentage of dinoflagellates (PDino), and ZB.
The variables were transformed (log, and ArcSin for percentages)
so that the data distribution was symmetrical and standardized to
put them on the same scale.

The Cancor (canonical correlation) function in the Vegan
package also gives a determination coefficient, R?> and R?
adjusted by the number of data of the biological variables
given the environmental ones (Y|X) derived from a redundancy
analysis procedure (RDA) and the correspondent values of
those indices of the environmental variables given the biological
ones (X|Y).

RESULTS

Temperature Anomalies in the

Environment

Air temperature in Ciudad Constitucion from 2008 to 2013
was like the 1961-2002 average (Ruiz-Corral et al., 2006), so
anomalies ranged from —1 to 1°C, except for 2010, which were
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FIGURE 2 | Upwelling phenology. Gray line is 1967-2010 average; H,
hurricanes; TS, tropical storm. (A) Cumulative upwelling index of 1967-2010
average and 2015-2017. (B) Days in which the upwelling index was greater
100 m® s~ ' 100 m coastline (Ul > 100). Gray band shows mean + SD.

lower than —1 due to La Nifia. In contrast, anomalies ranged
mostly between 1 and 4°C from 2014 to 2017. The warmest
periods were recorded in winter and fall of both years 2016 and
2017. Anomalies were more noticeable in the fall of 2017 than in
the rest of the period.

Upwelling Phenology

The 1967-2010 average CUI positive slope (Figure 2A) showed
that conditions are favorable for upwelling throughout the year,
whereas the slope changes suggest that there are four upwelling
seasons (US). Upwellings are more frequent and stronger in
spring (US-spring) and fall (US-fall) when the slopes are steeper.
US-spring covers from the first days of March to the last week of
June, when the NW winds predominate. On average, there are 55
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days when UI > 100 and these are more frequent since March.
There are few days in which UI > 100 (average 9). During winter
(January and February) and summer US (July to September), the
slopes are smaller, and there are fewer strong events than in the
US-fall (September to December).

The slopes of the four US in 2015 were lower than the average
(P < 0.05), the length of US-spring was shorter (23 March-14
June) and only 18 days had UI > 100 (Figure 2B). Atypically,
during the US-summer period, there were two downwelling
episodes (Figure 2A), the first one (July 17-18) coincided with
the Tropical Storm (TS) Dolores and the second (7-10 Sept) with
the dissipation of TS Kevin and the category-2 Saffir Simpson
Hurricane (H) Linda.

The CUI profile of 2016 was like the average, although the
US-spring ended almost 2 weeks before than average date, there
were fewer strong events (31) (Figure 2B) and these began
until the last week of April; on the other hand, there were
more strong events than usual only in November. In 2017, the
slopes of the four US were higher, and during the US-spring
there were 55 days in which the UI > 100, and some of
them occurred in the first days of June. These events were
stronger than the average, in variable percentages between 5
and 10%.

Variation of Temperature, Salinity,
Density, and Dissolved Oxygen in the

Water Column

The data show that changes of TW throughout the year occur
in two periods: temperate and warm, associated with mixing and
stratification processes, respectively. The temperate period covers
from December-January to June-July, and the coldest months
are April-May when upwellings are stronger. The warm period is

from July-August to November-December, and the highest TW
occur in August-September.

TW and the length of temperate and warm periods varied
widely among the 3 years (Table 1 and Figure 3A). The temperate
period was shorter in 2015 and 2017 than in 2016, when it
lasted until July despite coinciding with the end of the El Niflo.
The lowest TW was recorded in 2017 at the bottom level and
coincided with strong upwellings. In contrast, during the warm
period of 2015, TW was high and uniform along water column
while a thermocline was formed in the other 2 years; also, the
warmest month was August, instead of September as usual. On
the other hand, TW was higher in the warm period of 2017 than
in 2016.

The temperature anomalies in 2015 were positive most of the
year, but values higher than +3°C were recorded from June to
December at stations E6, E7, and E8, near the lagoon’s mouth.
The highest anomaly (4-5.8°C) was recorded at station E7 in July,
due to the warm water input from the ocean and it coincided
with the beginning of the El Nifio and the longest southward
extension of TB. The 2016 anomalies were positive in winter
and normal-positive in spring, when the El Nifio was decaying;
negative in summer and positive in fall although a moderate La
Nifa began. The greatest anomalies were measured in the stations
El and E9, inside the lagoon as usual, but they were very high
(4+2 to +5.03°C). Anomalies varied between just under —2°C
and +3.78°C in 2017; negative anomalies were recorded in winter
and spring in almost all stations and in September, while high
positive anomalies were recorded in April and August in the
inner station (E1), as well as in October and November at the
lagoon’s mouth (E7).

Salinity was more variable than temperature throughout the
year. On average, the highest values were measured at the surface
and the lowest at the bottom (Table 1). In the 2015, salinity was

TABLE 1 | Average values and standard deviation of temperature (°C), salinity, density (kg I~ ), and dissolved oxygen (ml =" and saturation value %) per season of the

year and depth level.

Temperature Level Year 2015 Year 2016 Year 2017
(months) (months) (months)

Temperate Surface 21.2 £1.6 (I-VI) 21.1 (I-VII) 19.6 £ 1.8 (I-V)
Bottom 185 +2.2 18.8+2.7 16.1 £2.0

Warm Surface 27.1 £ 2.0 (VII-XII) 23.6 £ 2.2 (VIII=XII) 24.6 £ 1.9 (VI-XII)
Bottom 255+1.8 19.9+24 221+24

Salinity

Temperate Surface 34.92 £+ 0.63 (llI-VI) 35.05 +0.72 34.71 £ 0.76
Bottom 34.41 +£0.32 34.55 + 0.27 34.21 +0.20

Warm Surface 35.02 + 0.65 (VII-X) 34.71 £ 0.76 34.83 + 0.65
Bottom 34.72 £ 0.27 34.10 + 0.31 34.41 +0.29

Density

Temperate Surface 24.35 +0.48 24.51 +£0.45 24.64 £ 0.37
Bottom 24.67 +0.43 24.69 + 0.54 25.10 £ 0.48

Warm Surface 22.69 + 0.71 23.52 + 0.67 23.33 £ 0.60
Bottom 22.96 + 0.50 24.08 + 0.60 23.73 £ 0.60

Oxygen

Temperate Surface 5.8+ 0.7 (107 £ 12) 6.7 + 1.1 (124 + 20) 6.7 +1.2 (123 + 22)
Bottom 4.3 + 1.3 (80 £ 25) 50+1.7 (91 £33 4.4+ 1.2(81+£23

Warm Surface 5.4 4+0.8(102 + 14) 5.7+ 0.7 (107 £ 12) 6.2+1.5(114+32)
Bottom 50+ 1.0(94 + 19) 5.0+ 1.2 (92 + 23) 4.8+ 1.0(89 + 19)
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lower during the first semester than in the second one, while the
lowest values were recorded from March to June and the highest
from July to October. In 2016, the average salinity from January
to August was like that of the second semester of 2015, while
the lowest values of the 3 years were observed during the rest of
that year (Table 1 and Figure 3B). In the first semester of 2017,
salinity was like that of the previous semester, while in the second
semester it increased both in the area and in depth.

Density (TSD) increased from the surface to the bottom and,
in general, the values of the first semester were higher than those
of the second. On the other hand, TSD was lower along 2015 than
in the other 2 years, while the highest values of the temperate
season were recorded in 2017, and those of the warm one in 2016
(Figure 3C).

Oxygen concentration (mL L~!) and the percentage of
saturation (%) were higher on the surface and decreased toward
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the bottom during the 3 years (P < 0.05; Table 1). Both
variables were lower in 2015 than in 2016 and 2017 (P < 0.05).
The percentages of saturation in the January-June 2015 semester
were lower in 14% (2016) and 13% (2017), respectively; however,
the differences in the same period at mid-depth (4-10 m) and
near the bottom (>15 m) were less evident (Table 1). In the
July-December semester the saturation percentages in the first
10 m also were lower in 2015 than in 2016 and 2017; however,
this pattern was inversed with 2 and 5% more saturated in 2015
concerning 2016 and 2017 in stations deeper than 15 m.

Variation of Nutrients and Chlorophyli-a
in the Water Column

Nitrate, phosphate, and silicate concentrations were higher
during the first semester of each year than in the second one
(P < 0.05) and increased from the surface to bottom along the
water column (P < 0.05). In general, the concentration of nitrate
and phosphate was low during 2015, increased in 2016, and
reached to maximum values during 2017 (Figures 4A-D), while
the silicate was more variable (Figures 4E,F). On average, nitrate,
phosphate and silicate content was higher at the stations near
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lagoon’s mouth (P < 0.05; Figures 5A-F), but phosphate and
silicate concentrations were higher in the interior of the lagoon
in 2015. The ammonium concentration was relatively more
abundant in the inner stations in 2015 (P = 0.07) and during the
first semester of 2016 at mid-depth (P = 0.001; Figures 4, 5G,H).

The nitrate, phosphate, and silicate concentrations were
similar at surface and mid-depth levels and greater at the
bottom during the first semester of the 3 years (Figures 4A,C,E).
On average nitrate concentration at surface and mid-depth levels

was <3 uM and it doubled at the bottom (>8 wM), whereas
phosphate content was from <1.0 pM to 1.0-1.6 pM at the
bottom. The silicate concentration was very high in comparison
with the other nutrients (Figures 4E,F), but the difference
between the concentrations of the surface-mid-depth (<10 uM)
and the bottom was proportionally lower (13-16 wM); on the
other hand, the highest concentration of silicate was recorded
during the first semester 2017 (Figure 4E). In the second semester
of each year, the nutrient concentrations were lower than in the
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first semester, but the trend among years and from the surface to
bottom was like that of the first semester (Figures 4B,D,F).

Nitrite concentration was lower than other nutrients in the
water column (<1 pM) during the study period, but it was
slightly higher in 2017 (1.5 wM). Ammonium content tended to
be higher in the deeper layer, except in the first semester 2015
when high values were recorded in surface and the inner stations
and 2016 at mid-depth (Figures 4G, 5G). The concentrations
during the second semester were higher in the inner stations,
but there were no significant differences with outer stations
(Figure 5H).

Chl-a content was higher in the first semester than in
the second one (P = 0.02) as happened with nutrients. The
distribution along the water column (Figures 4L]) differed
because, on average Chl-a was more abundant at mid-depth,
except in 2015 when it was at the bottom (P = 0.004). Chl-
a concentration was lower in 2015 than in the other 2 years
(P < 0.05). The highest average values were recorded during the
first semester 2016 at mid-depth (5.2 mg m~3 Figure 4I). On the
other hand, Chl-a was more abundant in the inner stations than
in the outer (P < 0.01), located near the lagoon’s mouth, but the
differences were more evident in 2015 due to the concentrations
were proportionally lower in the outer stations than in 2016 and
2017 (Figures 5L,)).

The first PCA component (PC1) explained 25% of the
variance in 2015, while in 2016 and 2017 it explained 43 and
47%, respectively. The second component (PC2) explained just
fewer than 20% in the 3 years. Variables having the highest
correlation with PC1 were TW (negative sign), as well as nitrate,
phosphate, and silicate (positive sign), located at opposite ends
of the horizontal axis in the PCA plot (Figure 6). However, the
correlation of PC1 with TW, phosphate, and silicate in 2015 was
lower than in the other 2 years, whereas that of nitrate was high
during the whole period. The correlation of oxygen with PC1
increased in 2016 and 2017 (Figures 6B,C).

The most important variables on the PC2 were salinity,
ammonium, and Chl-a (Figure 6). The position of Chl-a was
on the positive segment of the vertical axis, near phosphate,
ammonium, and silicate in 2015; while it was in the negative
segment, close to nitrate, in 2016 and 2017 (Figures 6B,C).
Oxygen was important in this component, and it was found in the
upper left quadrant in 2015, but moved to the lower left quadrant
in the other 2 years, when its importance increased in PCI.

The position of the sampling stations in the PCA plot
changed among quadrants throughout the year, so when nutrient
concentrations were high, they were found in the positive
segment of the horizontal axis, but when TW increased they
moved toward the left quadrants. On the other hand, when
nutrient concentration (especially ammonium) increased, there
was a positive displacement along the vertical axis. The opposite
occurred when nutrient concentration decreased, but the extent
of the change was comparatively less than that observed on the
horizontal axis. In 2015, the influence of ammonium was higher
than in 2016 and 2017.

The location of the stations in the PCA plot allowed
distinguishing the variables with greater influence in each site.
Stations closer to the lagoon’s mouth (E6 and E7) tended to

appear in the lower quadrant and especially in the lower right,
where nitrate and nitrite appeared, while E1, E9, and E5, located
at the north and the east in the lagoon (Figure 1), appeared more
frequently in the upper quadrants where temperature and salinity
had more influence (Figure 6). E3 and E4 appeared in the left
lower quadrant which probably means that it was influenced by
both marine and terrestrial environments, while E8 was found in
the upper and lower quadrants depending on the season of the
year, so it was close to nitrate in spring in the 3 years and to the
temperature in 2017.

Cluster analysis showed that the similarity between stations
was very high. In the 3 years (Figures 7A-C) the stations closest
to the lagoon’s mouth (E6, E7, and E8) formed the first group, and
those located in the interior the second one, although there were
changes among those that presented more association, especially
in 2016 and 2017 (Figures 7B,C). In 2015 the E1 station was
separated from both clusters (Figure 7A).

Indicators of the Structure of
Phytoplankton Community

Community species composition included members of
the taxonomic groups Cyanophyceae, Bacillariophyceae,
Dinophyceae, and Dictyochophyceae as well as nanoplankton
forms in both stations E6 and E9. In E9 also some species
of Euglenophyceae appeared. The classes with higher species
richness and cell density were diatoms and dinoflagellates.
Different patterns of diatoms and dinoflagellates abundances
among the 3 years and between E6 and E9 were found (Figure 8).
At the E6 station during 2015, diatoms were dominant in winter
and the beginning of the spring, meanwhile during the rest of
that year dinoflagellates were the main group along column
water (Figures 8A,C,D) except in October, when diatoms were
abundant at the bottom. In 2016 there were no winter data.
Dinoflagellates were more abundant at surface and mid-depth
during spring and the beginning of summer (Figures 8A,C)
while diatoms were predominant in fall and at the bottom all year
(Figure 8D). In 2017 diatoms were more abundant from January
to April and in July while dinoflagellates were more abundant in
May (in the three levels) and in June (mid-depth, bottom). The
diatoms were the main group at E9 (Figures 8B,E), and only in
2016, there were percentages of dinoflagellates greater than 10%.

The trend of the species composition and cell density was
as follow: in 2015, the highest abundance at E6 was recorded
in January, February, and April. Nanoplankton was the main
component in January at the bottom (197 x 103 cells L1
76%), and also in May and December but its cell density was
lower. Diatoms were the main group from February to April
(Figures 8A,C,D). There was an AB in April, and the highest
cell density was recorded at the surface (*767 x 103 cells L71).
The AB was composed of the chain-forming diatoms Eucampia
zodiacus (55%), Leptocylindrus danicus (9%) and Chaetoceros
curvisetus (8.5%). In the rest of the year, cell density was smaller
than 43 x 10 cells L', and abounded nanoplankton and
dinoflagellates: Prorocentrum balticum, Prorocentrum dentatum,
and Prorocentrum spp. were the most abundant species. The
cell density at E9 was higher in the bottom and diatoms were
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the main group (Figure 8E), except in fall (surface; Figure 8B),
when phytoplankton was scarce. There was an AB in April
(728 x 103 cells L~1; bottom), composed mainly of E. zodiacus
(49%), C. curvisetus (12%), Chaetoceros cf. radicans (5.8%) and
Dactyliosolen phuketensis (5.6%).

Between April and October 2016 (months with available data),
in both E6 and E9, the highest density occurred in June and
July at mid-depth but at E6 cell density was around 170 x 103
cells L™, whereas at E9 it was of 200 x 10° and 487 x 10°
cells L~ respectively. At E6, dinoflagellates were the dominant
group at the surface and mid-depth from June to September
(e.g., Prorocentrum cf. minimum, Tripos furca, Scrippsiella sp.),
while the diatoms (Diploneis cf. smithii, Guinardia flaccida) were
at the bottom except in September. In E9 the most significant
cell densities were recorded in July, and the most abundant
species were the diatoms Ditylum brightwellii, Nitzschia sp., and
Cylindrotheca closterium. Nanoplankton was abundant in July
and August.

In 2017, the cell density increased at E6, from April to
June-July, when more than 400 x 103 cells L~ ! were accounted
(Figures 8A,C,D). In June, the abundance was greater at
mid-depths, and the most abundant species were an unidentified

dinoflagellate (62%) and the diatom Thalassiosira sp. (14%).
In July, the highest values were recorded at the surface and
mid-depth, and an AB composed by diatoms in more than
90% occurred. The most abundant species (surface-mid-depths)
were the diatoms Rhizosolenia setigera (14-45%), Dactyliosolen
fragilissimus  (34-12%), Guinardia striata (18-10%), and
L. danicus (14-10%). In E9, the most intense blooms of the
3 years were observed in May (>1 x 10° cells L™!) and July
(>800 x 10% cells L™!), and they were mainly composed of
diatoms (90%; Figures 8B,E). In May, the most abundant
species were the diatoms D. fragilissimus (56% surface-50%
bottom) and Pseudo-nitzschia spp. (delicatissima complex)
(16-12%), while in July Rhizosolenia setigera (50-70%), G.
striata (20-0%) and Guinardia flaccida (17-15%) were the
most abundant.

Species diversity, measured with the Shannon-Weaver H
index, at E6 was higher than 2.5 at the surface and mid-depths
samples at the end of spring or early summer in the 3 years
(Figure 9A). In contrast, the lowest values (<1.5) were recorded
in winter (2015 and 2017) and fall 2015. The species richness in
2015 was very fluctuating and tended to diminish along the year
(Figure 9C), but the highest value (55 species) coincided with
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the April AB. In 2016 coincided the trend of both H and species
richness. In contrast, species richness increased from January to
August in 2017, but the highest value was recorded at the surface
in July (59). At E9 the lowest diversity was detected in April
2015 and in June 2017, when the most intense blooms occurred
(Figure 9B); in contrast, H was greater than 3 at the end of 2015,
while the species richness was very similar in the surface and
bottom samples (Figure 9D).

Algal Blooms
Diatoms usually formed the ABs in the 3 years, but in June
2017 it was recorded an AB of an unidentified nanoplankton
dinoflagellate (Table 2). On the other hand, in 2015 only one AB
(April) occurred, in 2016 two (July and September), and several
in 2017 (April-July).

In 2015, as already described, there was an AB of E. zodiacus
in April. This species was distributed throughout the lagoon,
although it was more abundant in stations with greater marine

influence (E6-E8, Table 2) and FLH images suggested that
the AB was introduced from the Pacific Ocean. In 2016,
the cell density of the AB of July was much lower than
in 2015 (=500 x 10% cells L™!) and covered the entire
lagoon, although the highest densities were observed at E9
(D. brightwellii and Nitzschia sp.) and E8 (Pseudo-nitzschia
cf. delicatissima). In the rest of stations, the most abundant
species was D. brightwellii. The AB of September was recorded
at E2 (>675 x 10° cells L™!), and it was composed mainly
by Guinardia/Rhizosolenia. FLH images showed that this AB
was confined in the north of the lagoon. In 2017, there were
blooms from April to July, mainly formed by the diatoms
Skeletonema spp. (April), D. fragilissimus (May), Pseudo-nitzschia
spp. (delicatissima complex) (May), and the thecate dinoflagellate
Prorocentrum gracile (May), an unidentified nanoplankton
dinoflagellate (June) and R. setigera (July). The highest cell
density was recorded in July in the interior of the lagoon
(Table 2).
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Indicators of Phytoplankton Density

The relationship between cell density with Chl-a and FLH was
positive and significant (P < 0.05) with cell densities lower than
200 x 103 (E6) and 600 x 10> cells L~ ! (E9). When they exceeded
these values, both Chl-a and FLH were very variable. The
percentage of explained variance of Chl-a by the cell density at
the three levels was 38% (E6) and 47% (E9), while the percentage
obtained from the regression between cell densities measured at
the surface and FLH was 65.9% (E6) and 27% (E9), respectively.
The above allowed inferring that FLH variations described the
trend of cell density near the lagoon’s mouth, and Chl-a in the
interior of BM.

Variations in FLH (monthly composite images) suggested that
the seasonal pattern of the cell density was similar in the 3 years
although magnitude differences. The values were maxima in
April-May (2015), May (2016), and July (2017), and FLH was
higher in the inner stations E2 and E9 (Figure 10A) than in the
outer E6 and E7 (Figure 10B). The length of the period in which
FLH was high and also cell density, extended from 3 (2015) to 6
months (2017).

Zooplankton Biomass

The zooplankton biomass average (ZB) was relatively high from
January to August of 2015 (>60 mL 100 m~3), and after
that month followed a decreasing trend that continued until

December 2017 (<35 mL 100 m~3) (Figure 11A). During 2015,
high ZB values occurred from January to April, and again in
July-August. The high values of the first semester were recorded
in stations close to, or at the lagoon’s mouth (E7-E8; >100 mL
100 m~3), including the highest (>300 mL 100 m~3), registered
in April and June 2015. However, ZB was lower at station E6
also situated near the lagoon’s mouth, where there is a cage fish
farming of yellowtail amberjack (Seriola lalandi). At the stations
of the interior (E2, E4) and south (E5), there were also high ZB
values (>100 mL 100 m~3) during the first semester of 2015
(Figure 11B).

In 2016, winter months were not sampled. In this year, average
abundance decreased year around (<35 mL 100 m~—3), with a
slight increment in July (Figure 11A). Spatial distribution of the
ZB was homogeneous along the lagoon, with some increments
(<100 mL 100 m~3) in the inner stations in April (E2), May (E9)
and July (E2, E4, E9) (Figure 11B).

The average ZB remained scarce in 2017 as well as in
2016 (<35 mL 100 m~3) (Figure 11A), but no increases were
observed in May or June-July, as occurred in the two previous
years. That year there were small increments in March—April
inside de lagoon (E2, E5, E9), which suggested changes in the
zooplankton phenology. The ZB abundance was more variable
at the stations located in the northern area (E2) and at the
communication channel with the adjacent Bahia Almejas lagoon
(E5) (Figure 11B). The ZB at E7 was very low.
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Mortality of Zooplankton

The annual average %ZD was 9% and 17% (E6 and E2,
respectively) in 2015, and increased in 2016, but while the value
almost doubled at E2 (33%) in the interior, the increase was lower
close to the lagoon’s mouth (15%). On average %ZD increased
slightly at E6 but decreased at E2 in 2017, after February. There
is an inter-annual variation of more than 10% of %ZD, and it
becomes lower (<5%) in 2017, probably due to the restoration of
the primary production cycle given the conditions of availability
of nutrients and the blooming of phytoplankton found.

Monthly zooplankton mortality (%ZD) ranged from 5 to
95% at E2 station from 2015 to 2017 (Figure 12A), with two
maxima, one in August 2016, when almost 100% of organisms
were dead, and another in March 2017 (71%). In comparison,
%ZD was relatively lower, in a range of 0-25% in the lagoon’s
mouth (E2; Figure 12B), with a maximum in June 2016 (41%).
%ZD, in general, was high in concentrations of diatoms and
dinoflagellates of less than 50 x 10 cells L~! and 30 x 103
cells L1, respectively.

Mortality did not show a seasonal pattern in both locations
and its fluctuations along the 3 years were as follows: %ZD in
2015 increased in winter, early spring and fall, and decreased in
summer. On the contrary, %ZD increased in both sites in spring
and declined in fall in 2016. However, %ZD was generally low
throughout the year 2017, but with a substantial increase in early
spring (Figures 12A,B).

Biological Responses to Environmental

Conditions
The relationship between TW and FLH was significant and
negative (P < 0.05). The coefficients of determination were larger
with data of E6 (R* = 0.56), E7 (R* = 0.61), and E8 (R* = 0.57)
than with those of the inner stations (27-30%). In contrast, results
were not significant in the E1, located near the port of San Carlos.
The analysis using GAMs showed that the %D was
significantly correlated to TW (P < 0.05, deviance explained =
50.7%). However, while %D decreased with increasing
temperature in 2015 and 2016, the opposite occurred in 2017,
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TABLE 2 | Algal bloom recorded on April 2015, and several months of 2016 and
2017 in the surface (s), mid-depth (m), and bottom (b) by sampling station and
depth level.

Month/year Species Cell density (station-depth level)

April 2015 E.z 427,025 (E6-s); 152,552 (E6-m); 126,126 (E6-b);
222,222 (E7-s); 181,381 (E8-s); 727,325 (E8-m);
368,768 (E8-b)

Sept. 2016 G./R. 818,823 (E2-s); 675,529 (E2-b)

April 2017 Sk.spp. 1,378,863 (E2-s)

May 2017 D.f. 758,416 (E9-s); 552,323 (E9-b)

May 2017 P.c.d. 218,207 (E9); 133,025 (E9-b)

May 2017 Pg. 402,574(E4-m)

May 2017 Pg. 217,817 (E4-s); 402,574 (E4-m); 223,652 (E4-b)

June 2017 D.1 1,073,530 (E4-b)

July 2017 R.s. 2,201,514 (E2-b); 631,088 (E8-m); 581,495 (E9-b)

Species key: Eucampia zodiacus, E.z.; Guinardia/Rhizosolenia, G./R.; Dactyliosolen
fragilissimus, D.f.; Prorocentrum gracile, Pg.; Pseudo-nitzschia spp. (complex
delicatissima), Rc.d.; Prorocentrum gracile, Pg.; Rhizosolenia setigera, R.s.;
Skeletonema spp., Sk.spp.; Dinophyceae sp.1, D.1.

which suggests that other variables, likely nutrients advected
from the marine zone during upwellings by tide currents
enhanced the diatoms abundance. The GAM applied to %D, and
silicate showed a significant relationship (P < 0.05, deviance
explained = 66.6%), but 2015 data had a bigger dispersion than
those from 2016 and 2017. In these 2 years, the graph was a
parabola with low %D at the extremes of the horizontal axis
(silicate concentration); in contrast, the diagram of 2015 was
very different as data were scattered and did not show any
evident trend.

The Pillai’s trace (V = 2.416) resulting from the CCA
was significant (0.018 from F-distribution and 0.007 based
on permutations), indicating a significant correlation between
environmental and biological variables dataset considered in
the test. The canonical correlations were high on the first two
canonical axes: 0.91 for axis 1 and 0.85 for axis 2. R? and adjusted
R? of the biological variables given the environmental ones (Y| X)
were 0.53 and 0.30, respectively. The corresponding values for
the environmental variables given the biological ones (X| Y) were
0.33 and 0.15, respectively.

The CCA biplots (Figures 13A,B) showed that nitrate,
phosphate, and silicate were highly correlated with the vertical
canonical axis, as did logarithm of cell density (of all species,
diatoms, and dinoflagellates). TW showed a high negative
correlation on the vertical canonical axis. Diatoms cell density
and percentage of diatoms were on opposite sides of the biplot
from the dinoflagellates cell density on the horizontal canonical
axis. The logarithm of ZB was found in opposite sides of
the plot on the vertical axis from the phytoplankton-related
variables, although with a low correlation on both canonical axes.
In contrast, correlation of UI with both axes was low probably
because it is the result of a modeling process of synoptic-scale
measured variables. Possible nonlinear relationships masked by
the assumptions of this method could be another cause for the
low correlation found.

In summary, the more noticeable relationships were: the
phytoplankton cell density was inversely related with TW
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FIGURE 10 | Time series of the chlorophyll-a measured (mg m~3) in situ and
the fluorescence of the chlorophyll-a (MW cm~=2 um=" sr—) recorded by
MODIS-Aqua satellite. (A) Quadrant O and chlorophyll data of E2 and E9;

(B) Quadrant 2 and chlorophyll-a data of E6 and E7.

and directly related with nutrients while the dinoflagellates
percentage (but not the abundance) was directly associated with
TW. ZB was inversely related with diatoms and dinoflagellates.
%D was inversely related with silicate, and the correlation
coefficient showed that it was the most important nutrient.

The position on the plot of sampling dates for the two stations
included in this analysis showed a clear pattern according to the
timing of samples and the geographical location of the sampling
stations. The spring-summer month’s samples appeared in the
upper right quadrant with cell densities (total and diatoms) and
%D, whereas fall and winter months were more frequent in
the lower quadrants with ZB and the dinoflagellate proportion
(Figure 13C). On the other hand, samples from April to May, the
coldest months, tended to be in the upper half of the plot while
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FIGURE 11 | Zooplankton biomass (mL 100 m~3) recorded from 2015 to
2017. (A) Time-series of all data; (B) ZB measured in the E2-E9 sampling
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August-September, the warmest period of the year, in the lower
half (Figure 13D). The position of the samples on the plot along
the year changed in a clockwise manner, between those extreme
conditions. Station E6 samples tended to be more frequent in the
upper right of the plot than station E9 samples taken on the same
date. Samplings from 2015 tended to be concentrated toward
the lower left quadrant of the plot which is related with warmer
conditions, while in 2016 and 2017, are more dispersed and
toward the upper right quadrant suggesting a greater influence
of marine conditions.

The patterns of the environmental variables in the CCA and
PCA plots were consistent between each other, and both were
associated with time and spatial factors. Results of the GAM
also were consistent with this analysis. In summary, these results
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FIGURE 12 | Percentage of dead zooplankton recorded from 2015 to 2017.
WD, without data. (A) E2; (B) E6.

showed clear patterns and significant relationships between
biological and environmental variables.

DISCUSSION

Local Impact of Global Phenomena

The northeastern Pacific Ocean was very warm from 2013 to 2016
(Leising et al., 2015; Jacox et al., 2016; Zaba and Rudnick, 2016)
due to the succession and overlapping of TB and the El Niio.
On the other hand, 2015, 2016, and 2017 had been confirmed
as the three warmest years on record, whereas 2016 had the
global record, 2017 was the warmest year without an El Nifo
(World Meteorological Organization, Press release 18 January
2018). These global-scale events altered both atmospheric and
ocean circulation, which led to the relaxing of the North Pacific
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Subtropical Gyre, the weakening of the California Current and
the limiting of nutrients advection from the North Pacific to Baja
California (Mcclatchie et al., 2016; Gomez-Ocampo, 2017).

The characteristics of the temperate and warm seasons in
BM changed along the 3 years. In 2015, the temperate season
was milder and the temperature in winter and fall was even
higher than in the 1982-1983 and 1997-1998 events (Lluch-
Belda et al., 2000), probably due to The Blob influence at the
early year off Baja California, and the characteristics of the 2015-
2016 El Nino which was a combination of Central Pacific ENSO
(CP-ENSO) and Eastern Pacific ENSO (Paek et al., 2017). The CP-
ENSO results from the southwestward spreading of subtropical
atmospheric fluctuations and one of its characteristics is the
induction of positive temperature anomalies off Baja California
during the winter previous to develop of the EI Nifio.

In 2016 when the EI Nifo was decaying, the temperate period
was shorter and the characteristics of the warm season were closer
to normal than in 2015 and 2017. However, anomalies continued

being positive even though La Nifia had begun, probably due to
high temperatures prevailing at local and global-scale in both, the
sea and the atmosphere, as it was evident in Ciudad Constitucion
data and from WMO information. A particular phenomenon
can change local conditions, as occurred in September when
anomalies were negative. Likely because the sampling campaign
was carried out on day 8, 2 days after passing of hurricane Newton
(Berg, 2017) which decreased temperature due to wind and rain,
as well as the advection of cold subsurface water to lagoon since
UI increased from 123 to 282 m> s~! per 100 m of coastline
between the September 3rd and 6th.

Temperature anomalies were negative in the spring 2017,
probably due to strong northwestern winds and intense
upwellings. In contrast, the conditions were warm at the lagoon’s
mouth during the fall, as it happened along Baja California and
the west coast of the United States during the warmest year
without the El Nino and even though a weak La Nifia was
beginning at the equator (NOAA, 2017). In 2017, the atmospheric
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temperature anomalies were very high, and the atmosphere-
ocean interaction allowed transference of heat, probably causing
positive temperature anomalies in the lagoon.

Upwelling and Nutrient Advection

Coastal upwellings were weaker in 2014 in front of BM (Jiménez-
Quiroz, unpublished data) probably due to the combination of
high air temperatures, weak winds and a deeper thermocline as
happened in the Southern California Current System and the
northern and central Baja California under 2014 TB (Zaba and
Rudnick, 2016; Gomez-Ocampo, 2017) and other the El Nifo
(Zaytsev et al., 2003). Warming of the Baja California coast from
May 2014 to April 2015 was associated with weak coastal winds
unrelated with the El Nifio (Robinson, 2016) but coincident with
TB. The co-occurrence of TB and the El Nifo exacerbated these
conditions in 2015, weakened even more the upwellings and
shorten the US-spring in front of BM.

The El Nifio has been associated with a strong and south-
eastward displacement of the wintertime Aleutian Low, a weak
North Pacific High and a regional pattern of poleward coastal
wind anomalies (Jacox et al, 2016), modifying upwelling
phenology along California coast (Mcclatchie et al, 2016).
IMECOCAL cruise data of central and southern lines (23° and
28°N) during the 2015-2016 El Nino, indicated that the
high positive temperature anomalies and the deepening of
thermocline and nutriclines led to the interruption of upwellings
near coast (Gomez-Ocampo, 2017), in a similar way to our
observations in BM.

The comparison of our values with the average of the
2005-2011 time series which comprises ENSO-neutral, La Nifa
and weak ENSO vyears, showed that nitrate and phosphate
concentrations diminished almost 50% in 2015 (Cervantes-
Duarte et al,, 2013). When the El Nifo ended in 2016, and
there were still few strong events, both nitrate and phosphate
content increased at the bottom, which together with changes
in TW, salinity and density can indicate the nutrient source
recovery to the system. At this period began La Nifia and probably
contributed to strengthen upwellings during fall.

In the first semester of 2017, when the weak La Nifia was
declining, the characteristics of the US-spring were normal
(length and number of strong events), but the upwellings were
very strong, diminishing TW and increasing the nitrate and
phosphate concentrations significantly. However, the nutrients
content was still below the 2005-2011 average probably due to
the phytoplankton uptake during the several ABs of this period,
as the GAM analysis and the CCA suggested it.

Changes in Seasonality and Distribution
of Nutrients, Chl-a, and Dissolved
Oxygen

The seasonal variability and geographical distribution of
hydrological variables shown by the 2016 and 2017 PCA
plots were similar between the 2 years and with the PCA
applied to nutrients, Chl-a, water transparency, sea temperature,
dissolved oxygen, and UI recorded from 2005 to 2011 by
Cervantes-Duarte et al. (2013); our results reinforce their

conclusion that PCA analysis described the “recurrent intra-
annual pattern” which can be summarized in two contrast
conditions: the upwelling season (spring) with low temperatures
and high concentrations of nitrate and phosphate advected from
the ocean and the warm season (summer) with higher values
of temperature and a lower advection of those nutrients. This
pattern also was evident in the CCA plot (Figure 13).

The 2015 PCA plot showed a little different pattern and the
discrepancies (e.g., lower explained variance by PC1 and PC2) are
an indicator of the magnitude, temporal, and spatial distribution
changes in most of the variables but especially in TW and oxygen.
High temperatures diminish the solubility of the gas and on the
other hand, the low explained variance by PC1 suggests that the
seasonality was less evident that year. Also, there were differences
in the positions of ammonium and Chl-a in PCA plots.
Cervantes-Duarte et al. (2013) found no significant difference
in the ammonium content between stations near the marine
zone and those located in the interior. In this study, ammonium
concentrations were higher in 2015, particularly in the inner
and shallow area of the lagoon (e.g., E1, E2, and E9). These
stations are close to a system of canals bordered by mangrove
forests and San Carlos port (a fishing village of around 5,000
inhabitants), which waste is dumped to the lagoon. Therefore, the
ammonium possibly resulted from the decomposition of organic
matter, a process favored by reduced bottom sediments and high
temperatures (Parsons et al., 1984). In the surroundings of this
port the ammonium concentrations recorded in November 2013
exceeded the standard values included in the Mexican Ecological
Criteria of Water Quality even when the saturation oxygen
was higher than 25% (Cervantes-Duarte et al., 2014). This is a
particular condition of some shallow places close to the port and
the San Carlos estuary (E1), which are different to the rest of
the lagoon. These authors also recorded larger concentrations
of Chl-a in the inner and shallower region of the lagoon, as we
found in 2015, whereas in 2016 and 2017 the increase of Chl-a in
the rest of the lagoon might be associated with the increment of
upwelled nutrients.

Structure of the Phytoplankton

Community

Taxonomic composition of phytoplankton was like that reported
in previous studies (Garate-Lizarraga and Siqueiros-Beltrones,
1998; Gérate Lizarraga et al., 2001). The diatoms were the most
abundant group especially during the temperate season, and
because they are r-strategists (Margalef, 1978) their populations
grow up rapidly under adequate conditions even if they are short-
term, as happened in 2015. Nanoplankton and dinoflagellates
were abundant during the warmest months, but their cell density
was lower than diatoms.

Phytoplankton abundance was low in 2015 after the April
bloom due to high temperatures and low nutrient content.
Also, there was an alternation of diatoms in winter-spring
and fall and a set of nanoplankton cells and dinoflagellates
during summer. The species richness during the AB was high
as usual during diatoms blooms (Smayda, 1997) and even
higher than that observed in 1986 and 1989 (Garate-Lizarraga
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and Siqueiros-Beltrones, 1998; Garate Lizarraga et al., 2001)
which were ENSO-neutral and a weak La Nifia, respectively.
The diatom chain-forming E. zodiacus, the most abundant
species, has been a recurrent species in BM (Garate-Lizarraga
and Siqueiros-Beltrones, 1998), while the most abundant species
during the 1982-1983 El Nifio was the diatom Proboscia alata.
Both species are opportunistic, capable of developing in nutrient-
poor environments and under nutrient pulses (Sukhanova et al.,
2006; Nishikawa et al., 2009).

The El Nifio ended in 2016, and the upwelling phenology was
closer to the average and in a similar way to 2015 there was a
succession of diatoms (spring, fall)-dinoflagellates (summer), but
there were diatoms blooms in spring and fall. The abundance
and composition changes were closer to the pattern described
by Gaérate-Lizdrraga and Siqueiros-Beltrones (1998) as typical
in BM, which consisted of an AB in spring (avg. 277 x 103
cells L™1) and a second one in fall (avg. 330 x 106 cells L™1).
On the other hand, similarly, the dominant species in 2016 were
Guinardia/Rhizosolenia, whereas in the fall 1986 (ENSO-neutral
year) were P. alata, R. imbricata, and G. flaccida.

The characteristics of the phytoplankton community in 2017
were similar from January to June to those of 2016, but in
July, when upwellings were enhanced, and TW was high, there
was another diatoms bloom boosted by the nutrient pulses.
The most abundant species, belonging to the diatom genera
Rhizosolenia, Dactyliosolen, Skeletonema, Guinardia and Pseudo-
nitzschia complex, are considered as ruderal species. They are
tolerant to turbulence (Margalef, 1978; Hernandez-Becerril, 1987;
Gongalves Leles et al., 2014) capable of proliferate under low light
conditions and high nutrients concentrations (Alves-de-Souza
etal., 2008; Nishikawa et al., 2009; Bode et al., 2015) and common
in upwelling regions (Gémez et al., 2007).

In the El Nifio 1982-1983, cell density was higher in 1982
than in the next year, and there were values between 100 x 10°
cells L=! and 200 x 103 cells L~! from winter to summer and a
peak in November 1982 (500 x 103 cells L~1). There were a few
cell density records in 1983 when the temperature anomalies were
maxima but winter and spring values were lesser than 100 x 103
cells L=1. The seasonal pattern in 1984, when TW was still high,
showed a decreasing trend from January to December with a
peak in April coincident with the strong upwellings (Garate-
Lizarraga and Siqueiros-Beltrones, 1998). The differences in the
seasonal patterns between both the El Nifio are an indicator of
the specificities of each event.

In the area closest to the lagoon’s mouth, ABs were common
in spring while in the interior of the lagoon in fall. During spring,
ABs spread throughout the lagoon and the daily changes of the
FLH distribution suggested an oceanic origin related to upwelling
nutrient supply. In 2015 there was no fall bloom although the
Chl-a concentrations were higher in the more inner sampling
station, where nutrients content was high and probably supplied
by littoral shallow sources including San Carlos port and the
tidal channels. Nutrients are advected in the northern lagoon
region by the tidal currents, the primary forcing mechanism
of the circulation into BM (Sdnchez-Montante et al., 2007).
In the rest of the lagoon, the high TW and nutrient-poor
condition limited the phytoplankton abundance. On the other

hand, although the micro-plankton was scarce during fall, the
small FLH peak suggested that different plankton fractions (nano
or picoplankton) could become relevant.

The ABs recorded in this study were generally harmless. The
diatom E. zodiacus is a recurrent species (Garate-Lizarraga and
Siqueiros-Beltrones, 1998; Gdrate Lizarraga et al., 2001), although
in smaller quantities. This species has been associated with
bleaching damage to “nori” algae, Porphyra yezoensis in Japan
(Nishikawa et al., 2011). Rhizosolenia setigera, is a remarkable
species, producer of large blooms and associated with marine
fish mortality in other areas of the world (Sunesen et al., 2009),
although we accounted around 2.2 x 10° cell L~ ! in BM, we were
unable to determine if this species was truly toxic.

The proliferation of the toxic diatom Pseudo-nitzschia australis
in California and Oregon (United States) coincided with TB
and was favored by the high TW and the upwelling nutrient
supply (McCabe et al., 2016; Zhu et al., 2017). This species bloom
affected the fishing resources and local fauna in April 2015 which
did not happen in BM. It was remarkable that there were no
toxicity reports in May 2017, when high densities of Pseudo-
nitzschia species were recorded at the interior of the lagoon (E9:
>200 x 10 cells L™!). In June, lesions were reported in the gills
of juveniles of the cultured yellowtail amberjack Seriola lalandi,
possibly caused by mechanical damage as the farm technical staff
determined it (Rios, pers. comm.), but no samples were gathered.

Diversity index reached its highest values at the end of
spring (July) in the lagoon’s mouth (E6) in a similar way to the
observations of July 1988 (Garate Lizdrraga et al., 2001). In both
2015 and 2016, the nutrients content was high in June, a month
before the highest diversity values. This pattern was slightly
modified in 2017, so in this year the highest H was recorded
in August after a sharp decrease observed in July. These results
suggested that the highest diversity index in the lagoon’s mouth
coincided with the ending of the US-spring and the beginning
of the warm season when the turbulence caused by upwelling
diminish. The highest values of H probably resulted from oceanic
influence as suggested Garate-Lizarraga and Siqueiros-Beltrones
(1998). In contrast, the diversity was higher in fall (October—
November) in the interior of the lagoon probably due to the
suspension of benthic diatoms as it was recognized in 1984-1986
and 1988-1989 (Gaérate-Lizdrraga and Siqueiros-Beltrones, 1998;
Garate Lizdrraga et al., 2001).

Indicators of Phytoplankton Density and
Phytoplankton Phenology

The concentration of Chl-a in BM was significantly higher in
the temperate season and at mid-depths, except in the first
semester of 2015 when it was higher at the bottom. On the
other hand, in 2016 and 2017, the maximum Chl-a values were
recorded in June and July, as has been reported in previous
studies (Cervantes-Duarte et al., 2013). Chl-a concentration and
FLH were significantly related to cell density when this was lesser
than 200 x 10> cells L~ ! (E6) and 600 x 103 cells L~! (E9). When
the cell density was above these values, both Chl-a concentration
and FLH were very variable with a tendency toward lower values
(less noticeable in FLH). These results suggest that both Chl-a

Frontiers in Marine Science | www.frontiersin.org

February 2019 | Volume 6 | Article 25


https://www.frontiersin.org/journals/marine-science/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles

Jiménez-Quiroz et al.

Warming Effects on a Mexican Coastal Lagoon

and FLH are indicators of the cell density during most of the year,
but Chl-a is better in the interior and FLH in the lagoon’s mouth.

The highest density of diatoms in 2015 was recorded in April
at the surface, while Chl-a was more abundant at the bottom.
The amount of Chl-a in the cells floating on the surface might
have been regulated by TW and lighting as laboratory analysis
suggested (Geider, 1987); however, the temperature stratification
was less evident than in 2016 and 2017, so we do not have any
explanation at this respect. On another note, these discrepancies
limits the use of Chl-a as indicator of the vertical cell density
distribution under extreme environmental conditions.

There was a higher concentration of Chl-a at mid-depths in
2016 and 2017, as well as in previous studies (Cervantes-Duarte
et al., 2013); this distribution pattern could be related with a
greater cell density at surface and mid-depth, but the increment
at mid-depths also is associated with other processes such as light
intensity and stratification of the water column, which were not
evaluated in this study. The cell density was greater at surface and
mid-depth than in the bottom in those years and it would explain
the minor nutrients concentration at these levels.

Seasonal variations of the FLH are an indicator of the
shortening of high phytoplankton biomass period and that
smaller fractions than micro-phytoplankton were important,
especially in the interior of the lagoon. In contrast, the high FLH
values of 2016 and particularly 2017 indicated the increment of
phytoplankton abundance associated with upwelling strengthen
during the US-spring.

Seasonal Pattern and Trend of the

Zooplankton Biomass and Mortality

Effects of warming on zooplankton community include
alterations of phenology such as the amount and timing of
ZB peak (Mackas and Beaugrand, 2010) and the increase of
mortality (Tsuda, 1994). The average seasonal pattern based
on data collected in a sampling grid of 14 stations during
1982-1986, 1997-1998, and 2000, shows a low abundance from
January to May and during fall, and a peak in June-July and
sometimes August (Palomares-Garcia and Goémez-Gutiérrez,
1996; Hernandez-Trujillo et al., 2010).

Zooplankton abundances and seasonal pattern of the last three
extreme El Nifo, including the recent warming, can summarize
as follow: in the 1982-1983, the average ZB peak occurred in
June-August 1982 (3,800-2,700 mL 100m~2), and in July 1983
(~775 mL 100 m~3); in contrast, there was no peak along
1984 (<139 mL 100 m~3) and it reappeared in July 1985-1986
(>3,000 mL 100 m~—3) (Palomares-Garcia and Gémez-Gutiérrez,
1996). Seasonal pattern was similar in 1997-1998 (Palomares-
Garcia et al.,, 2003; Lopez-Ibarra and Palomares-Garcia, 2006),
but ZB was comparatively lower and maxima values were
121-160 (July-August 1997) and 81 mL 100 m~3 (July 1988). The
2015-2016 average values were similar to 1997-1998.

The seasonal pattern was consistent in the three events with a
higher ZB at the onset of the phenomenon (year ENSO 0) than
in the next year (ENSO +1). However in the year ENSO +2
the maxima ZB was not observed (1984) or it was out of phase
(2017). The ZB increment recorded at April 2015 suggested a

little different pattern probably due to a higher phytoplankton
cell density from January to April. The taxonomic composition
of the main zooplankton groups changed during the past events
(Palomares-Garcia et al., 2003) and the discrepancy on the timing
of the peaks could be the result of these alterations, but we do not
have more elements at this moment.

The ZB of 1982-1983 was around twenty times more than in
the other two, and the high ZB values of 1982 coincided with
negative temperature anomalies (—2°C) while in 1997 and 2015
they were very large and positive (+4 and +5°C). Upwelling
strength was similar in the three events but NPGO and PDO
were negative or normal in 1982 and 1997 (Jiménez-Quiroz,
unpublished data) indicating that the California Current and
the northeastern Pacific Ocean was closer to average conditions
than in 2015, when both indices were positives and this
current was weakened (Mcclatchie et al., 2016; Gémez-Ocampo,
2017). Phytoplankton cell density (and the food availability)
was higher all 1982 than in 2015, when it decreased abruptly
after April according with the phytoplankton cells counts and
FLH data.

Zooplankton biomass decreased from 1982 to 2001 in
BM (Palomares-Garcia and Gomez-Gutiérrez, 1996; Palomares-
Garcia et al, 2003) in apparent decadal decreasing trend,
as occurred in the southern sector of the California Current
System (CCS) in part because of the 1992-1993 El Nifo (Mackas
and Beaugrand, 2010); however, ZB increased in the CCS from
1999 to 2014 when it diminished abruptly as a result of TB and
the El Nifio (Lilly and Ohman, 2018). On other hand, ZB varied
widely along the western Baja California coast depending on the
fluctuations of the environment; it was greater during the intense
phase of the 1997-1998 El Nifio than in the fall of the transitional
year of 1998 and during the 1998-1999 La Nina. The sub-arctic
water intrusion (2002-2006) also diminished biomass, but the
strong upwelling of 2005-2007 contributed to its recuperation
from 2004 to 2007 especially near the coast (Lavaniegos et al.,
2003; Lavaniegos et al., 2010). There were no BM data between
2001 and 2014, but the high values of ZB recorded at the vicinity
of the lagoon’s mouth allows us to suppose that ZB is highly
dependent of oceanic inputs; in this context both phenomena
TB and the 2015-2016 El Nifio associated with warm and
poor-nutrients waters, contributed to its abrupt diminishing in
both years.

ZB and phytoplankton-related variables were in opposite’s
ends of the horizontal axis of the CCA plot. The size and
shape of microalgae, type of growth (solitary, forming chains or
colonies), and taxonomic composition all influence the trophic
web. Protists consume small cells (nano or picoplankton) of
solitary habits, also of small size, while diatoms chains or
large-size photosynthetic dinoflagellates could be favorable to
larger consumers, such as copepods (Garate Lizdrraga et al,
2001). Some species identified at BM such as Pseudo-nitzschia
delicatissima have anti-predation mechanisms (Gémez et al.,
2007), while others (e.g., Rhizosolenia bergonii, R. acuminata,
Ditylum sp., Proboscia sp., R. setigera) are huge and not easy
to consume (Sommer et al., 2015), probably also affecting
the composition and abundance of consumers. Previous
studies and our results showed the succession of diatoms
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(spring, fall)-dinoflagellates (summer), related with increasing
temperature, but in 2015 and 2017, the nutrient pulses boosted
diatoms blooms, which assemblage of species probably were an
inadequate source of food to zooplankton.

%ZD increased at the final months of 2015 and July-
August 2016, when the cell density and FLH were minimal and
temperature anomalies were very high, which means low food
availability and an increase of metabolism because of warmer
environment. Mortality rates of Acartia tonsa copepodites in the
Chesapeake Bay were more closely correlated with temperature
than with any other measured variable (salinity, dissolved oxygen
and Chl-a), including adult population density (Elliott and Tang,
2011), because higher temperatures increase metabolism and
starvation risk (Tsuda, 1994).

The mesozooplankton carbon biomass at the CCS returned
to pre-El Nino levels within 1-2 years showing a high
resilience (Lilly and Ohman, 2018), while the decreasing trend
recorded from 2015 to 2017, even though the frequent ABs
and the increasing of nutrients recorded in 2017, indicated
that the zooplankton production cycle still was in process of
re-establishment.

CONCLUSION

In this paper, we explored the environmental effects and the
biological responses (plankton communities) within a period
of prolonged warming related to TB and the El Nifo in a
subtropical lagoon in the southern portion of the California
Current during the 2015-2017 period. As a possible consequence,
a disruption of seasonal and spatial patterns of abiotic variables in
addition to phyto- and zooplankton was observed. The increase
of temperature at global and local scale diminished abruptly the
upwelling strength and the input of nutrients from the ocean.
The most abundant phytoplankton species were adapted to high
temperatures and nutrients depletion, and they were boosted by
the nutrient pulses associated with the upwellings, especially in
2017, however, the algal blooms observed apparently were not
toxic. The absence of usual fall bloom was evident, but FLH
suggested that smaller phytoplankton fractions were abundant
in that season. After the prolonged warming related to TB and
the El Nifo, the seasonal variation pattern of the nutrients
content, the concentration of Chl-a and the phytoplankton
abundance of BM had a gradual recovery since 2016, but the
trend of the zooplankton biovolume was opposite, and it had
been diminishing since the second semester of 2015. The higher
%ZD coincided with high temperatures and low phytoplankton
cell density.

The comparisons of the seasonal patterns of the plankton
concerning with other strong the El Nino showed marked
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