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ABSTRACT. The marine phytoplankton community responds to latitudinal, longitudinal (coast to ocean), and 

vertical environmental gradients, an important subject in Oxygen minimum zones (OMZ). The phytoplankton 

structure and the effect of environmental gradients along the central Mexican Pacific, an area within an OMZ, 

were studied, especially the importance of size fractions and taxonomic groups. A combination of various 

methods and protocols, such as microscopic analysis, flow cytometer, and pigment analysis, were followed in 

this study. Oceanographic conditions included thermal gradients along the study area and unreported evidence 

of a weak upwelling in the southern zone (Acapulco). Vertical distribution of chlorophyll a showed subsurface 

maxima (SCM, 15-45 m depth) in all stations, and deeper chlorophyll-a maxima (DCM, 85-95 m depth) in more 

oceanic stations. Chain-forming diatoms dominated in the northern zone stations. Prochlorococcus, 

Synechococcus, and picoeukaryotes abundances ranged between 0.01 to 21.7 cells×104
 

mL-1, although most 

samples showed the highest contribution to biomass (47.95 µg C L-1) by picoeukaryotes. Expected tendencies 

of Prochlorococcus distribution were observed: highest densities coincided with the DCM and divinyl 

chlorophyll-a distribution at oceanic stations. Fucoxanthin had the highest concentrations, whereas fucoxanthin 

and zeaxanthin concentrations were higher at SCM depths. We documented the co-dominance of the pico- and 

microplankton: picoplankton was important at the DCM, related to oligotrophic and more stratified water 

column, whereas microplankton prevailed in coastal stations, with mixed water column, high nutrient 

concentrations, and diatoms as the dominant group. Picoeukaryotes abundances were related to the concentration 

of prasinoxanthin, which suggests an important mamiellophyte component not previously revealed. 
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INTRODUCTION 

Microbial communities are very important to 

understanding many ecological processes in Oxygen 

minimum zones (OMZ), particularly phytoplankton 

with its taxonomic and functional groups and the 

different size fractions that play a key role in productive 

mechanisms (Ulloa et al. 2012, Wright et al. 2012, 

Sunagawa et al. 2015). The central Mexican Pacific is 

a large area of tropical affinity with the particularity of 

being strongly affected by a conspicuous OMZ. Recent 

oceanographic studies have revealed high inter- and 

intra-annual variability and the presence of spring 

upwelling in the Cabo Corrientes area (Gallegos et al. 

2006, López-Sandoval et al. 2009). 

Previously published information on the phyto-

plankton ecology in this area shows aspects such as 

primary productivity measurements (López-Sandoval 

et al. 2009, Becerra-Reynoso 2017) and structure of the 

picoprokaryote fraction (Goericke et al. 2000, Santana-

Vega et al. 2018, Pajares et al. 2020). Also, different 

taxonomic groups have been studied in certain details 

in this area, including diatoms (Hernández-Becerril 

1996, 1998, Hernández-Becerril et al. 2010, 2013), 

dinoflagellates (Hernández-Becerril & Bravo-Sierra 

2004, Hernández-Becerril et al. 2008, Esqueda-Lara & 

Hernández-Becerril 2010, Escobar-Morales & 

Hernández-Becerril 2015), silicoflagellates (Hernández-

Becerril & Bravo-Sierra 2001), raphidophytes (Band-

Schmidt et al. 2004), and cocolithophorids (Hernández-

Becerril et al. 2016). Additionally, recurrent red tides 

and harmful algal blooms have been studied in some 

points along the coasts of the area (Ortiz-Lira & 

Jiménez-Quiroz 2006, Hernández-Becerril et al. 2007), 

and it is now possible to identify some interesting 

microplanktonic species potentially blooming and 

producing red tides (Hernández-Becerril et al. 2007, 

2012a). 

The relative importance of the picophytoplankton 

community, especially the prokaryote fraction 

(Prochlorococcus and Synechococcus populations), 

and particularly regarding the vertical distribution of 

chlorophyll-a (Chl-a), to which this fraction contributes 

considerably to the biomass of the deep Chl-a maxima 

(DCM), has also been mentioned in the study area 

(Cepeda-Morales et al. 2009, Márquez-Artavia et al. 

2019). Prochlorococcus and Synechococcus abun-

dances have been compared with those found in other 

tropical areas, with similar results (Santana-Vega et al. 

2018). Previously, Goericke et al. (2000) had detected 

considerably high densities of the picocyanobacterial 

Prochlorococcus, deeper than the oxygen minimum 

layers, in the south portion of the central Mexican 

Pacific, which was confirmed later (Santana-Vega et al. 

2018). Regarding picoeukaryotes, the eukaryotic 

fraction between 30 and 1.6 μm size has been reported 

(Duret et al. 2015). In contrast, this fraction was also 

recently analyzed, showing its importance in 

subsurface layers at coastal stations (Pajares et al. 

2020). However, this fraction's detailed composition 

(e.g. taxonomic groups and their proportions) is still 

missing. 

The combined use of different analytical methods 

for studying marine phytoplankton, such as picophy-

toplankton analysis (by flow cytometry) and 

photosynthetic pigment determination (by HPLC), has 

added information to the traditional microscopic 

observations (species identifications and cell counts) 

and cell density calculations, and offer a complete 

picture of the importance of taxonomic groups and size 

fractions (Veldhuis & Kraay 1990, Suzuki et al. 2005, 

Tamm et al. 2018). 

We postulate that phytoplankton, and especially the 

picoplankton fraction, should respond to the 

environmental latitudinal, coast-to-ocean, and vertical 

gradients present in the area, changing in composition 

and abundance and that it should be a differential 

vertical distribution generating layers dominated by 

different phytoplankton groups and fractions according 

to their physiological preferences, for example, the 

subsurface chlorophyll maxima (SCM) with higher 

abundances of diatoms and other micro- and 

nanoplankton groups, and DCM with higher abun-

dances of picoplankton, particularly Prochlorococcus; 

these gradients are driven by temperature in the 

latitudinal and the coast-to-ocean axes, and by 

dissolved oxygen, nutrients and light availability in the 

vertical axis. We also hypothesize that the 

picoeukaryote fraction may be well-represented by 

mamiellophytes. Combining analytical methods (e.g. 

flow cytometry, photosynthetic pigments, molecular 

tools) reveals this important contribution, basically 

considering recent studies showing the relevance of 

picoplanktonic mamiellophytes, especially in coastal 

waters (Not et al. 2004, Worden 2006, Worden & Not 

2008, Hernández-Becerril et al. 2012b, Yung et al. 

2022), and the preliminary metabarcoding results of 

samples collected from the study area indicating the 

presence of various species of that group (Hernández-

Becerril et al. in press). 

In this paper, we investigated the basic structure of 

phytoplankton, considering its composition, abundance, 

distribution, and signature pigments. During an 

oceanographic cruise in the central Mexican Pacific, we 



418                                                            Latin American Journal of Aquatic Research 
 

 
focused on the picophytoplankton fraction (both the 

prokaryote and eukaryote components) and the effect 

of environmental gradients in an area influenced by an 

OMZ. 

MATERIALS AND METHODS 

Study area 

This study was conducted in an area of the central 

tropical Mexican Pacific, located between 16°19' and 

20°38'N, and 99°50' and 106°15'W (Fig. 1). This area 

sustains a great diversity of organisms and important 

pelagic fisheries, with different mechanisms of natural 

fertilization such as mesoscale phenomena (plumes and 

eddies) and upwellings, and shallow thermoclines 

reducing stratification and keeping relatively high 

phytoplankton biomass values (López-Sandoval et al. 

2009). Another interesting point is that this area is 

located within an OMZ (Paulmier & Ruiz-Pino 2009, 

Ulloa et al. 2012, Maske et al. 2019), and some 

hydrographic features (for instance, thermo- and 

nutriclines) do affect the vertical distribution of 

biological properties such as Chl-a. Data and samples 

were measured and collected during the oceanographic 

cruise "MareaR V," carried out from April 3 to 12, 

2013, on board the R/V "El Puma," considering five 

zones: Cabo Corrientes (CC), Bahías Manzanillo-

Santiago (BMS), Maruata (MAR), Lázaro Cárdenas 

(LC), and Acapulco (ACA) (Figs. 1-2). 

Hydrographic data and water sampling 

Fifty-nine fixed stations were considered during the 

cruise (Fig. 1) to obtain hydrographic data 

(temperature, salinity, dissolved oxygen) in vertical 

profiles, using a CTD (Seabird SBE 911 PLUS) fitted 

with an additional sensor for fluorescence (WET Labs 

ECOAFL/FL), and water samples. Transects perpen-

dicular to the coastline of three to five stations were set 

for each of the five zones (Fig. 1). For this study, only 

stations with complete picophytoplankton and 

phytoplankton pigments data, forming a transect of at 

least three stations were considered and illustrated. 

Water samples were collected at five depths (usually 5, 

20, 30, 40, and 70 or 100 m), according to the in situ 

fluorescence (Chl-a) maximum layers or peaks: A) for 

phytoplankton microscopic analysis, 250 mL were kept 

in dark bottles and fixed with Lugol's solution, B) for 

picophytoplankton analysis, 4.5 mL were placed in 

cryovials and fixed with 1% glutaraldehyde, C) for 

phytoplankton pigments, 1 L was filtered with a 

vacuum pump through GF/F (47 mm diameter) filters; 

all samples for picophytoplankton and pigments were 

stored in liquid nitrogen and a -20°C freezer, and D) for 

nutrient analysis, 20 mL were held in polypropylene 

containers, after filtration through 0.45 and 0.22 μm 

(MilliporeTM type HA) nitrocellulose membranes, and 

were kept frozen (-4°C). Table S1 summarizes all 

samples obtained and analyzed.  

Laboratory analysis 

Nutrients 

The samples were thawed for analysis in a Skalar San 

Plus segmented-flow auto-analyzer using the standard 

methods adapted by Grasshoff et al. (1983) and the 

circuits suggested by Kirkwood (1994). The precision 

of the analyses with this system was: nitrate 0.1 μM, 

nitrite 0.02 μM, ammonium 0.1 μM, soluble reactive 

phosphorous (SRP) 0.04 μM, and SRSi 0.1 μM. Each 

sample was analyzed in duplicate. If the two 

determinations differed by more than twice the 

accuracy of the analysis, a third determination was 

made. 

Microscopic analysis 

Only samples obtained from the transect in CC were 

studied. Bottle samples were collected at three stations 

and three depths, E5- 20 (SCM), 40, 83 m, E7- 0, 31 

(SCM), 50 m, and E9- 5, 23 (SCM), 40 m, and were 

fixed with Lugol's solution. They were analyzed 

following the inverted microscope technique 

(Utermöhl), using 25 or 50 mL chambers, and settled 

for 24 h. Identification and counting were made in 

cross-transects, and phytoplankton density was 

calculated using the formula recommended by Edler & 

Elbrächter (2010).  

Flow cytometry 

Flow cytometry analyses were conducted to recognize 

and quantify picophytoplankton populations, following 

the protocol of Marie et al. (1999). Water samples were 

thawed at room temperature and injected into a 

FACSCalibur (Becton Dickinson) flow cytometer. The 

following parameters were considered: forward light 

scatter (FSC, E01), side light scatter (SSC, 450), and 

three fluorescence (FL1, 650 green, FL2, 650 orange, 

and FL3, 650 red). Additionally, 0.95 and 3.0 μm 

fluorescent microspheres (Becton Dickinson) were 

used for calibration. Picophytoplankton populations 

were identified and quantified by analyzing all 

cytograms with the program Cyflogic 1.2.1. 

Factors of 56, 112, and 1010 fg C cell-1 were chosen 

from the literature to calculate picophytoplankton 

carbon biomass as the most representative and 

conservative values for Prochlorococcus, Synecho- 
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Figure 1. Map showing the study area in the Mexican Pacific, the five different transects, and sampling stations. 

 

 

coccus, and picoeukaryotes, respectively (Lee & 

Fuhrman 1987, DuRand et al. 2001, Linacre et al. 
2010).  

Phytoplankton pigments 

For pigments analysis, the HPLC method proposed by 

Vidussi et al. (1996) was followed, using equipment 

Hewlett Packard series 1100, equipped with DAD, 

FLD, and a software OpenLAB Version A.01.02 with 

Chem Station Rev 0.01.02 (14). A column ZORBAX 

Eclipse XD B-C8 of 5 µm and 4.6×150 mm was used. 

Pigment identification followed the criteria proposed 

by Wright & Mantoura (1997), where retention times 

and absorption spectra were compared with original 

standards. Twelve signature pigments were measured, 

including Chl-a, fucoxanthin (usually used to recognize 

diatom abundances), peridinin (signature pigment for 

dinoflagellates), 19' hexanoyloxyfucoxanthin (19' HF) 

and 19' butanoyloxyfucoxanthin (19' BF) (both 

signature pigments for haptophytes), zeaxanthin 

(employed to identify Cyanobacteria, especially the 

picoplanktonic Synechococcus), and divinyl Chl-a 
(pigment characteristic of the picocyanobacteria 

Prochlorococcus). Other pigments measured, alloxan-

thin, prasinoxanthin, and β-carotene, were detected 
occasionally or in very low concentrations. Standards 

of all pigments analyzed were obtained from DHI Lab 
Products (Hoersholm, Denmark). 

Diagnostic pigment indices (DP) and proportions of 

phytoplankton by size class (pico, nano and micro-

phytoplankton) were derived using the equations 

described by Barlow et al. (2008) using eight diagnostic 

pigments: fucoxanthin, peridinin, 19' HF, 19' BF, 

alloxanthin, total chlorophyll-b, (TChl-b), zeaxanthin 

and divinyl Chl-a. The pigment indices were calculated 

as follows: photoprotective carotenoids (PPC) Σ = 

diadinoxanthin + alloxanthin + diatoxanthin + 

zeaxanthin + β-carotene) to total pigments (PPC/TP) 

and photosynthetic carotenoids (PSC) Σ = fucoxanthin 

+ peridinin + 19' hexanoyloxyfucoxanthin + 19' 

butanoyloxyfucoxan-thin + violaxanthin + Chl-b) to 

total pigments (PSC/TP). This approach has proven 

valuable in providing the dominant trends of the 

phytoplankton community and size structure at the 

regional and seasonal scales (Uitz et al. 2006, Ras et al. 

2008). 

Winds data 

Zonal and meridional (u, v) data of the winds from the 

study area (data of 1, 5, 8, 10, and 13 April 2013) were 

obtained from the EROS5 web platform. The 

trigonometric equation arctg(u/v) ×100 was used to 

calculate the wind direction (González-Ferreiro & 

Bosque-Sendra 2008). Surface temperatures were 

obtained from the Google Earth Engine web platform, 
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Figure 2. Spatial patterns of remote sensed. a) Sea surface temperature (SST) and b) chlorophyll-a of the study area for 

April 2013. Images were based on (SST): [https://coastwatch.pfeg.noaa.gov/erddap/griddap/index.html?page=1&items 

PerPage=1000], and (chlorophyll-a): [https://coastwatch.pfeg.noaa.gov/erddap/griddap/erdMH1chla8day.graph? 

chlorophyll%5B(2011-0413T00:00:00Z)%5D%5B(27.02083):(24.02083)%5D%5B(-98.02083):(-6.52083)%5D&.draw= 

surface&.vars=longitude%7Clatitude%7Cchlorophyll&.colorBar=%7C%7C%7C%7C%7C&.bgColor=0xffccccff]. 

 

 

with a spatial resolution of 4 km and a temporal 

resolution of three days. The open code software QGIS 

was used to process the satellite data and map design. 

 

Statistical analysis 

Multivariate analyses were performed to detect spatial 

differences in the abundances of the picophytoplankton 

found and evaluate the contribution of each taxon or 

https://coastwatch.pfeg.noaa.gov/erddap/griddap/index.html?page=1&items%20PerPage=1000
https://coastwatch.pfeg.noaa.gov/erddap/griddap/index.html?page=1&items%20PerPage=1000
https://coastwatch.pfeg.noaa.gov/erddap/griddap/erdMH1chla8day.graph?%20chlorophyll%5B(2011-0413T00:00:00Z)%5D%5B(27.02083):(24.02083)%5D%5B(-98.02083):(-6.52083)%5D&.draw=%20surface&.vars=longitude%7Clatitude%7Cchlorophyll&.colorBar=%7C%7C%7C%7C%7C&.bgColor=0xffccccff
https://coastwatch.pfeg.noaa.gov/erddap/griddap/erdMH1chla8day.graph?%20chlorophyll%5B(2011-0413T00:00:00Z)%5D%5B(27.02083):(24.02083)%5D%5B(-98.02083):(-6.52083)%5D&.draw=%20surface&.vars=longitude%7Clatitude%7Cchlorophyll&.colorBar=%7C%7C%7C%7C%7C&.bgColor=0xffccccff
https://coastwatch.pfeg.noaa.gov/erddap/griddap/erdMH1chla8day.graph?%20chlorophyll%5B(2011-0413T00:00:00Z)%5D%5B(27.02083):(24.02083)%5D%5B(-98.02083):(-6.52083)%5D&.draw=%20surface&.vars=longitude%7Clatitude%7Cchlorophyll&.colorBar=%7C%7C%7C%7C%7C&.bgColor=0xffccccff
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size-fraction to the spatial variability. Principal 

components analysis (PCA) was performed to explore 

the most relevant environmental variables responsible 

for any pattern in the abundance of picophytoplankton, 

and the PCA was based on the Euclidean distance 

similarity matrix of the log-transformed variables after 

the use of Draftsman plots to eliminate highly 

correlated redundant variables from the analysis 

(Clarke & Gorley 2006). Abiotic data were used as 

quantitative variables, and biotic data (picophyto-

plankton biomass and pigment index) were used as 

qualitative supplementary variables. PCA was performed 

with XLSTAT 2018.5 (Base version, Addinsoft). 

RESULTS 

Hydrographic features, nutrients, and chlorophyll-a 

A thermal latitudinal gradient and a heterogeneous 

surface distribution of Chl-a were observed in the 

study area (Figs. 2a-b). In Cabo Corrientes (CC), the 

Sea surface temperatures (SST) were lower (less than 

27°C) in stations located north of the study area. They 

were increasing (up to 29°C) toward the south stations 

in Acapulco (ACA) (Fig. 2a). Additionally, lower SST 

was detected at some coastal zones (Figs. 2a, 3a-d), 

suggesting upwelling events. The surface distribution 

of Chl-a showed a general pattern of higher 

concentrations in coastal zones, especially in CC, 

Bahías Manzanillo-Santiago (BMS), Lázaro Cárdenas 

(LC), and north of ACA (intermediate smaller zones) 

(Fig. 2b), in coincidence with the SST (Fig. 2a). This 

information was compared with our data and we 

consider they are consistent. 

Wind maps (Figs. 3a-d) showed temporal 

differences of SST, with a strong coincidence with the 

previous temperature map (Fig. 2a), and the 

persistence, up to four different days (1, 5, 8 and 10 

April 2013) of the direction of the wind, toward south-

east, parallel to the cost (Figs. 3a-d), associated to the 

changes of the SST, particularly lower SST at the same 

coastal zones as described above (CC, BMS, LC, north 

of ACA, and intermediate smaller zones) (Figs. 3a-d), 

adding more evidence for the upwelling occurrence. 

All stations (including coastal and oceanic ones) 

showed a general pattern with defined thermoclines and 

oxyclines (Figs. 4-7). The depth of the mixed layers 

was variable: the isotherm of 24°C varied from 24 to 35 

m depth in stations of CC, BMS, and Maruata (MAR), 

and from 12 to 42 m depth in stations in LC and ACA 

(Figs. 4-7), evidence of relatively cooler water 

elevation at the coastal stations (St 34, 42) in LC and 

ACA, respectively. However, only at St 42 was a weak 

stratification detected, so an unexpected upwelling 

event was suggested (Figs. 4i, 7e). Dissolved oxygen 

values were low (2 mg L-1) between 30 and 55 m depth. 

They followed a similar pattern of the thermoclines: 

surface concentrations quickly decreased between 30 

and 35 m (Figs. 5-7), although, at the coastal stations St 

34 (LC), the oxycline was found at about 22 m depth, 

and at around 15 m at St 42 (ACA) (Figs. 7b, e). 

Nutrient concentrations and distributions are 

represented by nitrate, which may modulate the 

distribution of phytoplankton. In general, nitrate low 

concentrations (0.02 μM) were found in the surface 

layer (up to 30 m depth), but a strong nitratecline was 

detected between 18 and 30 m depth in most stations 

(Figs. 5-7). Nitrate concentrations considerably increased 

(up to 26.87 μM) deeper than 30 m depth. No clear 

pattern was found in the horizontal and latitudinal 

distribution. 

Fluorescence (Chl-a) showed a general pattern with 

higher values (up to 7 mg m-3, St 31) at coastal stations 

(St 5, 31, 34, and 42) than at more remote, oceanic 

stations in all transects studied (Figs. 2, 4-7, 9). In the 

ACA transect, fluorescence followed the temperature 

pattern (Fig. 4i, j), providing more evidence of the weak 

upwelling there. The previously detected pattern of 

SCM occurring in all stations was also found regarding 

vertical distribution. However, coastal stations (St 5, 

23, 31, 34 and 42) had this feature shallower (15-25 m 

depth) than in more oceanic stations (St 9, 20a, 28a, 38a 

and 46a), where these SCM were found between 32 and 

45 m (Figs. 5-7, 9). Many stations also showed the 

presence of DCM, especially the oceanic stations, 

located between 85 and 95 m deep (Figs. 5-7, 9). The 

highest Chl-a values were found at St 8 (Fig. 4b). 

Phytoplankton structure in Cabo Corrientes 

Bottle samples analyzed by microscopy yielded 

information on species composition, cell abundances 

(Table 1), and distribution (especially the vertical 

distribution). Cell densities ranged from 1.19 to 34.63 

cells×104 L-1 (at St 5, 83 m, and St 7, 31 m, 

respectively), with no clear differences among densities 

in coastal or oceanic stations; in fact, higher densities 

were detected in St 7 (an intermediate one, with more 

than 2000 m depth). These densities were distributed 

similarly to the fluorescence and Chl-a profiles, and the 

highest abundances' peaks coincided with the SCM's 

depth (Figs. 5-7, 9). 

The communities comprised up to 54 taxa (most 

identified at the species level). They were dominated by 

diatoms regarding species richness, where Chaetoceros 

socialis and other Chaetoceros spp., Cylindrotheca  
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Figure 3. Wind map showing the direction of the wind and the spatial and temporal patterns of remote sensed Sea surface 

temperature (SST) of the study area for four different days in April 2013: a) April 1, 2013, b) April 5, 2013, c) April 8, 

2013, and d) April 10, 2013. 

 

 

closterium, Eucampia cornuta, Guinardia delicatula, 

and Pseudo-nitzschia delicatissima were the most 

abundant species (Table 1), with slight differences in 

composition among the three stations (5, 7 and 9). 

Chaetoceros socialis and other Chaetoceros spp. 

reached considerable abundances of up to 18 cells×104 

L-1 at St 5, 20 m depth. The composition also included 

low densities of thecate dinoflagellates, unidentified 

athecate dinoflagellates, silicoflagellates, and crypto-

phytes (Table 1). 

Picophytoplankton features 

Results from flow cytometry showed the presence and 

abundance of three main picophytoplankton groups: 

Synechococcus, Prochlorococcus, and eukaryotes. 

Synechococcus densities varied from 0.15 to 9.56  
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Figure 4. Distributions of temperature (left panel) and chlorophyll-a (right panel) in the transects of a-b) Cabo Corrientes, 

c-d) Bahías Manzanillo-Santiago, e-f) Maruata, g-h) Lázaro Cárdenas, and i-j) Acapulco. 

 

 

cells×104
 

mL-1, whereas Prochlorococcus abundances 

ranged from 0.05 to 21.7 cells×104 mL-1, and 

picoeukaryotes varied from 0.01 to 4.75 cells×104
 

mL-1 

(Table 2). Although the numerical abundances of 

Prochlorococcus were the highest, in terms of biomass, 

as expected, picoeukaryotes were more important. 

They contributed more, with values reaching up to 

47.95 µg C L-1 (St 28a, 5 m). In contrast, the maxima 

values for Synechococcus and Prochlorococcus were 

10.71 µg C L-1 (St 28a, 20 m) and 12.15 µg C L-1 (St 

38, 85 m), respectively (Fig. 8). 

Synechococcus and picoeukaryotes densities (and 

consequently in terms of biomass) appeared to be 

higher at the three northern zones, namely CC, BMS, 
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Figure 5. Vertical distribution of environmental variables (DO: dissolved oxygen, Temp: temperature, NO3: nitrate), 

chlorophyll-a, three picoplankton different populations (Syn: Synechococcus, Pro: Prochlorococcus, and PicoE: 

Picoeukaryotes), and phytoplankton (Phyto) in stations of the Cabo Corrientes transect: a) station 9, b) station 7, c) station 

5. 

 

 

and MAR. In contrast, they diminished toward the 

southern zones, except for station 37 at 1 m depth (Figs. 

5, 8). Prochlorococcus abundances were heterogeneous 

throughout the study area, with no considerable 

differences between coastal and oceanic stations. Still, 

at station 38a (an oceanic one, at 42 and 85 m depth), 

Prochlorococcus densities were higher than in the 

coastal station of that zone (LC) (Figs. 7-8). 

Picoeukaryotes densities were higher at station 28a at 

the surface (1-5 m depth) (Figs. 6, 8). 

The vertical distribution of the abundances of these 

groups was fairly irregular, but some recurrent patterns 

were detected. Synechococcus abundances reached 

their highest values in coincidence with the SCM at 

stations 28a (20 m), 34 (18 m), 45 (38 m), and 46a (46 

m) (Figs. 6-7). The highest Prochlorococcus 

abundances were in deeper layers, coinciding with the 

DCM, at stations 5 (83 m), 7 (73 m), 21 (61 m), 28a, 29 

(85 m), 31 (75 m), 38a (85 m) and 46a (77 m) (Figs 4-

7), and only in one station (45) its highest abundance 

was coincident with the SCM (Fig. 7). Picoeukaryotes 

followed the same pattern of Synechococcus, with 

abundance peaks coinciding with the SCM, or higher 

densities in surface and then decreasing with depth (St 

21 and 42) (Figs. 6-7). 

Photosynthetic phytoplankton pigments 

Phytoplankton pigments measured yielded variable 

concentrations, with the most important and widely 

distributed pigments, fucoxanthin ranging from 0.004 

to 1.50 μg L-1, peridinin from 0 to 0.16 μg L-1, 19' HF 

varied from 0 to 0.23 μg L-1, zeaxanthin ranged from 0 

to 0.11 μg L-1, prasinoxanthin from 0 to 0.22 μg L-1 and 

divinyl Chl-a from 0 to 0.08 μg L-1 (Table 2). Other 

pigments such as alloxanthin, β-carotene, and Chl-b 

were detected occasionally or in very low concen-

trations and are partially shown (19' BF) (Table 2). 

The highest concentrations of chlorophyll-a and 

most pigments (fucoxanthin, zeaxanthin, prasino-

xanthin, and divinyl Chl-a) were found in coastal 

stations (St 5, 23, 31, 34, and 42) at different depths 

(Fig. 9), in most cases coinciding with the SCM, except 
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Table 1. List of species identified by microscopic analysis from stations 5, 7, and 9 in the Cabo Corrientes transect, 

including diatoms, dinoflagellates, silicoflagellates and Cryptophytes, with their maxima densities (cells L-1).  

 

Species Max density (cells L-1) Species Max density (cells L-1) 

Diatoms 

Chaetoceros affinis 

Chaetoceros atlanticus 

Chaetoceros brevis 

Chaetoceros compressus 

Chaetoceros curvisetus 

Chaetoceros dichaeta 

Chaetoceros didymus 

Chaetoceros laciniosus 

Chaetoceros lorenzianus 

Chaetoceros pseudocurvisetus 

Chetoceros rostratus 

Chaetoceros socialis  

Climacodium frauenfeldianum 

Cylindrotheca closterium 

Dactyliosolen phuketensis 

Detonula pumila  

Ditylum brightwellii 

Eucampia cornuta 

Guinardia delicatula 

Guinardia flaccida 

Guinardia striata 

Haslea wawrikae 

Hemiaulus hauckii 

Hemiaulus membranaceus  

Leptocylindrus danicus 

Leptocylindrus mediterraneus 

Leptocylindrus minimus 

Lioloma sp. 

 

˂1,000 

1,155 

˂1,000 

3,079 

31,557 

1,539 

˂1,000 

˂1,000 

4,618 

30,788 

˂1,000 

96,211 

˂1,000 

59,651 

˂1,000 

˂1,000 

˂1,000 

47,721 

46,181 

12,315 

˂1,000 

˂1,000 

8,467 

2,309 

15,394 

10,391 

15,394 

˂1,000 

Navicula directa 

Planktoniella sol 

Proboscia alata  

Pseudo-nitzschia delicatissima 

Pseudo-nitzschia pungens 

Pseudo-nitzschia roundii 

Pseudo-nitzschia subcurvata 

Rhizosolenia acuminata 

Rhizosolenia bergonii  

Rhizosolenia imbricata 

Rhizosolenia setigera 

Skeletonema pseudocostatum  

Thalassionema nitzschioides 

Thalassiosira lineata 

Thalassiosira sp. 

Dinoflagellates 

Alexandrium tamiyavanichii  

Amphidinium sp. 

Dinophysis fortii  

Gymnodinium catenatum  

Gymnodinium sp. 

Gyrodinium sp.  

Heterocapsa sp. 

Karenia sp. 

Prorocentrum minimum  

Scrippsiella trochoidea  

Silicoflagellates 

Octactis octonaria  

Cryptophytes 

˂1,000 

˂1,000 

1,924 

26,554 

13,470 

1,924 

˂1,000 

˂1,000 

˂1,000 

˂1,000 

˂1,000 

˂1,000 

6,927 

˂1,000 

4,618 

 

˂1,000 

1,924 

˂1,000 

˂1,000 

2,181 

5,773 

15,394 

˂1,000 

˂1,000 

˂1,000 

 

˂1,000 

˂1,000 

 

 

St 42, a shallow and eutrophic coastal station, where 

maxima values occurred close to surface (between 5 

and 10 m depth). Fucoxanthin, mostly considered an 

indicator of the presence and relative abundance of 

diatoms, had considerable concentrations at coastal 

stations (Fig. 9). At St 45, an intermediate station, more 

oceanic than coastal, fucoxanthin reached 0.97 μg L-1 

at 38 m depth, in coincidence with the SCM. 

The vertical distribution of the pigments generally 

followed that of the Chl-a and fluorescence profiles, 

especially fucoxanthin and zeaxanthin, with the highest 

concentrations (peaks) coinciding with the SCM, 

except zeaxanthin at St 29, where its peak was located 

at 85 m, in coincidence with the DCM. As expected, 

divinyl Chl-a showed its highest concentrations at the 

DCM in the most remote oceanic stations (St 20a, 28a, 

38a, and 46a). In St 7, it showed two peaks, at 19 and 

73 m depth (Fig. 9). Concentrations of various 

pigments (4 or 5) peaked together in subsurface 

(between 18 and 40 m depth) at stations 5, 20a, 21, 28a, 

31, 34 and 37 (Fig. 9). 

Values of some pigments were significantly 

associated with the abundance of picophytoplankton, 

such as prasinoxanthin with picoeukaryotes (r = 0.30, 

P < 0.10) and divinyl Chl-a and Chl-b with 

Prochlorococcus (r = 0.48, P < 0.05 and r = 0.60, P < 

0.05, respectively). 
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Figure 6. Vertical distribution of environmental variables (DO: dissolved oxygen, Temp: temperature, NO3: nitrate), 

chlorophyll-a, and three picoplankton different populations (Syn: Synechococcus, Pro: Prochlorococcus, and PicoE:  

Picoeukaryotes) in stations of the Bahías Manzanillo-Santiago transect: a) station 20a, b) station 21, and Maruata transect: 

c) station 28a, d) station 29, e) station 31. 
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Figure 7. Vertical distribution of environmental variables (DO: dissolved oxygen, Temp: temperature, NO3: nitrate), 

chlorophyll-a, and three picoplankton different populations (Syn: Synechococcus, Pro: Prochlorococcus, and PicoE: 

Picoeukaryotes) in stations of the Lázaro Cárdenas transect: a) station 38a, b) station 34, and Acapulco transect: c) station 

46a, d) station 45, e) station 42. 
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Table 2. Picophytoplankton abundances and pigment concentrations of the study area during the oceanographic cruise 

"MareaR V". SD: standard deviation. 

 

Variable 

Cabo Corrientes 

(CC) 

 Manzanillo 

(BMS) 

 Maruata 

(MAR) 

 Lázaro Cárdenas 

(LC) 

 Acapulco 

(ACA) 

Mean SD  Mean SD  Mean SD  Mean SD  Mean SD 

 Abundance (×104cells mL-1) 

Synechococcus 1.568 0.992  1.669 1.288  2.70| 2.24  1.287 1.742  0.707 0.499 

Prochorococcus 2.543 5.085  1.015 1.946  2.08 3.28  4.499 6.962  2.673 3.536 

Picoeukaryote 0.353 0.239  0.419 0.420  0.86 1.32  0.357 0.927  0.108 0.127 

 Concentration (μg L-1) 

Chlorophyll-a 0.124 0.194  0.101 0.153  0.09 0.18  0.043 0.086  0.161 0.248 
Divinyl-chlorophyll-a 0.003 0.009  0.003 0.011  0 0.01  0.003 0.008  0.014 0.026 

Total chlorophyll 0.127 0.194  0.104 0.152  0.10 0.18  0.045 0.086  0.175 0.273 

Peridinine 0.024 0.055  0.007 0.014  0 0.01  0.007 0.010  0.016 0.025 

19'-BF 0.001 0.004  0 0.001  0 0  0.002 0.007  0.010 0.023 

Fucoxanthin 0.150 0.260  0.106 0.209  0.11 0.28  0.052 0.139  0.312 0.509 

Prasinoxanthin 0.035 0.041  0.044 0.046  0.03 0.04  0.029 0.047  0.051 0.068 

19'-HF 0.018 0.031  0.015 0.031  0.01 0.03  0.005 0.017  0.025 0.059 

Zeaxanthin 0.037 0.033  0.038 0.028  0.03 0.02  0.032 0.020  0.054 0.026 

 

 

Phytoplankton size fractions and pigment indices 

and ratios 

The structure of phytoplankton size fractions estimated 

from the photosynthetic pigments showed that the 

nanoplankton fraction contributed the lowest 

proportion in the study area with ~5% (Table 3, Fig. 

10). At the zones of MAR and ACA, micro- and 

picoplankton fractions contributed in about the same 

proportion (43-47%). In contrast, in BMS and LC, the 

microplankton fraction was dominant in the community 

(~50 and 60%, respectively). Microphytoplankton was 

more important (~58%) in the CC zone (Table 3, Fig. 

10). At coastal stations (St 5 at CC, St 23 at BMS, St 31 

at MAR, St 34 at LC, and St 42 at ACA) 

microphytoplankton was the major contributor (Fig. 

10). 

The pigment indices photoprotective carotenoids 

(PPC) to total pigments and photosynthetic carotenoids 

(PSC) to total pigments showed an apparent horizontal 

pattern in their distribution, corresponding with the 

environmental conditions: the highest values of PSCTP 

were recorded at coastal stations of each transect (St 5 

at CC, St 23 at BMS, St 31 at MAR, St 34 at LC, and 

St 42 and 45 at ACA) (Fig. 11), within the euphotic 

zone. Contrastingly, the photoprotection index (PI) 

increased in the direction coast to the ocean, reaching 

its highest values at more oceanic stations of the 

transects CC (St 9), MAR (St 20) and LC (St 28a) (Fig. 

11). 

The ratio PPS:PSC was close to 1, with natural 

deviations associated with areas of high productivity, 

particularly at St 5 (20 m), St 23 (18 m), St 31 (21 m), 

St 34 (18 m), St 42 (5 and 10 m), and St 45 (38 m), most 

of them within the coastal zone of each transect (except 

station 45). 

Statistical analyses 

The PCA revealed that the two first components 

explained 72.5% of the total variance (Fig. 12). 

temperature and dissolved oxygen were positively 

associated with the first component, which explained 

65.6% of the variance. In contrast, phosphates and 

nitrates were negatively associated, suggesting the 

influence of upwelling (Fig. 12). Chl-a and ammonium 

were negatively associated with the second component, 

the zone of high biological activity. Nanoplankton 

fraction and Prochlorococcus biomass were positively 

correlated with the first component, whereas the PSC 

index and microplanktonic fraction were associated 

with the second component; the most coastal stations of 

each transect were grouped (top left quadrant), 

indicating the major productivity areas (Fig. 12). 

DISCUSSION 

Hydrographic and oceanographic conditions 

Hydrographic and oceanographic conditions found in 

this study are common for spring in the region, inclu-
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Figure 8. Contributions (%) of three picophytoplankton populations to a) abundance and b) biomass per station and depth 

(numbers are each station and depth, m), and transect. ACA: Acapulco, LC: Lázaro Cárdenas, MAR: Maruata, BMC: Bahías 

Manzanillo-Santiago, CC: Cabo Corrientes, Proc: Prochlorococcus, Syn: Synechococcus, PicoE: Picoeukaryotes. 

 

 

ding the latitudinal thermal gradient from north to south 

(Gallegos et al. 2006, López-Sandoval et al. 2009, 

Pelayo-Martínez et al. 2017, Santana-Vega et al. 2018, 

Pajares et al. 2020). Relative thin mixed column water 

usually appeared in most northern zones (CC), and 

these layers increased their thickness towards the south. 

In contrast, the surface temperatures are higher in most 

southern zones (ACA), which confirms the latitudinal 

thermal gradient. The sudden decrease in the dissolved 

oxygen concentration and the oxycline depth are also 

characteristic features of the study area located within 

an OMZ (Maske et al. 2019).  

Although we expected the presence of spring 

upwellings in the study area, especially CC, these most 

possibly occurred after the sampling dates (April 10, 

2013) (Fig. 3d). The wind maps led us to observe some 

additional events, most of them showing possible 

upwellings, particularly at a zone between LC and 

ACA, because the persistence of the direction of the 

winds (Figs. 3b-d). However, when we sampled CC, 

the water column appeared more stratified, in contrast 

with the most southern zone, ACA, which showed 

conditions suggesting a weak upwelling, as the 

isotherm of 24°C was found between 18 and 22 m depth 

in a coastal station (St 42, ACA), and also supported by 

the gradual ascent of the Chl-a values in that transect 

and the high surface Chl-a concentration at St 42 (Figs. 

4i-j, 7e), a novelty in the series of studies previously 

done in the study area. 

The finding of DCM, located between 65 and 120 m 

depth, in more oceanic, remote locations, in addition to 

the usual SCM, is another interesting and important 

characteristic of the study area (Cepeda-Morales et al. 

2009, Hernández-Becerril et al. 2018, Santana-Vega et 

al. 2018, Márquez-Artavia et al. 2019). These DCM are 

persistent in the OMZ of the Mexican Pacific between 

a b 
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Figure 9. Vertical distribution of the major pigments at stations of each transect. Numbers are each station and depth (m). 

a) Stations in transects Cabo Corrientes (CC), BMS (Bahías Manzanillo-Santiago), and Maruata (MAR). b) Stations in 

transects Lázaro Cárdenas (LC) and Acapulco (ACA). 

 

 

40 and 190 m, related to the subtropical subsurface 

water, which is nearly unaffected by mixing with other 

water masses (Márquez-Artavia et al. 2019). 

Whereas the SCM are formed and maintained by a 

range of interacting processes, including enhanced 

phytoplankton growth under an optimal combination of 

light and nutrients, physiologically controlled 

swimming behavior or buoyancy regulation, and 

photoacclimation of pigment content, all influenced by 

food web interactions and hydrodynamics (Cullen 

2015), the mechanisms which are involved in forming 

and maintaining the DCM are not completely 

understood. These mechanisms may include particular 

conditions of the deeper water layers in the study area 

(and OMZ all over the world), with very low (suboxic) 

dissolved oxygen concentrations, low light intensity 

(with a spectral blue feature), and high nitrate 

concentrations. All of them may favor the formation of 

a second, deep fluorescence maximum, especially in 

oceanic areas that are associated with high 

Prochlorococcus populations (Goericke et al. 2000). 

The DCM has been reported to occur at irradiances 

ranging from 0.2 to 2% of surface values (Goericke et 

al. 2000). 

Phytoplankton and picophytoplankton structure 

The phytoplankton's structure at CC stations (the most 

northern zone) was studied by microscopic analysis 

(Table 1) and photosynthetic pigments. The cell 

densities of phytoplankton were relatively low to 

moderately high (1.19 to 34.63 cells×104
 

L-1), 

especially if compared with reports of other years in the 

same area for about the same period of the year, where 

a high average value may be 6.89 cells×105
 

L-1 and up 

to 2.31 cells×106
 

L-1, when blooms conditions were 

found (Hernández-Becerril & Vega-Juárez 2022). 

a b 
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Table 3. Various pigment indices values from the study area during the "MareaR V" oceanographic cruise. SD: standard deviation; Min: minimum; Max: maximum. 

 

Pigments/Index 

Cabo Corrientes 

(CC) 

Manzanillo Maruata  Lazaro Cardenas 

(LC) 

Acapulco 

(BMS) MAR) (ACA) 

Mean SD Min Max Mean SD Min Max Mean SD Min Max Mean SD Min Max Mean SD Min Max 

Total chlorophyll a TChl a 0.13 0.19 0 0.63 0.10 0.15 0 0.57 0.10 0.18 0.02 0.71 0.06 0.09 0 0.30 0.18 0.27 0.02 0.92 

Photoprotective carotenoids PPC 0.04 0.03 0 0.10 0.04 0.03 0 0.10 0.04 0.03 0 0.11 0.04 0.02 0.01 0.08 0.06 0.03 0.02 0.10 

Total diagnostic pigments DP 0.24 0.3 0.01 0.98 0.18 0.24 0.03 0.91 0.19 0.32 0.03 1.23 0.13 0.19 0.04 0.62 0.42 0.58 0.07 1.79 

Total accessory pigments Tacc 0.3 0.39 0.01 1.29 0.23 0.32 0.04 1.20 0.25 0.41 0.05 1.61 0.17 0.25 0.04 0.83 0.56 0.79 0.08 2.41 

Photosynthetic pigments PSC 0.32 0.5 0.01 1.61 0.23 0.40 0 1.48 0.25 0.51 0.03 1.95 0.14 0.28 0 0.88 0.54 0.86 0.03 2.67 

Total pigments TP 0.43 0.58 0.01 1.92 0.34 0.47 0.04 1.78 0.35 0.60 0.09 2.32 0.22 0.35 0.04 1.13 0.73 1.06 0.10 3.33 

Photoprotection index PI 0.17 0.18 0 0.63 0.15 0.14 0.03 0.57 0.15 0.18 0.05 0.71 0.10 0.10 0.02 0.34 0.23 0.27 0.08 0.98 

Total chlorophyll a to total pigments T ChlaTP 0.24 0.1 0 0.35 0.29 0.10 0 0.39 0.31 0.12 0.15 0.55 0.22 0.11 0 0.41 0.23 0.05 0.12 0.34 

Photoprotective carotenoids to total pigments PPCTP 0.2 0.21 0 0.60 0.29 0.23 0 0.80 0.23 0.15 0 0.54 0.40 0.28 0.04 1 0.30 0.26 0.02 0.70 

Photosynthetic carotenoids to total pigments PSCTP 0.42 0.27 0.12 1 0.25 0.18 0 0.53 0.28 0.18 0.05 0.53 0.23 0.17 0 0.51 0.32 0.19 0.08 0.57 

Total accessory pigments to total pigments TAccTP 0.76 0.1 0.65 1 0.71 0.10 0.61 1 0.69 0.12 0.45 0.85 0.78 0.11 0.59 1 0.77 0.05 0.66 0.88 

PPS:PSC ratio PPC:PSC 1.08 1.67 0 5.23 0.75 0.55 0 1.43 2.06 3.17 0 11.56 2.27 2.21 0.07 6.66 2.04 2.70 0.03 9.09 

Picophytoplankton proportion Ppf 58.52 27.12 16.05 100 40.73 32.3 0 100 44.15 28.93 7.96 100 36.8 26.98 0 80.42 47.53 28.45 9.91 86.76 

Nanophytoplankton proportion Npf 4.47 5.42 0 12.46 6.85 7.23 0 19.3 7.26 11.48 0 40.95 1.42 4.25 0 12.74 5.07 7.82 0 25.70 

Microphytoplankton proportion Mpf 35.97 30.70 0 83.95 50.84 32.34 0 100 42.93 27.41 0 92.04 60.1 28.11 6.84 100 45.27 32.93 2.13 90.09 
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Figure 10. Phytoplankton size fractions (%) were estimated using photosynthetic pigments per station and transect.                
a) Transects Cabo Corrientes, b) Bahías Manzanillo-Santiago, c) Maruata, d) transects Lázaro Cárdenas, e) Acapulco. Pico: 

picoplankton. Nano: nanoplankton, Micro: microplankton. 

 

 

Despite the relative stratification of stations in CC, 

diatoms were the most abundant taxonomic group, as 

confirmed by high concentrations of fucoxanthin. The 

species composition also included a few unidentified 

athecate photosynthetic dinoflagellates (Gymnodinium 

and Karenia species), silicoflagellates, and small 

cryptophytes (Table 1). Expectably, the phytoplankton 

densities coincided with the patterns of Chl-a in all 

three stations, peaking also together at the SCM (Figs. 

5-7, 9). 

The numerical predominance of diatom species, 

which were mainly chain-forming: Chaetoceros socialis 

and other Chaetoceros spp., Eucampia cornuta, 

Guinardia delicatula, as abundant species, but also 

including some Pseudonitzschia spp., and Thalassio-

nema nitzschioides in fewer numbers (Table 1), is 

commonly found in coastal areas in this zone of the 

Mexican Pacific (Hernández-Becerril 1996, Esqueda-

Lara et al. 2005, Vega-Juárez 2014). 

Besides the diatom's important contribution to 

diversity and abundance at stations in the CC zone, we 

also found that fucoxanthin, as a signature pigment, 

was the most significant pigment in most samples of all 

stations, particularly in coastal stations (5, 23, 31, 34, 

and 42) and station 45 (an intermediate station) at 38 m. 

We have no information on microscopic analysis there. 

Generally, and expectably, all pigments analyzed 

yielded higher concentrations in coastal stations than in 
more oceanic ones (Fig. 9). 

A previous paper on prokaryote picophytoplankton 

and its distribution along environmental gradients in the 
central Mexican Pacific showed similar characteristics 
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Figure 11. Vertical profiles of phytoplankton pigment indices in each station of the transects. a) Stations in transects Cabo 

Corrientes, b) stations in Bahías Manzanillo-Santiago, c) stations in Maruata, d) stations in transects Lázaro Cárdenas,           

e) stations in Acapulco. PSC: photosynthetic carotenoids, PCC: photoprotective carotenoids. 

 

 

in this study (Santana-Vega et al. 2018). Differential 

geographic distribution of both Synechococcus and 

Prochlorococcus was already noticed. We also 

observed Synechococcus and picoeukaryotes densities 

(and consequently in terms of biomass), which 

appeared to be higher in three northern zones: CC, 

BMS, and MAR. In contrast, they diminished toward 

southern zones (Fig. 8). These data are consistent with 

previous observations in other marine subtropical areas 

where Synechococcus and autotrophic eukaryotes 

dominated mesotrophic waters. In contrast, Prochloro-

coccus dominated in more oligotrophic areas (Gérikas-
Ribeiro et al. 2016).  

We also recognized a unique feature occurring in 

OMZ concerning the vertical distribution of 

Prochlorococcus, which can reach high densities and 

aids in forming the DCM, thus contributing to the 

biomass and productivity in these important layers. The 

highest Prochlorococcus abundances and biomass are 

strongly related to the DCM, which were located 

between 65 and 95 m deep, and this fact confirms 

previous results (Santana-Vega et al. 2018, Márquez-

Artavia et al. 2019) and the particular niche of an 

ecotype of Prochlorococcus adapted to inhabit in layers 

were the intensity of light is very limited (low light or 

LL ecotype, Rocap et al. 2002, Bibby et al. 2003). 

Furthermore, some particular Prochlorococcus 

ecotypes known as LLV and LLVI have only been 

found in OMZ (Lavin et al. 2010, Franz et al. 2012). 

More recently, Pajares et al. (2020) identified opera- 
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Figure 12. PCA biplot of the two first components from data of environmental and biotic variables of the central Mexican 

Pacific. Circles represent the samples, active variables are in red, and supplementary variables are in blue. CC: Cabo 

Corrientes, BMS: Bahías Manzanillo-Santiago, MAR: Maruata, LC: Lázaro Cárdenas and ACA: Acapulco. 

 

 

tional taxonomic units of the Prochlorococcus ecotype 

MIT9313 (adapted to LL) distributed in depths similar 

to those of the DCM. This feature may also be an 

important characteristic of an area within an OMZ 

(Goericke et al. 2000). No changes in the oxygen 

concentration matched with high Prochlorococcus 

densities (Figs. 5-7). 

The pigments zeaxanthin and divinyl Chl-a, 

characteristic of Synechococcus and Prochlorococcus, 

respectively, usually followed the vertical distribution 

of both picoprokaryotes, especially at the SCM, where 

zeaxanthin had relatively high concentrations, coinci-

ding with higher Synechococcus abundances, and at the 

DCM, where both divinyl Chl-a and Prochlorococcus 

were concurrent in concentrations and abundances, 

respectively (Figs. 5, 7). 

The eukaryote picophytoplankton fraction, generally 

poorly studied in the study area, followed general 

characteristics of previous papers in other areas of the 

world, with lower densities compared with the 

prokaryote compound and peaks of abundance at 

subsurface layers (Worden 2006, Worden & Not 2008, 

Hernández-Becerril et al. 2012b, Wang et al. 2019) 

(Figs. 5, 7). A previous paper provided information on 

the diversity of the eukaryotic fraction between 30 and 

1.6 μm size in the study area (Duret et al. 2015), and 

more recently, picoeukaryotes abundance and distri-

bution were assessed (Pajares et al. 2020). 

It appeared that picoeukaryote abundance was in 

covariance with Synechococcus (r = 0.44), as shown in 

other parts of the world (Worden & Not 2008). 

However, the picoeukaryotes abundance did not 

increase with depth and was not associated with the 

DCM (Figs. 5, 7). Picophytoeukaryotes can contribute 

significantly to biomass and productivity (Fig. 8), even 

when at lower abundance than the picocyanobacteria 

(Worden & Not 2008), and it was also found in our 

results, where picoeukaryotes counted with higher 

biomass than picoprokaryotes (Fig. 8). 

The combination of relatively high densities of 

picoeukaryotes determined by flow cytometry, with a 

consequent increase in biomass, and the presence and 

important concentrations of the pigment prasinoxanthin 

at certain points of the water column (prasinoxanthin 

and picoeukaryotes were positively and significantly 

related: r = 0.30, P < 0.10), strongly suggest that 

various world-wide picoplanktonic mamiellophytes, 

possessing prasinoxanthin (Latasa et al. 2004), should 

be well represented in the study area. Recent and 

preliminary metabarcoding information obtained from 

samples of the study area indicates that Bathycoccus 

prasinos, Micromonas sp., and Ostreococcus taurii are 
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within the list of taxa detected following that method 

(targeting at the V9 region of the SSU rDNA) 

(Hernández-Becerril et al. in press). This finding is not 

unexpected, as recent reports from many areas of the 

world seas indicate the relevance and important role of 

these picoplankton components (Cheung et al. 2010, 

Collado-Fabbri et al. 2011, Kirkham et al. 2013, Tragin 

et al. 2016). There is significant evidence which 

indicates that the Mamiellales are one of the more 

ecologically important picophytoeukaryote groups, 

especially in coastal waters (Not et al. 2004, Worden 

2006, Worden & Not 2008, Hernández-Becerril et al. 

2012b), and this fact may be also confirmed recently in 

open waters (Wang et al. 2019). 

Employing other methods to assess the protist and 

phytoplankton diversity in OMZ, such as the use of 

molecular approaches, dinoflagellates (including 

Gymnodiniales, Syndiniales, and Gonyaulacales) were 

dominant in northern Chile, and the current study area, 

especially in mixed layers (Parris et al. 2014, Duret et 

al. 2015). In contrast, in Costa Rica, dinoflagellates 

were also dominant, especially Gymnodiniales, and 

diatoms and Eustigmatophyceae were important in 

surface layers, together with groups such as 

Raphidophyceae, Haptophytes and Prasinophytes 

(Mamiellophytes) (Jing et al. 2015).  

Following the CHEMTAX approach, diatoms were 

the most dominant group in the phytoplankton in the 

upper 20 m of coastal upwelling areas, with Crypto-

phytes and Mamiellophytes being also important, 

dinoflagellates playing a negligible role in terms of 

biomass, Chlorophytes, Haptophytes, Chrysophytes 

and Synechococcus occurring in subsurface layers (0-

30 m) in the inner shelf area, and Prochlorococcus 

(low-light adapted populations) also exhibiting 

differential coast-to-ocean and vertical distributions, 

with a marked deep peak at 80-90 m, at more oceanic 

stations, in the eastern tropical south Pacific (Perú) 

(Franz et al. 2012), whereas in the northeastern tropical 

Pacific (north to the current study area) the phyto-

plankton surface community included Synechococcus, 

Prochlorococcus and Haptophytes (Prymnesiophytes), 

with increase of diatoms and Chlorophytes at the SCM, 

and dinoflagellates, Cryptophytes and Mamiellophytes 

contributing less, and with a different contributions of 

the groups between surface and SCM (Miranda-

Álvarez et al. 2020, Larios-Muñiz et al. 2022). 

However, we should consider that both approaches 

may yield different results, as molecular tools may 

reveal "hidden" diversity, including groups and 

organisms, both photosynthetic and heterotrophs. In 

contrast, the CHEMTAX approach only considers 

photosynthetic phytoplankton, as the method's base is 

photosynthetic pigments.   

The general phytoplankton (including picophyto-

plankton) structure shown here indicates that diatoms 

are the most abundant group of microphytoplankton at 

the coastal stations and subsurface, Prochlorococcus 

and Synechococcus show differences in distribution 

depending on distance from the coast and depth 

(possibly driven by temperature and light availability). 

Prochlorococcus is the main contributor of the DCM, 

compatible and almost identical with results in other 

parts of the world (González-García et al. 2018). 

Phytoplankton size-fractions 

According to the calculations, the microplankton 

fraction contributes more importantly (up to 58%) to 

the total phytoplankton community at the CC zone. In 

contrast, picoplankton was dominant in both BMS and 

LC zones, and the proportion was similar between pico- 

and microplankton in MAR and LC. The contribution 

of the nanoplanktonic fraction was very low (about 5%) 

(Table 3, Fig. 9). Microscopic analysis confirmed 

microplankton dominance at CC zone stations, with 

significant diatom densities. In contrast, picoplankton 

population densities in this zone were not high (Table 2).  

The distribution of different, somehow contrasting 

phytoplankton structures may be due to the variable 

oceanographic conditions found among the whole 

study area, which include more stratified conditions 

(even changing at stations in the same transect) and 

weak upwelling conditions (particularly important at 

coastal stations) (Figs. 2-3) favoring small-size 

fractions or promoting larger phytoplankton cells, 

respectively (Ward et al. 2014, Marañon 2015). In 

certain stations, particular hydrographic conditions, 

from coastal stations to oceanic and remote stations, 

show ample possibilities for containing diverse 

communities, which may count to explain the varia-

bility of the phytoplankton communities, for some 

coastal environments may bear high concentrations of 

nutrients, more turbulence and less light penetration, 

contrasting with oceanic stations which may have low 

concentrations of nutrients and high light penetration. 

Phytoplankton pigments indices 

In general, the pigment index values of PPC gradually 

increased from the northern zones (CC) to the southern 

zones (ACA) (Fig. 10), which allows us to assume that 

phytoplankton accumulates these carotenoids to 

mitigate the effect of higher irradiance and ultraviolet 

radiation usually detected in more tropical areas 

(Barlow et al. 2007, Moreno et al. 2012). 
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The high pigment index values of PSC recorded at 

the coastal stations in BMS, MAR, LC, and ACA may 

be interpreted as an indicator of a relatively high 

productivity episode resulting from the upwelling 

conditions found and typical of the season (Gallegos et 

al. 2006, López-Sandoval et al. 2009). In contrast, the 

increase of the pigment index values of PPC at more 

oceanic stations (St. 9, 20a, 28a, and 46a) (Figs. 11-12) 

is associated with the dominance of the smallest 

phytoplankton fraction (Gibb et al. 2000). Under 

similar conditions, a poor-nutrient water column 

associated to low Chl-a concentration, the pico-

phytoplankton was dominant (Synechococcus and 

Prochlorococcus) (Vieira-Araujo et al. 2017), 

resembling the spatial variation in stations 9 at CC, 20a 

at BMS and 28a at MAR. 

Similarly, the low values of the PI obtained from the 

coastal stations of the study area are possibly due to the 

higher nutrient concentrations, mainly ammonium, and 

the mixing of the water column, which may favor the 

production of PSC (Rodríguez et al. 2006, Barlow et al. 

2007), partially confirmed by the PCA analysis, where 

ammonium and Chl-a are related.  

CONCLUSIONS 

In this paper, we studied the structure of the 

phytoplankton in an OMZ, particularly focusing on the 

size fractions and the importance of the picoplankton 

fraction. We provide sufficient information to confirm 

the effect of the environmental gradients on the 

phytoplankton community: latitudinal and vertical 

gradients are evident in the study area, but longitudinal 

(coast to ocean) gradients may also be important. An 

unexpected weak upwelling was reported in most 

southern zones, including the ACA. We documented 

the co-dominance of the fractions pico- and 

microplankton, spatially differentiated due to the 

diverse hydrographic and oceanographic conditions: 

microplankton being more important at the CC zone, 

picoplankton dominant in both BMS and LC zones, and 

a similar proportion of pico- and microplankton at 

MAR and LC. Microplankton prevailed in coastal 

stations under conditions associated with mixed water 

columns, higher nutrient concentrations, and low light 

penetration, with diatoms as the dominant group. 

In contrast, picoplankton was more important in 

oligotrophic, more oceanic areas, especially at the 

DCM related to oligotrophic and stratified water 

columns. We confirmed the importance of certain 

taxonomic groups, such as diatoms in the coastal zone 

and the SCM. In contrast, the picoprokaryote 

Prochlorococcus appears to be an important 

contributor in more oceanic zones and the DCM, and 

the picoplanktonic Mamiellophytes are suggested to be 

also an important and persistent component in the study 

area. The general picture with diatoms as the most 

abundant group of microphytoplankton at the coastal 

stations and subsurface, Prochlorococcus and 

Synechococcus showing differences in distribution 

depending on distance from the coast and depth, and 

Prochlorococcus as the main responsible of the DCM, 

is quite compatible and almost identical with results in 

other similar parts of the world. 
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Table S1. Variables and samples measured and collected in the five zones of the study area, and stations and depths 

considered. CTD profiles included measurements of temperature, salinity, dissolved oxygen, and fluorescence (chlorophyll-a). 

Pigments were samples for HPLC analysis. Flow cytometry was sampled for picophytoplankton analysis, and 

phytoplankton was sampled for microscopic phytoplankton analysis. 

 

Zone 
Station 

(Depth, m) 

CTD 

profiles 
Pigments 

Flow 

cytometry 
Phytoplankton 

Cabo Corrientes 5 (1 m) X X X  

 5 (5 m)  X X  

 5 (20 m)  X X X 
 5 (40 m)  X X X 
 5 (83 m)  X X X 
 7 (1 m)  X X X 
 7 (5 m)  X X  

 7 (31 m)  X X X 
 7 (50 m)    X 
 7 (73 m)  X X  

 9 (1 m)  X X  

 9 (5 m)    X 
 9 (23 m)    X 
 9 (40 m)    X 

Bahía Manzanillo 23 (1 m) X X X  

 23 (18 m)  X X  

 23 (40 m)  X X  

 21 (1 m)  X X  
 21 (5 m)  X X  

 21 (23 m)  X X  

 21 (40 m)  X X  

 21 (61 m)  X X  

 20a (1 m)  X X  

 20a (5 m)  X X  

 20a (20 m)  X X  

 20a (40 m)  X X  

Maruata 31 (1 m) X X X  

 31 (5 m)  X X  

 31 (21 m)  X X  

 31 (40 m)  X X  

 31 (75 m)  X X  
 29 (1 m)  X X  

 29 (32 m)  X X  

 29 (40 m)  X X  

 29 (85 m)  X X  

 28a (1 m)  X X  

 28a (5 m)  X X  

 28a (20 m)  X X  

 28a (40 m)  X X  

 28a (77 m)  X X  
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                            Continuation 

Zone 
Station 

(Depth, m) 
CTD 

profiles 
Pigments 

Flow 
cytometry 

Phytoplankton 

Lázaro Cárdenas 34 (1 m) X X X  

 34 (15 m)  X X  

 34 (18 m)  X X  

 34 (40 m)  X X  

 34 (75 m)  X X  

 37 (1 m)  X X  

 38a (1 m)  X X  

 38a (15 m)  X X  

 38a (20 m)  X X  

 38a (42 m)  X X  

 38a (85 m)  X X  

Acapulco 42 (1 m) X X X  
 42 (10 m)  X X  

 42 (40 m)  X X  

 45 (1 m)  X X  

 45 (15 m)  X X  

 45 (20 m)  X X  

 45 (38 m)  X X  

 46a (1 m)  X X  

 46a (15 m)  X X  

 46a (20 m)  X X  

 46a (46 m)  X X  

 46a (77 m)  X X  

 

 

 


