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ABSTRACT 

Seasonal Variation of Diatoms and Dinoflagellates in Monterey 

Bay, CA Determined by CHEMTAX Analysis of HPLC Pigment 

Data 

by 

Kelene Keating 

Master of Science in Marine Science   

Moss Landing Marine Laboratories 

 

 Phytoplankton samples were collected off the Monterey Municipal Wharf II at a 

single location (36º 36’ N and 121º 53’ W) weekly from June 2003 to March 2010.  The 

contribution of five algal groups to total chlorophyll a (chl a) was derived using CHEMTAX 

from biomarker pigment measurements made via HPLC analysis.   The purpose of this study 

was to specifically define the relative abundances of diatoms and dinoflagellates on a 

seasonal and interannual basis.  Spearman’s rho (ρ) correlation coefficients were calculated 

to determine the strength of the relationship between the diatoms and dinoflagellates and two 

environmental variables; sea surface temperature (SST) and upwelling indices (UI). During 

the summer of 2004 and until the end of 2006, previous studies had suggested that the typical 

diatom-dominated bay shifted to a dinoflagellate-dominated system resulting from global 

warming effects on mixed layer stability. The high-resolution (weekly), long-term (2003-

2010) sampling regime described in the current study coincided with this time frame and 

allowed a robust test of the tenet that “the age of dinoflagellates” had developed in Monterey 

Bay.   

Pigment analysis indicated that diatoms and dinoflagellates displayed interannual and 

seasonal variability, particularly during the anomalous oceanographic conditions from 2004-

2006.  Diatoms were most abundant during the upwelling season and displayed a significant 

and positive correlation to UI, while they exhibited no relationship with shifts in SST.  The 

dinoflagellates revealed a consistent fall bloom each year, displayed a significantly positive 

correlation to increases in SST and a significantly negative correlation to UI.  This data set 

proved to be a robust, unique collection that clearly captured the “age of dinoflagellates” and 

compared well with larger scale studies conducted off shore waters of Monterey Bay, 

indicating the value of high frequency shore station based monitoring for tracking major 

oceanographic features.  In this study, however, it was shown that the dominant period of 

dinoflagellates was short-lived since diatoms returned to dominance in 2007.  
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INTRODUCTION 

Phytoplankton are ubiquitous photosynthetic protists, accounting for between 90 and 

98% of all marine primary production (Garrison, 1996).  As oxygenic photosynthesizers, 

their role in ecosystem dynamics as well as biogeochemical processes are what fuel the 

complex food web.  Their high growth rates and species-specific physiological traits 

make them highly sensitive to a suite of environmental stressors i.e. temperature, nutrient 

concentrations, and light intensity, and thus, they are excellent ‘tracer’ organisms of 

environmental change.   

 

All phytoplankton contain the pigment chlorophyll-a (chl a), which has long been 

recognized as a potentially useful measure of phytoplankton biomass.  Modern day 

techniques such as satellite-derived ocean color sensing (SeaWiFS, MODIS, MERIS) and 

in-situ measurements of chl a concentration are used as a proxy for phytoplankton 

biomass in the ocean on a large scale (Bricaud et al., 1987; Thomas et al., 2001; Ryan et 

al., 2005; Thomas and Brickley, 2006). While advancements have been made to identify 

the optical characteristics that differentiate major bloom forming groups of algal taxa, 

these powerful analytical techniques cannot accurately determine the entire algal 

community composition alone (Sathyendranath et al., 2004; Lubac et al., 2005). 

Quantifying the variations and taxonomic composition of phytoplankton assemblages is 

essential for evaluating and understanding ecosystem dynamics and biogeochemical 

cycling of the oceans.  
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Traditionally, the enumeration and identification of individual phytoplankton cells has 

been done via light and epi-fluorescent microscopy.  However, these methods are time 

consuming and require a high level of taxonomic expertise due to the great diversity 

associated with algal phyla. These visualization techniques can also neglect many of the 

nano- and picoplankton (0.2 µm - 20 µm cell size), a size fraction that contributes 

significantly to assemblage diversity and ecosystem function.  Over the last few decades, 

the elucidation of specific algal groups within natural mixed populations has utilized the 

analysis of key light-harvesting pigments such as chlorophylls and carotenoids to 

differentiate taxa (e.g. Jeffrey et al., 1997, and references therein).  Algae possess unique 

molecular pigment signatures, or ‘biomarkers’, that can be exploited to determine 

oceanographic abundance and distribution.  The application of reverse-phase high-

performance liquid chromatography (HPLC), allows for the rapid separation and 

quantification of the unique algal pigments within phytoplankton species.  HPLC analysis 

has enabled an “algal fingerprinting” of phytoplankton assemblages and  has become a 

widely adopted method for mapping and characterizing the compositions, concentrations 

and distributions of phytoplankton around the globe (Wright et al., 1996; Barlow et al., 

1997; Gibb et al., 2001; Karl et al., 2001).  

 

While the HPLC quantitative approach does indeed give useful information it also 

presents some limitations, since not all the putative biomarkers are indeed unique. The 

development of the CHEMTAX (CHEMical TAXonomy) algorithm has made it possible 

to better estimate the relative contribution of different phytoplankton classes to the 

observed pigment concentrations (Mackey et al., 1996). CHEMTAX utilizes a matrix 
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factorization calculation and a steepest-descent iterative algorithm to optimize the best fit 

to the data based on an initial estimate of biomarker pigment:chl a for each pigment-

based phytoplankton group (Mackey et al., 1996).  Previous studies using CHEMTAX 

have successfully described phytoplankton community structure in Antarctic waters 

(Wright et al., 1996; Rodriguez et al., 2002; Ishikawa et al., 2002), the western 

Mediterranean (Barlow et al., 1997) and the northeastern Atlantic (Gibb et al., 2001).   

The assessment of HPLC pigment analysis by CHEMTAX allows for a better 

interpretation of phytoplankton assemblages and their relationship to chemical and 

physical processes in the environment. 

 

In the present  study, CHEMTAX analysis of weekly pigment samples collected from 

2003-2010 in Monterey Bay, California is used to specifically define the relative 

abundances of diatoms and dinoflagellates on a seasonal and interannual basis.  Previous 

studies (Chavez, 2006; Kudela et al., 2006; Jester et al., 2009; Rines et al., 2010) had 

suggested that major shifts in phytoplankton community structure had occurred in 

Monterey Bay resulting from global warming effects on mixed layer stability.  The high-

resolution (weekly), long-term (2003-2010) sampling regime described in the current 

study coincided with the time frame described by Chavez (2006) and allowed a robust 

test of the tenet that “the age of dinoflagellates” had developed permanently in Monterey 

Bay (Ryan et al., 2009).   
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STUDY SITE 

Monterey Bay (herein ‘MB’) is a well-studied, deep embayment located along the edge 

of the California Current, on the eastern boundary of the North Pacific Gyre (Breaker and 

Broenkow, 1994).  MB is the largest open bay along the west coast of California with 

unrestricted contact to the Pacific Ocean.   It provides an ideal site for algal assemblage 

studies as it is strongly influenced by the process of coastal upwelling which supplies 

nutrients that facilitate large blooms of phytoplankton.  Historically, MB has been 

associated with three oceanographic ‘seasons’ which directly influence the algal 

composition.  During the spring/summer ‘upwelling season’, which has a nominal 

duration from approximately mid-February to late August, the ocean is characterized by 

cold, saline, nutrient-rich water (Skogsberg and Phelps, 1946; Garrison, 1976, 1979; 

Schrader, 1981).  Diatoms typically dominate during this season due to the fact that they 

have rapid growth rates and are able to out-compete other phytoplankton when nutrients 

are high.  Diatoms are non-motile, so when nutrient levels become depleted they will sink 

out of the surface waters.   

 

As upwelling conditions relax, there is a summer/fall ‘oceanic season’ from 

approximately late August to mid-November (Skogsberg and Phelps, 1946; Garrison, 

1976, 1979; Schrader, 1981).  During this season the ocean is characterized by warm sea 

surface temperatures and a stratified water column. Dinoflagellates have been known to 

dominate this season possibly, in part, due to their motility when the upper water column 

is stratified.  Under conditions of calm seas numerous studies have shown dinoflagellate 

reverse vertical migration, swimming to depth during the night to obtain nutrients, and 
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back to the surface during the day to photosynthesize (Margalef 1978; Donaghay et al., 

2006; Ryan et al., 2010; Rines et al., 2010). 

 

The winter ‘Davidson season’ is associated with a northward surface flow driven by an  

inshore counter-current, or Davidson current, from approximately December to early  

February.  During this season the bay becomes well-mixed from winter storms and  

typically picoplankton tend to dominate (Skogsberg and Phelps, 1946; Chavez, 1991; 

Handler, 2002). 

 

In addition to influences by these seasonal fluctuations, the northern and southern regions 

of Monterey Bay are bisected by the Monterey Submarine Canyon. There is a large 

amplitude internal tide in the upper Monterey Canyon which pumps deep, nutrient rich 

waters from the canyon onto the shelf; this process is estimated to account for 1/3 of the 

primary production of the bay during the non-upwelling season (Shea and Broenkow, 

1982).  Shelf sediments in MB also contain resting spore stages of phytoplankton whose 

transport into the euphotic zone will influence the plankton community (Garrison, 1981). 

The phytoplankton composition of the northern and southern sections are influenced 

quite differently by diverse circulation via winds, upwelling, tides, eddies, river discharge 

and El Niño/La Niña episodes (Breaker and Broenkow, 1994; Ryan et al., 2005).   

PHYTOPLANKTON RESEARCH IN MB 

Phytoplankton species and communities have been well-studied in MB (Abbott and 

Albee, 1967; Garrison, 1976, 1979, 1981; Schrader, 1981; Kudela et al., 1997; 

Pennington and Chavez, 2000; Wilkerson et al., 2000; Handler, 2002; Jester et al., 2009; 



 

 

17 

Rines et al., 2010; Ryan et al., 2010).  Net plankton samples dating back to the early 

sixties have shown seasonal diatom dominance of phytoplankton assemblages here in 

MB (Bolin and Abbott, 1963; Garrison, 1976, 1979; Schrader, 1981).  More recent 

studies that have included nano- and picoplankton have also reported high diatom 

abundances during upwelling conditions (Kudela et al., 1997; Buck et al. 1992; Chavez, 

1996).  Comprehensive reviews of these studies reveal not only diverse phytoplankton 

assemblages including diatoms, dinoflagellates, chrysophytes, cryptophytes, 

raphidophytes, haptophytes, pelogophytes, cyanophytes, and prochlorophytes, but also 

significant linkages between the chemical and physical properties influencing their 

biomass and species composition (Schrader, 1981; Kudela et al., 1997; Service et al., 

1998; Kudela and Dugdale, 2000; Pennington and Chavez, 2000; Wilkerson et al., 2000; 

Handler, 2002; Collins et al., 2003).  

 

In addition to hosting a diverse phytoplankton community, the physical conditions of MB 

also provide an environment for the development of harmful algal blooms (HAB’s).  MB 

is well-known for its bloom formations which occur during upwelling-favorable 

conditions.  These blooms have been noted as often comprised primarily of the toxic 

pennate diatom, Pseudo-nitzchia australis and P. multiseries (Scholin et al., 2000).  

However, recently Jester (2009) reported a shift in the HAB taxa in central California 

beginning around 2004.  She found that the usual diatom-dominated HAB species 

declined and the emergence of two genera of toxic dinoflagellates, Alexandrium and 

Dinophysis, became the predominant toxin producers.  In addition to these 

dinoflagellates, Curtiss et al. (2008) also reported an increase in the frequency of the red-
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tide forming dinoflagellate Cochlodinium spp. which has been associated with shellfish 

closures in MB.  Dinoflagellates such as Ceratium furca, Ceratium dens, and Akashiwo 

sanguinea are also known to cause red tides within MB, the latter being responsible for a 

massive seabird die-off in 2007 (Cho, 2009; Rines et al., 2010).     

 

Numerous studies have reported that the biomass is dominated by larger photoautotrophs 

in MB much of the year (Garrison, 1979; Schrader, 1981; Kudela et al., 1997; Wilkerson 

et al., 2000; Handler, 2002; Rines, 2010).    Garrison (1979) and Schrader (1981) found 

that the community composition occasionally shifted from a diatom-dominated system to 

a dinoflagellate-dominated system as upwelling ‘relaxed’ during the transition into the 

Davidson period.  In contrast, in a more recent study, HPLC pigment analysis conducted 

by Handler (2002) at the coastal station ‘C1’, concluded that the community was 

consistently dominated by diatoms in every season, not just during upwelling conditions, 

but also during the more stratified late summer and fall (his Fig.1).   

 

Handler (2002) found that diatoms accounted for more than half of the total chl a in every 

‘season’ but did observe the lowest diatom abundance and the highest level of offshore 

picoplankton (i.e. prochlorophytes and pelogophytes) during the winter seasons.  

Wilkerson et al. (2000) conducted a study in MB examining the contribution of the large 

phytoplankton to biomass and productivity and concluded that on average (eight, one-

week cruises sampling both within the upwelling plume of MB and offshore) the > 5 µm 

phytoplankton contributed 60% of the total biomass.  North of Monterey Bay, in Bodega 
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Bay, Lassiter et al., (2006) also found that the highest chl a concentrations were observed 

when large diatoms dominated the assemblage. 

 

Diatoms thrive in MB due to their high maximum growth rate, enabling them to take 

advantage of upwelling driven pulsed nutrient additions.  As a result they are able to 

dominate other phytoplankton taxa under high nutrient conditions characteristic of typical 

upwelling conditions that exist in MB.  On the other hand, dinoflagellates have slower 

maximum growth rates but have the distinct ability to vertically migrate down to higher-

nutrient rich sub-surface waters when NO3 levels fall and then resurface during daylight 

hours to photosynthesize (Donaghay et al., 2006; Ryan et al., 2010; Rines et al., 2010).  

These specific ecological niches, generalized broadly by Margalef (1978), provide a 

means for the diatom and dinoflagellate communities to co-exist in MB waters, with 

periods of dominance exhibited by each group depending on seasonal hydrographic 

conditions.   

 

In the fall of 2004 there were unique and ‘anomalous’ oceanographic conditions which 

occurred in MB (Cloern et. al, 2005; Kudela et al., 2006; Chavez, 2006; Thomas and 

Brickley, 2006; Schwing et al., 2006).    According to NOAA’s Climate Prediction 

Center an El Niño event began in 2004 at low latitudes.  The impact of this event did not 

reach mid-latitudes along the California Coast until 2005.  In 2005, the onset of 

upwelling favorable winds was delayed 2-3 months which restricted mixing of nutrients 

to the surface waters.  Although this event by most standards was only ‘moderate’ in 

intensity, it resulted in some major physical and biological shifts in the bay.  As a result 

there was a positive temperature anomaly (Fig. 2A) and a pronounced negative anomaly 
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in surface phytoplankton biomass and primary productivity (Kudela, 2006; Chavez, 

2006). There was also a dramatic shift from the ‘normal’ diatom-dominated environment 

(Fig. 2B) to the ‘anomalous’ dinoflagellate-dominated system (Fig. 2C) which led to 

what has been termed the “age of dinoflagellates” by Chavez (2006).   As a result of the 

anomalously high SST’s, the water column became highly stratified from 0-20 m (Fig. 4) 

from mid-2003 until the end of 2006.  This anomalous water stratification most likely 

enabled the rise in dinoflagellate assemblages.   

 

Off central California this moderate El Niño event lasted through most of 2006. As a  

result, massive blooms of the dinoflagellates Cochlodinium spp. and Akashiwo  

sanguinea persisted for the duration of this time period (Curtiss, 2008; Jester, 2009;  

Central and Northern California Ocean Observing System, http://www.cencoos.org/).  

 Rines et al. (2010) also corroborated that during the summers of 2005  

and 2006 dinoflagellate HAB taxa were unusually common. The benthic-pelagic  

coupling observed in southern shelf waters represent a process that may influence  

sediment and iron flux to the euphotic zone and thus toxin dynamics (Ryan et al, 2005). 

The emergence of the red tide forming Cochlodinium spp., which was not common 

before fall of 2004, was detected on an annual basis up to 2007 (Curtiss, 2008).   

 

The timing of the onset of coastal upwelling and its intensity over the upwelling season 

are critical factors in the productivity and structure of the ecosystem in Monterey Bay 

(Schwing et al., 2006).  Because phytoplankton are the basis for all animal production in 

the sea, these shifts in phytoplankton community structure had subsequent effects on the 

higher trophic levels.  During these anomalous oceanographic conditions there was a 

http://www.cencoos.org/
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marked decrease in zooplankton biomass, poor recruitment of euphausiids, various fish 

species, and intertidal organisms, reduced seabird fecundity and altered foraging patterns 

in marine mammals (Barth et al., 2007; Sydeman et al., 2006; Weiss et al., 2006).   

 

MONTEREY TIME SERIES 

As part of a long-term monitoring program the biological oceanography team at the 

Monterey Bay Aquarium Research Institute (MBARI) has been collecting physical, 

chemical, and biological data continuously since 1989. Collectively this ocean 

monitoring project is called the Monterey Time Series (MTS).  The sampling stations are 

shown in Fig. 1 and consist of buoys (M1 and M2), which are measuring in situ physical 

(temperature, salinity, sigma t) and biological parameters (chlorophyll, primary 

production, chlorophyll fluorescence).  Surface plankton samples have been collected ≈ 

every three weeks at stations C1 and M1.  Chemical data are collected at station M1 

(nitrate, phosphate, silicate).  Currently this data set is being supplemented with 

information from autonomous underwater vehicles that travel across the bay every few 

weeks (Ryan et al., 2008, 2009, and 2010). 

 

Past studies as well as the data produced by the MTS suggest that a complex set of 

environmental and geographic conditions are clearly influencing phytoplankton 

assemblages in MB (Wilkerson et al., 2000; Pennington and Chavez, 2000; Collins et al., 

2003; Ramp et al., 2005; Ward, 2005; Ryan et al., 2005).  A long-term, comprehensive 

and integrated analysis of a more diverse pigment suite using HPLC is critical to better 

understand seasonal changes in algal community composition.  
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Interannual and seasonal variability in diatom and dinoflagellate assemblages was 

examined in the current study by identifying and analyzing marker pigment signatures 

found in MB from summer 2003 to spring 2010.   Although the phytoplankton 

community structure has been documented in the past, published data sets have not 

utilized HPLC in conjunction with CHEMTAX analysis to elucidate community changes 

in response to seasonal hydrographic fluctuations.  A semi-quantitative analysis of algal 

abundance will enable a more comprehensive picture of variations within the dominant 

taxa. This study will also examine the correlations among diatom and dinoflagellate 

groups and their interannual variability to region-wide ocean climate indices such as sea 

surface temperature (SST) and upwelling indices (UI).  

 

.  
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METHODS 

SAMPLE COLLECTION AND FILTRATION 

Phytoplankton samples were collected off the Monterey Municipal Wharf II located at 

36º 36.2230’ N and 121º 53.3569’ W (Fig. 4) weekly from June 2003 to March 2010 

nominally by Dr. Jason Smith, Moss Landing Marine Laboratories.  The data set of 318 

weekly samples represents 93% of the possible weekly total for this time period.  The 

purpose of that sampling effort was to collect a time series of clonal isolations of the 

diatom Pseudo-nitzchia; a net sampling method was specifically chosen to yield 

concentrated net plankton catches for subsequent microscopic isolation and culturing of 

single celled clones of the HAB-forming diatom, Pseudo-nitzchia (Smith et al., 2001).  

Vertical net tows were made from a depth of 5 meters with a 20 cm diameter, 20 µm 

mesh net, giving an integrated representation of the larger celled species present to that 

depth. The quantitative subsamples of the cod end contents were then harvested by 

filtration with gentle vacuum (<1/3 Atm) onto 25 mm diameter Whatman GF/F filters 

(0.7 μm nominal pore size), wrapped in aluminum and stored in a -75º C freezer until 

further analysis; those frozen samples constitute the source samples for the CHEMTAX 

pigment analysis described herein.  The pigment analyses are thus representative of larger 

phytoplankton retained by the net and the absolute pigment concentrations, relative to 

conventional ‘whole-water’ sampling will be subject to correction factors related to net 

collection efficiencies (see Results).  
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The frozen filters were extracted in 1.2 ml of 90% acetone and stored in a -20º C freezer 

for 24 hours.  The extract was then inoculated quantitatively with 10-30 µL (volume 

dependent upon concentration of extract) of an internal standard (β-apo 8’-carotenal), 

vortexed for 20 sec, and centrifuged at 7000 rpm for 7 min to remove particle debris.  An 

aliquot of 200 µL of sample was transferred to HPLC microvials which were placed into 

a cooled HPLC autosampler (Gilson 231) thermostated at 10º C by means of a 

refrigerated circulatory water bath.  

HPLC PIGMENT ANALYSIS 

Pigments were analyzed by means of the HPLC method similar to Zapata et al.  

(2000).   Pigments were detected utilizing a chromatographic system equipped with: a 

Varian 9010 pump; two detectors- a Thermo Separation Products Spectra Focus forward 

optical scanning absorbance detector with the wavelength set at 440 nm; a Kratos Model 

FS 950 fluorescence detector with the blue excitation wavelengths set by a Corning CS 5-

60 short-pass filter and the emission wavelengths set by a Corning CS 3-40 long-pass 

filter to confirm the presence of all related chloropigments.  The autosampler was 

programmed to make quantitative aqueous dilutions of each sample just before each 

sample injection (final dilution 2:1 (vol:vol) 90% acetone extract:Milli Q water.  The 

dilution with weak solvent (water) prevented band-spreading of the early eluting polar 

pigments).  The Rheodyne injector, with a 500 µL loop, was injected with 200 µL of 

sample yielding quantitative ‘partial-loop’ injections from a programmed Gilson Model 

231 XL autosampler.  Analytical pigment separation was based upon a binary system 

with pyridine solvent modification to discriminate chlorophylls c1 and c2 (Zapata et al., 

2000).   The stationary phase used was a C8 column (Waters Symmetry 150 x 4.6 mm, 
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3.5 µm particle size, 100 Å pore size). Mobile phases consisted of Solvent A, aqueous 

pyridine (0.25M), adjusted to pH 5.0 with acetic acid: acetonitrile: methanol (25:50:50 

v/v/v), and Solvent B: acetonitrile: acetone: methanol (60:20:20 v/v/v).  A linear gradient 

from 0% to 40% solvent B was pumped for 22 minutes, followed by an increase to 95% 

B at minute 28 and isocratic hold at 95% for a further 10 minutes.  Initial conditions were 

reestablished for a full 5 min. prior to the initiation of each new injection.  The separation 

was carried out at 1 ml min-1.  Organic solvents used for preparing mobile phases were 

HPLC-grade.   

  

Chlorophylls and carotenoids were identified and quantified by comparison with external 

standards using extinction coefficients compiled by Jeffrey et al. (1997).  Further 

confirmation of pigment identity was established on a second HPLC system through on-

line UV-visible spectra collected ‘on-the-fly’ using a Thermo Separation Products 

UV6000 LP photo diode-array spectrophotometer.  Retention times of the HPLC system 

were reliable within batches of samples (.25 min) but often differed between batches (up 

to 2 min).  The coefficient of variation for replicate measurements was < 3 % for the 

major peaks detected.   

 

Data were recorded by PeakSimple™ software, version 3.28, and then later integrated 

with an updated version (3.85).  Peak identifications and retention times are summarized 

in Table 1.  Representative HPLC absorbance chromatograms of phytoplankton extracts 

from three contrasting samples within the data set are presented in Figures 5, 6, and 7. 
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CHEMTAX ANALYSIS OF PIGMENT DATA 

The contribution of individual phytoplankton groups to total chl a were determined using 

CHEMTAX software Version 3.0 running in MATLAB™.  (All calculations and 

procedures are fully described in Mackey et al., 1996).  Five major taxonomic groups 

were identified in this study; diatoms, dinoflagellates (dino), cryptophytes (crypto), 

chlorophytes (chloro), and haptophytes (hapto).  Table 2 lists the major diagnostic and 

accessory pigments used to determine chemotaxonomic relationships of phytoplankton in 

MB.  The initial estimate of pigment:chl a ratios used for the five taxonomic algal groups 

were the collated mean values from multiple field studies which represent the best fit 

after optimization by CHEMTAX (Higgins et al., 2011) and are presented in Table 3.  

The final data was determined using the output pigment:chl a ratio matrix from the first 

CHEMTAX run as input (Table 4) for the final CHEMTAX analysis in order to have 

those ratios stabilize towards their most probable value (Latasa, 2007).  The ratio limit, 

which sets the maximum percentage by which CHEMTAX is allowed to modify the 

given ratio, was set to 50.00 for all pigments.  The result of the CHEMTAX analysis 

consisted of matrices showing final estimates of the pigment ratios within classes and the 

abundance of each phytoplankton class expressed as a proportion of total chl a.  The final 

output file of accessory pigment to chl a ratios as determined by CHEMTAX for this 

seven year time series is represented in Table 5.  The final output ratios for all algal 

groups were in good agreement with the published ratios from other coastal ecosystems 

(Muylaert et al., 2006; Rodriguez et al., 2006).   

STATISTICAL ANALYSIS 

The HPLC pigment data, as well as the CHEMTAX derived algal percent were plotted as 

bivariate figures to reveal the relationship between the two dominant algal groups found 



 

 

27 

in MB.  A time series plot for covariation between the two algal groups was also plotted.  

Interannual and seasonal consortia of all five algal taxa as determined by CHEMTAX 

analysis were plotted.  Statistical analysis was performed using the statistical program 

JMP™ version 10.0.  SST data was collected at time of sample collection and the 

upwelling indices were compiled and interpreted from the ocean observing system 

archive/database provided by NOAA’s Pacific Fisheries Ecological Laboratory (PFEL).   

Positive values are connected to equator ward wind stress, or upwelling favorable 

conditions, whereas negative values imply downwelling conditions.  

 

Spearman’s Rho (ρ) correlation coefficient was calculated to measure the strength of the 

relationship between diatom and dinoflagellate pigment concentrations and the ocean 

climate indices; SST and UI. An exact linear relationship between two variables yields a 

correlation value of 1 or -1, depending on whether the variables are positively or 

negatively related. Correlations closer to zero indicate no relationship.  Spearman's ρ was 

executed for the monthly means of both the pigment concentrations and physical factors.  
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RESULTS 

PIGMENT ANALYSIS  

A total of 318 weekly samples were analyzed via HPLC absorbance chromatograms. The 

peak identifications and retention times in Table 1 represent a wide range of chlorophyll 

and carotenoids typical of the environment found in MB. This study used major marker 

pigments to elucidate qualitative indicators of phytoplankton assemblages.   Chl a was an 

indicator of total phytoplankton biomass, fucoxanthin (fuco), diadinoxanthin (diadino) 

and chlorophyll c1+c2 (chl c) for diatoms, peridinin (peri), diadino, and chl c for 

dinoflagellates, alloxanthin (allo) and chl c for cryptophytes, 19’-butanoyloxyfucoxanthin 

(19’-but), 19’-hexanoyloxyfucoxanthin (19’-hex), chlorophyll c3, diadino, and chl c for 

haptophytes, and chl b  for chlorophytes.  Examples of HPLC absorbance chromatograms 

for three representative field samples show samples of a diatom-dominated community, 

dinoflagellate-dominated community, and a community with all five algal groups present 

in Figures 5, 6, and 7, respectively.  

SAMPLING BIAS 

There was an inherent sampling bias generated in the data set due to the fact that the 

water samples were collected using a 20 µm net.  It is common knowledge that one 

would not propose to conduct a quantitative phytoplankton study by using a net to collect 

samples due to the fact that nets often clog as they filter through the water column, 

therefore compromising the possibility of quantification (Yentsch and Duxbury, 1956; 

Likens and Gilbert, 1970); the net will also be limited in particle retention by its pore 
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size.  However, nets can provide useful information when the dominant biological signal 

is from large-celled organisms such as the diatoms and dinoflagellates here in MB.  

  

In order to determine how the net collection impacted this particular data set a series of 

samples were collected using two collection methods; 1) the vertical tow method, termed 

‘net’, and 2) a collection of surface water, termed ‘whole water’. The resultant 

chromatograms of net collection and whole water collection can be seen in Fig. 8 A and 

B, respectively. Although both chromatograms show nearly all the same pigments, it is 

clear that the tow method lost the diagnostic signal of three key < 20 µm algal groups; 1) 

19’-hex (haptophytes); 2) alloxanthin (cryptophytes); 3) chl b (chlorophytes); (Fig. A and 

B). Thus, unfortunately, the < 20µm phytoplankton were undoubtedly underrepresented 

in nearly all the samples reported here.   

 

Upon comparison of the two methods, the data confirmed that in addition to 

underrepresenting the small-celled algae, the net sampling method also severely 

underestimated environmental concentrations of all diagnostic pigments.  In an attempt to 

determine an appropriate correction factor, the ratios of whole water to net environmental 

concentrations of three major pigments of interest were calculated (Table 6).  Table 6 

displays that the net concentrations of these pigments were underestimated by a factor 

ranging from 19-26.   

 

When comparing the net and whole water environmental concentrations in terms of 

pigment:chl a  the net collection method did not comprise the data or proportion of one 
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group in a relation to another (Table 7).  Please note: All calculations for environmental 

concentrations of fucoxanthin, peridinin, chl a, etc., were multiplied by a correction 

factor of 20 (the average underestimation due to net collection in all samples).  This 

‘corrected’ calculation provides a realistic and semi-quantified representation of the 

biomarker pigments with respect to interannual and seasonal trends, as well as for 

previous studies of ‘whole-water’ pigment levels by other researchers.   The calculations 

for the relative proportion of the diatoms and dinoflagellates that contributed to the 

overall assemblage were determined and uncompromised.  

 

FUCOXANTHIN AND PERIDININ CONCENTRATIONS  

Time series plots of fucoxanthin and peridinin can be seen in Fig. 9 and 10, respectively. 

During the spring/summer ‘upwelling season’ (≈ mid-February to late August) one would 

expect to see diatom domination, or maximum fucoxanthin concentrations (Skogsberg 

and Phelps, 1946; Garrison, 1976, 1979; Schrader, 1981).  Contrary to past research, this 

study found that in the years 2003 to 2006 fucoxanthin displayed maxima much later in 

the year, peaking around September to November, depending upon the year (Fig. 9). In 

the years 2007-2009 fucoxanthin peaked near the ‘normal’ time of year, between March 

to May (Fig. 9).  These anomalous fucoxanthin concentrations which occurred at the end 

of the year from 2003-2006 were likely attributed to the moderate El Niño event that 

persisted during that time period (2004-2006). 

 

As upwelling conditions relaxed, during the summer/fall ‘oceanic season’ (≈ late August 

to mid-November) one would expect to observe a transition from diatoms to 
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dinoflagellates, or increases in peridinin concentrations (Skogsberg and Phelps, 1946; 

Garrison, 1976, 1979; Schrader, 1981).  During this study, peridinin concentrations 

revealed a distinct and consistent fall bloom that occurred between September to 

November, depending on the year (Fig. 10). During the years 2004-2006, the peridinin 

concentrations were unusually high, which compared well with the data found by the 

Monterey Time Series (MBARI) (Fig. 2C).   Again, these anomalously high peridinin 

concentrations were likely attributed to the anomalous oceanographic conditions from 

2003-2006 (Fig. 2A and Fig. 3). 

 

Upon examination of the two dominant pigment signatures fucoxanthin and peridinin 

relative to total chl a, the time series plot (Fig. 11) suggests that there is an inverse 

correlation between these two algal groups.  There was a marked exception that occurred 

around mid-2004 and lasted until the end of 2006 when there was a decoupling of this 

‘normal’ inverse relationship.  Beginning around February 2005, the peridinin 

concentration (dinoflagellate biomarker) increased dramatically and both algal groups co-

existed for the remainder of 2005 until the end of 2006 (Fig. 11).  Considering only the 

marker pigments fucoxanthin and peridinin, Fig. 12 also suggests that the two algal 

groups have an inverse relationship.   For the most part, when peridinin concentration is 

high, the fucoxanthin concentration is low and vice versa (Fig. 12).  

 

The anomalous pigment signatures for both fucoxanthin and peridinin relative to total chl 

a can be seen in Fig. 13 and 14, respectively; these figures are plots of residual 

pigment:chl a with the means removed.  The positive anomalies exceeded the mean 

values, while negative pigment anomalies were below the mean. The gold rectangle 
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found in both figures represents the time frame when the ‘anomalous’ oceanographic 

conditions occurred in the bay (Fig. 13 and 14).  Anomalously low fucoxanthin occurred 

during the moderate El Niño event, whereas the peridinin was anomalously high (Fig. 13 

and 14, respectively).  Thus, the nearshore sample collection from Monterey Wharf 

reported here, based on ‘net’ collections of phytoplankton, captured the same offshore 

signal sampled by the MBARI time series (Chavez, 2006) leading to the observation of 

the “age of dinoflagellates” from 2004-2006 (Fig. 14). 

 

 

CHEMTAX ANALYSIS 

PHYTOPLANKTON COMMUNITY VARIABILITY  

Linear regression analysis of the percent diatoms and dinoflagellates as determined by 

CHEMTAX analysis revealed a distinct inverse correlation with an r2 value of 0.67 (Fig. 

15).  This relationship proved to be much tighter when all five algal groups were 

considered, rather than the examination of fucoxanthin and peridinin alone.  The 

CHEMTAX interannual variation showed dominance by diatoms with the exception of 

the years 2005 and 2006 where the diatoms and dinoflagellates were in equal abundance 

(Fig. 16). The sum of diatoms and dinoflagellates accounted for more than half of the 

community composition every year ranging from 70% - 94% based on the net-based 

collection efforts. These results were not surprising as the collection method was biased 

towards the larger phytoplankters. 

 

Although this sampling effort underrepresented the abundance of the < 20 µm 

phytoplankters present in the MB surface waters as evidenced by the net and whole water 
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comparisons (Fig. 8 A and B), pigment signatures were still found for the smaller-celled 

organisms.  Cryptophytes, ranging in size from 2.5-20 µm, were the least represented 

group with contributions from zero to at most 2% of the algal assemblage ‘captured’ by 

the net (Fig. 16).  The chlorophytes, ranging in size from 1.5 to 25 µm (except the Class 

Euglenophyceae) were also scarce, representing anywhere from 0.1% to 11% (Fig. 16). 

On the other hand, there was a consistent haptophyte percentage found each year.  

Haptophytes, which range in size from 2-18 µm, were the most represented of these 

smaller-celled algae accounting for 5%-18% (Fig. 16).     

 

Past research has shown that MB does at times develop large blooms of a common 

haptophyte, Phaeocystis pouchetii (Garrison, 1979; Schrader, 1981; Chavez; 1991; Rines; 

2010).  When in bloom, this organism forms large globular colonies that can reach sizes 

up to 5 mm in diameter and contain over 10,000 cells. The cells are held together by a 

gelatinous mass which can be ‘caught’, as well as clog, zooplankton nets.  It was 

confirmed that there were blooms of this species in MB during sampling (Dr. Jason 

Smith, pers. com) which were likely the major representative of the strong haptophyte 

signature.  Combined, the < 20 µm algal groups were found to supplement the total 

percent contribution by anywhere from 6%-30% during the Davidson season (Fig. 16). 

 

SEASONAL VARIABILITY OF PHYTOPLANKTON COMMUNITY 

During the upwelling season (mid-February to late August), the data reveal that the 

diatoms dominated the algal assemblage with the exception of the years 2005 and 2006 

(Fig. 17) where there was a clear deviation.  In 2005 and 2006 the dinoflagellates 
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comprised nearly half of the community representing 45% and 40% of the algal 

contribution, respectively.  The smaller-celled algal groups contributed very little to the 

assemblage with an average of 7% (Fig. 17).  

 

The transition to the oceanic season (late August to mid-November) the diatom 

community was highest in 2003 comprising 78% of the population (Fig. 18).  Their 

presence dropped dramatically in 2004 to 21%.  For the remaining years their abundance 

ranged from 25% - 62%. The dinoflagellate presence was much more prominent during 

the oceanic season and ranged from 16% - 74%, with the lowest abundance occurring in 

2003 and the highest in 2004 (Fig. 18).   Once again, the oceanic period brought low 

representation for the cryptophytes, chlorophytes, and haptophytes whose abundances 

were only slightly higher than the upwelling season with 9% contribution.   

 

The winter Davidson season (December to early February) showed much more variation 

in terms of community composition (Fig. 19).  The diatoms and dinoflagellates were in 

near equal abundances from 2003-2007.  The dinoflagellates were by far the dominant 

representative in the 2007-2008 season, comprising a total contribution of 70%.  In 

contrast, the following season, 2008-2009, the diatoms dominated with a 69% 

representation.  The cryptophyte, chlorophyte, and haptophyte groups displayed similar 

abundances to the previous two seasons but were indeed more prevalent during the 

Davidson season, with an average contribution of 13% (Fig. 19).   
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PHYSICAL AND BIOLOGICAL COUPLING 

The SST’s  associated with this sampling period and location ranged from 9.9º to 18º C 

and the UI ranged from a negative index of 37 to a positive index of 321 (Fig. 20 A and 

B, respectively).  Multivariate correlations were performed with respect to the 

fucoxanthin and peridinin concentrations and their relationship to these ocean climate 

indices.  Table 8 reflects the Spearman’s ρ calculations and statistical significance.  

According to statistical analysis, the fucoxanthin and peridinin concentrations were 

significantly inversely correlated with a ρs value of -0.72 (Table 8).  In addition, the 

fucoxanthin concentration revealed a positive and significant correlation to UI with a ρs 

value of 0.42 (Fig. 21 and Table 8).  On the other hand, peridinin concentration displayed 

a negative and significant relationship to UI with a ρs value of -0.37 (Fig. 22 and Table 

8).   

 

The time series analysis plotted for fucoxanthin and SST statistically confirmed that there 

was no correlation between the two (Fig. 23 and Table 8).  However, there was a positive 

and significant relationship between peridinin and SST with a ρs value of 0.26 (Fig. 24 

and Table 8).  These biological and physical parameters are not linear due to the 

significant lag period between the physical forcing and biological response, so the rather 

weak ρs values were not unusual.  However, the relationships which were significant can 

be clearly seen in all figures (Fig. 21, 22 and 24). 
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DISCUSSION 

The seasonal variability in MB has been described by several authors who have 

concluded that surface waters in MB are coldest and saltiest in the spring, warmed during 

the summer, freshened in the fall, and cooled in the winter (Abbott and Albee, 1967; 

Kuo, 1991; Breaker and Broenkow, 1994; Pennington and Chavez, 2000).  MB is one of 

the major coastal upwelling systems in the Pacific Northeast in which productivity is 

augmented by upwelled nutrients generated by seasonal northwesterly winds (Barber and 

Smith, 1981; Lynn and Simpson, 1987).  Between March and October, upwelling occurs 

more or less continually with intermittent periods of relaxation which is a direct response 

of local wind forcing and interactions with a meander of the California Current 

(Rosenfeld et al., 1994).  These features and their consequential influence on 

phytoplankton dynamics has become a widely studied topic (Abbott and Barksdale, 1991; 

Pilskaln et al., 1996; Service et al., 1998; Pennington and Chavez, 2000; Collins et al., 

2003; Ryan et al., 2005, 2008, 2009 and 2010; Ward, 2005; Ramp et al., 2005; Chavez, 

2006; Kudela et al., 2006).   The station sampled for this study is representative of 

various stages of upwelling in MB (Fig.4).   

 

The seasonal variation of diatoms and dinoflagellates are particularly well-established for 

temperate bays, where changes in species composition are accompanied by significant 

seasonal oscillations in the physical-chemical aspects of the plankton environment 

(Garrison, 1979; Schrader, 1981; Karentz and Smayda, 1984).  Seasonal phytoplankton 

studies conducted by Schrader (1981) concluded that diatoms dominated the population 
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during both the upwelling and oceanic seasons, while dinoflagellates dominated during 

the Davidson season.  He observed a six week bloom of a red-tide forming dinoflagellate 

from October to mid-November.  On the other hand, a study conducted by Garrison 

(1979) concluded that the diatom community dominated during the upwelling and 

Davidson seasons.  Garrison found that the dinoflagellates persisted on only two 

occasions in 1976 (October 6 and November 16), and once in 1977, both occurring 

during the observed oceanic period. The community shifted from a dinoflagellate- 

dominated to a diatom-dominated environment with the transition from the oceanic to 

Davidson seasons for both years (Garrison, 1979).   

 

The Handler (2002) study employed a very similar analytical technique as this study 

using HPLC pigment data in conjunction with a taxonomic algorithm by Letelier et al. 

(1993) to quantify contributions of each algal group to overall phytoplankton community. 

Handler’s ‘Coastal A’, or C1 station, is located north of the present sampling site (Fig. 1).  

There were some differences as well as parallels between Handler’s results and the 

results for this study.  At the Coastal A station, Handler established that diatoms 

consistently dominated the biomass and productivity in every season from the years 

1998-2002, as opposed to the results from this study.   Upon examination of the 

anomalous diatom concentrations provided by the MTS, it is clear that during his study 

the diatoms were not found to be anomalously high. 

 

Similarly to Handler’s study, this study confirmed that diatoms were present throughout 

the year regardless of seasonality and changes in the physical and chemical water mass 
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properties (Fig. 25).  The final averaged interannual results as determined by CHEMTAX 

analysis show that the diatoms contributed a large portion of the algal assemblage, with 

the exception of 2005 and 2006 when the dinoflagellates were equally represented 

(Figure 16).  This data compares well with past studies as well as other upwelling and 

eutrophic areas (Blasco et al., 1980; Estrada and Blasco, 1985; Handler, 2002; Lassiter et 

al., 2006; Lee et al., 2009). 

 

The rise of dinoflagellates in 2005 and 2006 and subsequent decrease in diatoms were 

likely a result of a combination of factors.  There was a measureable change in water 

stratification due to the moderate El Niño event (Fig. 3), which might have provided an 

ideal environment for dinoflagellates (Margalef 1978; Smayda and Reynolds, 2003).  

However, in addition to this alteration there may have also been a shift in nutrient 

concentrations as El Niño events are typically associated with warmer, nutrient-poor 

water.  Fig. 26 shows the average yearly nutrient and chl a concentrations at station C1 

(Fig. 1) during the time frame of this study. Clearly there was a substantial decrease in all 

nutrient concentrations (nitrate, phosphate, and silicate) from 2003 to 2004.  These values 

further decreased in 2005 and 2006 (Fig. 26).  The silicate concentrations were at their 

lowest yearly average in 2006.  As silica (SiO2) is an important nutrient used for the 

structural element of the diatoms cell wall this may be what limited the diatom growth 

during this time period. Similarly, the other two vitally important nutrients for 

phytoplankton growth, nitrate and phosphate, had the lowest values in 2005 (Fig. 26).  

Although the chemical data are from station C1 in offshore MB waters, it is likely that 
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nutrients were limited at the sampling site in southern MB and likely played a role in the 

shift from diatom to dinoflagellate domination.   

 

It has been established that a major shift in the dominant algal group was observed at the 

Monterey Wharf sampling site (Fig. 13 and 14).  An interesting fact about the dynamics 

between the diatoms and dinoflagellates can be seen in Fig. 25 and 27.   The diatoms 

were present at the sampling site for the duration of the study (Fig. 25).  In contrast, upon 

examination of the peridinin relative to chl a, the dinoflagellates were not always present 

(Fig. 27); in June 2003, 2007, 2008, and 2009 the peridinin/Chl a ratio was near zero.  

Again, the marked exception occurred between 2004 and 2006, where the dinoflagellates 

were consistently present.  These data provide further evidence which have been 

previously reported (Garrison, 1981) that there is likely a rich spore, or ‘seed’ population 

of diatoms which function as benthic resting stages here in MB.  Garrison concluded that 

centric diatoms frequently displayed spore cycles, were associated with low NO3 

concentrations, and were found in both the water column and sediments.  Due to the 

complex ocean circulation in MB, as well as the influence of the Monterey Canyon which 

augments nutrients during non-upwelling seasons, it was not surprising to observe a 

constant diatom population. 

 

Fig. 28 displays the total chl a concentrations found during the course of this study.  At 

first glance, the chl a profile appears strikingly familiar to both the fucoxanthin and 

peridinin profiles (Fig. 9 and 10, respectively).  In Fig. 29 A and B the two dominant 

pigment signatures, fucoxanthin and peridinin, respectively, have been overlaid with the 
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chl a concentrations.  Clearly the chl a contribution was completely dominated by the 

diatoms and dinoflagellates, which corroborates the small percentage of < 20 µm 

phytoplankters present according to the CHEMTAX analysis.  Upon comparison of these 

two figures one can see that when the fucoxanthin:chl a is low the peridinin:chl a is high, 

and vice versa.  These figures also demonstrate an explanation for the loosely suggestive 

inverse relationship found between the two groups when examined as a bivariate plot 

(Fig. 12).  The scatter of values clearly show that these two algal groups are not linearly 

inversely correlated, and overlay of their concentrations relative to chl a also confirm 

this.  According to the pigment analysis these two competitive groups do co-exist much 

of the time.  

 

Although the dominant groups captured during this study were the larger-celled diatoms 

and dinoflagellates, there were indeed pigment signatures for those smaller-celled algae.  

In Fig. 30 A, B, and C, the time series analysis of concentrations for the dinoflagellates, 

chlorophytes, and cryptophytes can be seen, respectively.  All three of these algal groups 

also happen to be phytoplankton communities that display motility.  It is important to 

note the large difference in pigment concentration in Fig 30 A (dinoflagellates) versus the 

concentrations found for chlorophyll b (Fig. 30 B) and alloxanthin (Fig. 30 C).   As 

evidenced by the data, the peridinin pigment signatures are nearly a factor of 10 greater 

than the smaller-celled chlorophyte and cryptophyte signatures.  This was to be expected 

as these two groups are < 20 µm in size and passed through the net.  It is interesting to 

note here that all three algal groups appear to follow the same trend as far as timing of 
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their peak concentrations occur.  It is clear that all three algal groups are most prevalent 

around the oceanic/Davidson season (Fig. 30 A, B, and C).   

 

Past research has shown that dinoflagellates possess the ability to vertically migrate 

through the water column when conditions are suitable (Donaghay et al., 2006; Ryan et 

al., 2010; Rines et al., 2010).   However, there is little evidence in the literature to date 

that suggest that chlorophytes or cryptophytes display vertical migration patterns.  

Regardless of the fact that the net underrepresented the concentrations of these smaller-

celled phytoplankters, their signal was indeed present and displayed distinct seasonal 

trends similar to the dinoflagellates.  

 

A phytoplankton study conducted off the Santa Cruz Wharf (north MB) from 2000-2006 

by Jester et al. (2009) reported very similar findings to this current study.  Surprisingly 

this data was also collected using a 20 µm net and algae were analyzed via microscopy to 

assess community composition. The relative abundances of the diatom and dinoflagellate 

composition revealed that the dominant diatom from 2000-2004 was Pseudo-nitzchia 

spp.  Then commencing in July 2004, the dominant taxa shifted to genera of toxin 

producing dinoflagellates, Alexandrium spp. and Dinophysis spp.  At the time of this shift 

Jester also found a corresponding decrease in diatom abundance.  The pigment anomalies 

for fucoxanthin and peridinin found at the Monterey Wharf location displayed identical 

trends with respect to the rise of dinoflagellates in mid-2004 and the simultaneous fall of 

diatoms (Fig. 13 and 14, respectively).  Thus, there appears to be similar trends from the 

north (Santa Cruz) and south (Monterey) locations of MB.    



 

 

42 

 

This study corroborates the historical observation that larger cell-sized phytoplankton 

dominate the biomass and productivity in MB (Fig.16). Although these data represent 

only a semi-quantitative product, they do show that both algal groups contributed 

significantly to the phytoplankton community (Fig. 10, 11, and 18).  This sampling effort 

confirmed that the dinoflagellates were a much more significant portion of the 

phytoplankton community from 2003-2010. 

 

Fig. 30 displays a summary of the Monterey Wharf HPLC pigment and CHEMTAX 

derived time series analysis.  The data have been calculated to represent the 3 month 

running mean which is the same calculation method the scientists at MBARI employ for 

their MTS data. In addition to the results obtained in this study, the quantitative 

dinoflagellate concentrations from all major stations compiled from the MTS were made 

available by Dr. Chavez for comparison (Fig. 30 E).  

 

One can see that overall, both the HPLC pigment analysis of peridinin:chl a  (Fig. 30 B) 

as well as the CHEMTAX derived dinoflagellate percentage (Fig. 30 D) agree well with 

the quantitative MTS dinoflagellate concentrations (Fig. 30 E).  While the Monterey 

Wharf and MTS data sets represent two different techniques for measuring phytoplankton 

in the bay, the “age of dinoflagellates” is evident and clearly originated and ceased at 

approximately the same time frame.   
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Correspondingly, the fucoxanthin:chl a and diatom percent found in the Monterey Wharf 

data set revealed the same results as what Jester et al. (2009) discovered at the Santa Cruz 

Wharf with respect to the rise of dinoflagellates in mid-2004 and the simultaneous 

decrease of diatoms (Fig. 30 A and C).  Despite the fact that these samples were collected 

using a method that is not ideal for HPLC pigment analysis, this data set has clearly 

illustrated that by taking samples from a single location, easily accessed by pier from the 

coastline in southern MB, we can reproduce changes in the phytoplankton community 

which are consistent with shifts reflected over a much larger scale (Fig. 30).   
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CONCLUSION 

The examination of biomarker pigment concentrations from Monterey Wharf (2003-

2010) indicated that the diatoms and dinoflagellates display interannual and seasonal 

variability, particularly during those ‘anomalous’ oceanographic conditions from 2004-

2006.  Diatoms were most abundant during the upwelling season and displayed a 

significant and positive correlation to UI, while they exhibited no relationship with shifts 

in SST.  The dinoflagellates revealed a consistent fall bloom each year, displayed a 

significant and positive correlation to increases in SST, as well as a significant and 

negative correlation to UI.  Despite the qualitative collection method, this data set proved 

to be a robust, unique collection that clearly captured the “age of dinoflagellates” and 

compared well with the quantitative data produced by the Monterey Time Series.  This 

novel data set proved to be a complement to other monitoring efforts of the 

phytoplankton community in MB.   
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Table 1. Peak identification and nominal retention times of phytoplankton pigments 

detected in seawater samples from south Monterey Bay 

Peak 

Number 

Pigment Retention 

Time 

 

(min) 

1 Chlorophyllide b 

 

6.89 

2 Peridinol 7.55 

3 Chlorophyll c3 8.95 

4 Chlorophyll c from 

haptophyte 

9.79 

5 Unknown chl c 10.43 

6 Chlorophyllide a 11.88 

7 MgDVP 12.60 

8 Chlorophyll c2 13.13 

9 Fucoxanthin 1 13.66 

10 Chlorophyll c1 13.85 

11 Methyl- chlorophyllide a 14.73 

12 Peridinin 16.09 

13 Peridinin 1 16.83 

14 Chlorophyllide a 1 17.63 

15 Chlorophyllide a 2 18.79 

16 19’-butanoyloxyfucoxanthin 19.78 

17 Fucoxanthin 20.79 

18 Fucoxanthin 2 21.63 

19 4’-keto-19’-

hexanoyloxyfucoxanthin 

22.84 

20 19’-hexanoyloxyfucoxanthin 23.71 

21 Diadinoxanthin 

 

25.93 

22 

 

Fucoxanthin 3 26.66 

 

 
23 Dinoxanthin 27.04 

24 Antheraxanthin 27.20 

25 Alloxanthin  28.07 

26 Diatoxanthin 28.72 

27 Diatoxanthin 1 28.82 

28 Monadoxanthin 28.89 

29 Zeaxanthin 29.11 

30 Lutein 29.27 

31 Internal Standard 30.32 

32 Crocoxanthin 31.85 

33 Chlorophyll b allomer 32.27 

34 Chlorophyll b 32.52 

35 Chlorophyll b epimer 32.76 

36 Non-Polar Chlorophyll c 33.13 

37 Chlorophyll a allomer 33.38 

38 Chlorophyll a 33.89 

39 Chlorophyll a epimer 34.84 

40 β,β-carotene 

 

36.83 
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Table 2. Chemotaxonomic relationships used in the study of phytoplankton 

community in Monterey Bay (Major taxonomic pigment in bold.  For full summary 

of chlorophylls and carotenoids, see Jeffrey et al., 1997) 

 

 

Pigment Abbreviation Algal Type 

Chlorophyll c1 + c2 Chl c Diatoms, dinoflagellates and haptophytes 

Chlorophyll c3 Chl c3 Haptophytes  

Peridinin Peri Dinoflagellates 

Fucoxanthin Fuco Diatoms and haptophytes 

19’- butanoyloxyfucoxanthin 19’- but Haptophytes 

19’- hexanoyloxyfucoxanthin 19’- hex Haptophytes 

Diadinoxanthin Diadino Diatoms, dinoflagellates and haptophytes 

Alloxanthin Allo Cryptophytes 

Chlorophyll b Chl b Chlorophytes 

Chlorophyll a Chl a Total algal biomass 
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Table 3.  Initial input matrix of accessory pigment to chl a ratios used for CHEMTAX analysis  

Abbreviations: Dinos, Dinoflagellates; Crypto, Cryptophytes; Chloro, Chlorophytes; Hapto, Haptophytes 

 

 

 

 

 

 

Table 4. Initial output matrix used as successive input matrix of accessory pigment to chl a ratios determined by CHEMTAX 

analysis 

 

 

 

 

 Chl c Chl c3 Fuco Peri 19'-but 19'-hex Diadino Allo Chl b Chl a 

Diatoms 0.284 0.000 0.998 0.000 0.000 0.000 0.163 0.000 0.000 1.000 

Dinos 0.245 0.000 0.000 0.804 0.000 0.000 0.177 0.000 0.000 1.000 

Crypto 0.105 0.000 0.000 0.000 0.000 0.000 0.000 0.253 0.000 1.000 

Chloro 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.334 1.000 

Hapto 0.167 0.276 0.476 0.000 0.373 0.684 0.128 0.000 0.000 1.000 

   Chl c Chl c3 Fuco Peri 19'-but 19'-hex Diadino Allo Chl b 

Diatoms 0.116 0.000 0.408 0.000 0.000 0.000 0.067 0.000 0.000 

Dinos 0.110 0.000 0.000 0.361 0.000 0.000 0.080 0.000 0.000 

Crypto 0.078 0.000 0.000 0.000 0.000 0.000 0.000 0.186 0.000 

Chloro 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.250 

Hapto 0.053 0.089 0.153 0.000 0.120 0.220 0.041 0.000 0.000 
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Table 5. Final output matrix file of accessory pigment to chl a ratios as determined by 

CHEMTAX analysis 

 

 

Table 6.  Ratio of whole water environmental pigment concentration to net collected 

environmental pigment concentration for chl a, fuco, and peri 

 

 

 

 

 

Table 7.  Ratio of whole water environmental pigment concentration to net collected 

environmental pigment concentration relative to chl a 

 

 Chl c Chl c3 Fuco Peri 19'-but 19'-hex Diadino Allo Chl b 

Diatoms 0.097 0.000 0.504 0.000 0.000 0.000 0.055 0.000 0.000 

Dinos 0.081 0.000 0.000 0.419 0.000 0.000 0.081 0.000 0.000 

Crypto 0.060 0.000 0.000 0.000 0.000 0.000 0.000 0.124 0.000 

Chloro 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.167 

Hapto 0.054 0.089 0.153 0.000 0.120 0.220 0.041 0.000 0.000 

Sampling Date chl a Fuco Peri 

3/10/2010 24.87 26.37 21.81 

3/17/2010 21.06 22.34 19.42 

Sampling Date 

 

Collection Method Fuco:chl a Peri:chl a 

3/10/2010 Whole Water 0.35 0.09 

3/10/2010 Net 0.37 0.08 

3/17/2010 Whole Water 0.36 0.27 

3/17/2010 Net 0.38 0.25 
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Table 8. Nonparametric statistics Spearman’s ρ correlation coefficient: Fucoxanthin and 

peridinin concentrations as determined by HPLC analysis and their relationship to sea 

surface temperature (SST) and upwelling index (UI) 

Values in bold with (*) indicate statistical significance 

 

 

 

 

 

 

 

  

Variable by Variable Spearman’s ρ Prob>|ρ| 

Fucoxanthin Peridinin -0.718 0.0001* 

SST Fucoxanthin -0.108 0.3426 

SST Peridinin 0.257 0.0214* 

UI Fucoxanthin 0.418 0.0001* 

UI Peridinin -0.374 0.0006* 



 

 

56 

 

 

Fig. 1 Major stations sampled for Monterey Time Series ocean monitoring project at 

MBARI1  

                                                 
1 Image courtesy of F. Chavez; MBARI 
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Fig. 2 Time series of anomalies with higher [or lower] than normal values in red [or blue]2; 

A) Sea surface temperatures  B) Diatom concentrations  C) Dinoflagellate concentrations 

                                                 
2 Monterey Time Series data provided by F. Chavez; MBARI 
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Fig. 3 Time series of anomalous water stratification (0-20 m) with higher [or lower] than normal values in red [or blue] during 

time frame of study3

                                                 
3 Water stratification figure provided by F. Chavez; MBARI 
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Fig. 4 Location of sampling site in southernmost region of Monterey Bay; Monterey Municipal Wharf II 
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  Retention Time (min) 

Fig. 5 Selected HPLC chromatogram showing pigment patterns associated with a diatom-dominated phytoplankton 

assemblage; Refer to Table 1 for peak identification 
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Retention Time (min) 

Fig. 6 Selected HPLC chromatogram showing pigment patterns associated with a dinoflagellate-dominated phytoplankton 

assemblage; Refer to Table 1 for peak identification 
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Retention Time (min) 

Fig. 7 Selected HPLC chromatogram showing pigment patterns associated with the five algal groups identified in Monterey 

Bay; Refer to Table 1 for peak identification 
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Retention Time (min) 

Fig. 8 Selected HPLC chromatogram results of two different water collection methods; A) Vertical net tow B) Whole water 

sample; Box 1 – 19’hex (haptos); Box 2 – Alloxanthin (cryptos); Box 3 – Chl b (chloros) 
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Fig. 9 Time series plot of fucoxanthin concentration as determined by HPLC analysis 
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Fig. 10 Time series plot of peridinin concentration as determined by HPLC analysis 
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Fig. 11 Time series plot of fucoxanthin and peridinin relative to chl a as determined by HPLC analysis 
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Fig. 12 Bivariate plot of fucoxanthin and peridinin relative to chl a as determined by HPLC analysis 
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 Fig. 13 Time series of fucoxanthin anomalies as determined by HPLC analysis; gold rectangle represents the period of 

‘anomalous’ oceanographic conditions and lower than normal fucoxanthin concentrations
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Fig. 14 Time series of peridinin anomalies as determined by HPLC analysis; gold rectangle represents the period of 

‘anomalous’ oceanographic conditions higher than normal peridinin concentrations 
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Fig. 15 Bivariate plot of diatom and dinoflagellate percent contributions as determined by CHEMTAX analysis 
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Fig. 16 Interannual variation of phytoplankton assemblages in Monterey Bay from June 2003 to April 2010 
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Fig. 17 Interannual variation of phytoplankton community in Monterey Bay during upwelling seasons 
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Fig. 18 Interannual variation of phytoplankton community in Monterey Bay during oceanic seasons 
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Fig. 19 Interannual variation of phytoplankton community in Monterey Bay during Davidson seasons 
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Fig. 20 A) Weekly Sea Surface Temperatures at sampling site B) Monthly Upwelling Index4 

                                                 
4 Bakun Index for position 36ºN 122ºW; NOAA, Pacific Fisheries Environmental Laboratories (PFEL) 
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Fig. 21 Monthly mean time series plot of fucoxanthin concentration and upwelling index 
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Fig. 22 Monthly mean time series plot of peridinin concentration and upwelling index; Spearman’s ρ  
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Fig. 23 Monthly mean time series plot of fucoxanthin concentration and sea surface temperature 
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Fig. 24 Monthly mean time series plot of peridinin concentration and sea surface temperature 
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Fig. 25 Monthly mean time series plot of fucoxanthin:chl a  
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Fig. 26 Yearly averaged nutrient and chlorophyll a concentrations at station C1 in Monterey Bay5 

  

 

                                                 
5 Data provided by the MTS; F. Chavez 
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Fig. 27 Monthly mean time series plot of peridinin:chl a 
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Fig. 28 Total algal biomass (chlorophyll a) in Monterey Bay 2003-2010 
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Fig. 29 Time series overlay plots of fucoxanthin, peridinin, and chlorophyll a concentrations; A) Fucoxanthin relative to chl a  

B) Peridinin relative to chl a 
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Fig. 30 Time series plots of pigment concentrations of the motile phytoplankton groups; A) Peridinin concentration 

(dinoflagellates)  B) Chl b concentration (chlorophytes)  C) Alloxanthin concentration (cryptophytes) 
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Fig. 31 Summary of Monterey Wharf pigment and CHEMTAX derived data 

represented as the 3 month running mean; A and B) Fucoxanthin and peridinin:chl 

a, respectively; C and D) Diatom and dinoflagellate percent, respectively; E) 

Quantitative dinoflagellate concentrations from Monterey Time series6 

                                                 
6 Dinoflagellate concentration data from MTS, courtesy of  F. Chavez; MBARI  
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