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Abstract:  
 
High-resolution physical and biological measurements were carried out in May-June 2007 during the 
„HABIT-Pontevedra 2007' survey in Ría de Pontevedra (Galician Rías Baixas, NW Spain) to study 
small-scale physical-biological interactions in the distribution of microphytoplankton, with special 
emphasis on harmful species. Longitudinal transects from the Ría to the adjacent shelf were sampled 
to describe the spring-neap tidal and circadian variability. An in situ particle profiler, a moored ADCP, 
and a towed undulating CTD (Scanfish) were used during the survey, which took place after an 
upwelling pulse at neap tides during a downwelling–upwelling cycle and coincided with the annual 
maximum of Pseudo-nitzschia spp. Cell maxima of P. seriata (2×106 cells L−1) and P. delicatissima 
(6×105 cells L−1) groups were observed during the first half of the cruise during downwelling, and a 
significant decrease in cell numbers occurred during subsequent relaxation-upwelling conditions. Thin 
layers were eroded during downwelling and formed again in the subsequent upwelling pulse. Cells of 
the P. seriata group were always dominant in terms of biomass but the contribution of the P. 
delicatissima group increased with stratification. Water exchange between the Ría and the adjacent 
shelf was mainly controlled by the upwelling/downwelling cycle, and tidal (both semidiurnal and spring-
neap) variability appeared as a modulation of the response of the Ría circulation to wind variability. 
The circadian variability was regulated by tidal forcing, and Pseudo-nitzschia spp. maxima were 
associated with high stratification during low tide. The magnitude of spring-neap tidal and circadian 
variability has to be considered when designing and implementing water quality and harmful algae 
monitoring programmes. Blooms of Pseudo-nitzschia ssp. were not associated with the occurrence of 
domoic acid in shellfish even when Pseudo-nitzschia australis was dominant. These results confirm 
that just cell densities of the potential toxin producer are not enough for early warning in monitoring of 
Pseudo-nitzschia events.. 
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1. Introduction 

 
Pseudo-nitzschia H. Peragallo is a cosmopolitan diatom genus comprising about 37 species that are 
regular bloom-producers (Fryxell and Hasle, 2002; Trainer et al., 2012). Twelve species of this genus 
may produce domoic acid (DA) (Lundholm, 2012), a neurotoxin which causes Amnesic Shellfish 
Poisoning (ASP) in humans (Bates et al., 1989), birds (Sierra-Beltrán et al., 1997; Work et al., 1993) 
and marine mammals (Scholin et al., 2000). Eight potentially toxic species of Pseudo-nitzschia have 
been reported in the Galician Rías (NW Iberian Peninsula) (Table 1), but short-lasting ASP outbreaks 
in this area have been mainly associated with high concentrations (> 105 cell l-1) of P. australis (Fraga 
et al., 1998; Míguez et al., 1996). Wind forcing has been identified as the main factor controlling 
Harmful Algal Blooms (HABs) in upwelling systems (GEOHAB, 2005), but detailed information on the 
conditions affecting the occurrence of each HAB species is needed (Pitcher, 2012). Studies in the 
California and the Benguela Current Systems have shown that populations of Pseudo-nitzschia 
species developed in offshore retention areas (“incubators”) may be advected to the coast during 
periods of downwelling-favourable winds on time scales of a few days, because surface currents 
respond quickly to shifts in local wind forcing (Adams et al., 2006; Fawcett et al., 2007; Trainer et al., 
2000; Trainer et al., 2002). Further, intensive subsurface chlorophyll maxima (SCM) and thin 
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layers dominated by Pseudo-nitzschia spp. have been described off Oregon in the California 

Current System (McManus et al., 2003; Rines et al., 2002; Trainer et al., 2002). 

In the Galician Rías, on the northern limit of the Canary Current System (Fig. 1), the annual 

phytoplankton succession shows a clear temperate-seas seasonal pattern superimposed by the 

short term (1-2 weeks) and annual variability of the upwelling regime (Margalef et al., 1955; 

Nogueira and Figueiras, 2005; Nogueira et al., 1997). Toxic harmful algae events in this region 

occur during the upwelling season and peak in the transition to winter conditions (Escalera et al., 

2010; Reguera et al., 2008; Trainer et al., 2010). Blooms of Pseudo-nitzschia spp. in late spring 

and summer have been reported in the Galician Rías Baixas associated with variations in water-

column stratification and nutrient availability induced by upwelling and its relaxation (Figueiras 

and Ríos, 1993; Rodríguez et al., 2003; Varela et al., 2004, 2008; Velo-Suárez et al., 2008). 

These studies reported Pseudo-nitzschia spp. in the SCM co-occurring with other diatoms, 

usually Chaetoceros spp. Hydrodynamic and meteorological factors, such as currents and wind, 

have been suggested as key factors to explain short-term spatial and temporal distribution 

patterns in Pseudo-nitzschia spp. (Velo-Suárez et al., 2010; Velo-Suárez et al., 2008), and the 

interannual variability of ASP outbreaks (Álvarez-Salgado et al., 2011). Velo-Suárez et al. 

(2008) observed that the distribution of Pseudo-nitzschia spp. is closely related to the upwelling-

downwelling cycles, because steep pycnoclines established after upwelling pulses may act as 

retention areas for these populations, leading to formation of diatom thin layers (up to 30 µg chl-

a equiv l-1). 

The short-term variability in upwelling systems in temperate latitudes is mainly due to the fact 

that 70% of the wind regime variability there is concentrated in periods of less than 30 days, 

with a typical scale for these events of 3–14 days (Álvarez-Salgado et al., 2003; Blanton et al., 
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1984; Nogueira et al., 1997; Torres et al., 2003). Thus, changes in the wind directions cause a 

succession of upwelling and downwelling events that generate complex circulation patterns. 

These patterns affect phytoplankton distribution and may induce transport of offshore plankton 

communities into coastal embayments (Escalera et al., 2010; Pitcher et al., 2010; Roegner et al., 

2002; Trainer et al., 2010). Trainer et al. (2002) presented a conceptual model in which the 

anticyclonic Juan de Fuca eddy acts as a retention area (“incubator”) for Pseudo-nitzschia

populations, which under favourable wind shifts can be transported onshore resulting in quick 

contamination with DA of coastal razor clam (Siliqua patula) beds. 

Short-term variability of phytoplankton induced by high-frequency physical and biological 

processes may at certain times and places be more important than that associated with longer 

time scale processes. In shallow coastal waters, for example, tides constitute one of the main 

sources of short-term variability leading to changes in phytoplankton distribution at time scales 

of hours (Cloern et al., 1989). 

Intensive shellfish production occurs in the Galician Rías —300 x 103 t y-1 of blue mussels and 

17 x 103 t of other shellfish species—per year (FAO, 2012). Toxin-producing microalgae in 

general, and DA producing Pseudo-nitzschia spp. in particular, represent a serious threat to 

sustainable exploitation of shellfish resources in the region. The impact of Pseudo-nitzschia spp.

is specially hard on scallops (Pecten maximus, P. jacobeus), which have a slow depuration rate 

for DA and related compounds, and once they take up these toxins may keep them above 

regulatory levels all year round (Salgado et al., 2003). Nevertheless, a detailed understanding of 

the physical and biological processes involved in the temporal and spatial dynamics of these 

harmful diatom species (particularly on short-time scales) is scarce. Consideration of changes in 

cell density on time scales of a few hours (semidiurnal tide-scale) is frequently missing in 
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sampling strategies. In this context, a good understanding of this short-term variability is a key 

aspect for the development of operational models and improved risk assessment of shellfish 

poisoning and other hazardous events in the region. This paper evaluates the effect of spring-

neap tidal and circadian variability and its coupling to meteorological events on the distribution 

of microphytoplankton using high-resolution instruments, with a special emphasis on two 

groups of diatoms of the genus Pseudo-nitzschia (P. seriata and P. delicatissima groups) during 

a downwelling-upwelling sequence. 

2. Material and methods 

2.1. Study area 

The Galician Rías Baixas region is under the influence of the North Atlantic weather system, 

with an oceanic climate tending to aridity in summer (Wooster et al., 1976). The meteorological 

dynamics is highly conditioned by the seasonal evolution of two atmospheric systems, the 

Azores high and the Iceland low, where the annual variability is generated by the displacement 

of atmospheric high-low pressures, favouring upwelling or downwelling events (Varela et al., 

2005; Wooster et al., 1976). In the Rías Baixas, northerly upwelling-promoting winds (from 

now on referred as “northerlies”) predominate from April to October; southerly downwelling-

promoting winds (from now on referred as “southerlies”) predominate the rest of the year and 

the beginning of the upwelling and downwelling “seasons” are preceded by a spring and autumn 

transition period respectively (Figueiras et al., 2002; McClain et al., 1986). 

Ría de Pontevedra is the second largest of the Galician Rías Baixas (141 km2 surface and 3.45 

km3 volume), a group of four drowned river valleys in Northwest Spain (Fig. 1). This V-shaped 

ría, with a SW–NE direction, has a mean depth of 31 m, and widens progressively from the 



7

Tambo islet toward the mouth. Two islands (Ons and Onza) act as protective barriers against the 

swell of the open sea and delimit two entrances to the mouth of the Ría. The northern entrance 

has a width of 3.7 km and a mean depth of 14 m. The southern entrance is wider (7 km) and 

deeper (60 m) and constitutes the main water-exchange channel between the Ría and its adjacent 

shelf.

The outflow of the 57-km long Lérez River is at the innermost part of Ría de Pontevedra. The 

monthly discharge rate of this river fluctuates between 2 and 80 m3s-1, with a mean of 25.9 m3s-

1, following a similar pattern to that of the rainfall (de Castro et al., 2000; Prego et al., 2001). 

Semidiurnal tides in the Ría de Pontevedra have amplitudes range from 2m (neap tides) to 4m 

(spring tides). The tidal prism is much larger than the volume of the river flow into the Ría, 

causing tides to overwhelm the latter in the estuarine circulation (Ruiz-Villarreal et al., 2002). 

Average tidal velocities range from 0.05 to 0.1 m s-1, with maximum velocities observed of 

around 0.3 m s-1. Wind forcing can induce higher velocities (up to 1 m s-1) in surface layers, and 

a transverse (across-channel) component of the circulation, which may play an important role in 

hydrodynamic processes inside the Ría, has been described by Ruiz-Villarreal et al (2002). 

2.2. Field sampling 

The study was carried out on board R/V Mytilus from 28 May to 7 June 2007. Measurements of 

physical properties of the water column were carried out with advanced high resolution 

instruments described below. Six stations were sampled during the cruise (Fig. 1, Table 2). Of 

these, stations 1 to 4 (full stations), aligned along the axis of the Ría, were sampled several times 

during the whole cruise. Water samples were collected for nutrient, toxins and quantitative 

analyses of microphytoplankton to describe the spring-neap and circadian tidal variability of 
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nano and microplanktonic populations. Special attention was focused on potentially harmful 

microalgae that are frequent at this time of the year (Pseudo-nitzschia spp. and Dinophysis spp.). 

Current velocities were measured continuously with a bottom-mounted ADCP (Nortek 600 kHz 

Aquadopp, bin size: 1 m, 10-min frequency) at a depth of 45 m (st. 3) in the navigation channel 

(Fig. 1). 
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The IFREMER particle size analysis profiler (PSA) was used to obtain vertical profiles of 

temperature, salinity, chlorophyll-like fluorescence, optical back-scattering and 

photosynthetically active radiation (PAR) at all stations during the cruise. The PSA-system is a 

profiling instrument that allows high-resolution descriptions of the hydrography and the particle 

characteristics of the water column. It can distinguish between multiple layers even within a 

steep thermocline. This system is composed of an SBE 25 CTD Probe (Sea-Bird Electronics, 

Washington, USA), a fluorescence sensor (Seapoint Sensors, Inc., Exeter, New Hampshire, 

USA), and a particle size analyser (CILAS, Orléans, France). Based on diffraction pattern 

analysis, the PSA measures the total volume of particles in an 8-mL free flow cell and their size 
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distribution over 30 classes from 0.7 to 400 mm (Gentien et al., 1995). The diffraction method 

enables quantification of different particle populations: sedimentary particles, phytoplankton, 

and aggregates (Lunven et al., 2005).
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Weekly samples for phytoplankton counts in the Galician monitoring programme (INTECMAR) 

are collected with a dividable (0–5, 5–10, 10–15 m) hose sampler (Lindahl, 1986) at 10 stations 

in Ría de Pontevedra (Fig. 1C), and immediately fixed with acidic Lugol’s solution (Lovegrove, 

1960).
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During the cruise all samples were collected using the PSA-pump system. In addition, plankton 

net hauls and pump concentrates were used for immediate qualitative analyses to detect target 

and dominant species of the microphytoplankton community. 

The circadian variability of Pseudo-nitzschia spp. and accompanying microphytoplankton 

species was evaluated through two intensive 24-h samplings carried out at station 2 (Fig. 1C). 

The first 24-h cycle study was performed from 1930h on May 29 to 2000h on 30 May and the 

second, from 1000h on 6 June to 1000h on 7 June. Vertical CTD profiles were obtained with the 

PSA-system every 2-h during the two cycles. 

For quantitative analyses of microphytoplankton, two kinds of samples were collected from 

discrete depths with the peristaltic pump: (1) unconcentrated seawater samples, to analyze the 

whole microphytoplankton community, and (2) 1-liter seawater samples, concentrated through 

20-µm nytex filters and resuspended into 50 mL of filtered seawater, to enumerate large and 

scarce species (i.e., Dinophysis spp.). Both kinds of samples were immediately fixed with 

Lugol’s iodine acidic solution. 

2.3. Meteorology and hydrological data processing 

Wind speed and direction data were obtained from a buoy (Seawatch, Oceanor) of the national 

port system (Puertos del Estado) network deployed at Cabo Silleiro (42°7.89N - 9°23.49W) 

(Fig. 1B); upwelling indices every 6 h, obtained from the Spanish Institute of Oceanography 

(www.indicedeafloramiento.ieo.es), were estimated according to Bakun (1973) using 

geostrophic wind data off Cape Silleiro, a representative station for the study area. Monthly 

averages of rainfall data between 1961 and 2007 from a meteorological station at Vigo airport 
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(Peinador) (42°13.89’N, 8°37.29’W) were provided by the Spanish Meteorological Agency 

(www.aemet.es). 

Tides and sea level measurements were taken from a tidal gauge, from the IEO Network, at the 

Ría de Vigo harbour, to the south of Pontevedra (http://indamar.ieo.es/). Differences in the 

amplitude (<10 cm) and tidal phase (1-2 min) in the tides semidiurnal component in both rías are 

negligible. 

Reported currents are based on raw ADCP data using the Nortek manufacturer software (Surge), 

and later visualized and analyzed using Matlab® (The MathWorks Inc.). Wind and ADCP data 

were treated with a low-pass Lanczos filter at half power of 30 h to eliminate tidal frequencies 

and estimate residual transport (subtidal variation). 

Data obtained with the CTD probe SBE25 was processed using the Seasoft software provided by 

the manufacturer. Vertical profiles of temperature, salinity and sigma-t were plotted using 

Grapher 8.0 (Golden Software Inc.). 

2.4. Nutrients
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2.5. Microphytoplankton analyses 

Quantitative analyses of microphytoplankton in the unconcentrated lugol-fixed seawater 

samples was carried out according to Utermöhl (1958). Samples of 25mL were left to settle for 

24h. The detection level using this method was 40 cells L-1 (i.e., 1 cell detected after 

examination of the entire surface of the sedimentation chamber base-plate). Microphytoplankton 

abundance was determined to species level when possible. Pseudo-nitzschia species were 

separated into two groups, P. delicatissima- and P. seriata-group, on the basis of their valve 

width (Hasle, 1965). Large scarce species were counted after scanning the whole area of the 

sedimentation chamber at 100X magnification under an inverted microscope (Nikon Eclipse 

2000). Two transects at 400X magnification were scanned to enumerate the smaller and more 

abundant species. To increase the detection level of scarce harmful species (i.e. Dinophysis

spp.), 10-mL aliquots of the concentrated samples (factor: 1: 20) were placed in sedimentation 

chambers, and the whole surface of the chamber scanned at a magnification of 100X, so that the 

detection limit was 5 cell L-1.

Identification of Pseudo-nitzschia species by its morphological features with conventional 

microscopic methods is unfeasible. To describe the valve morphology of Pseudo-nitzschia cells 

of the P. seriata group, Lugol-fixed samples were treated with a solution of HNO3 and H2SO4

(1:4 ratio) to remove the organic material, heated using an alcohol lamp, and rinsed five times 

with distilled water following cooling for several minutes. A drop of the processed sample was 

mounted on Naphrax (Northern Supplies Limited, Ipswich, UK) and examined and 

photographed under a phase contrast microscope (LEICA DMLA, Wetzlar, Germany). Species 

were identified following Hasle (1965) and Hasle & Syvertsen (1996), considering length and 

width of the cells, presence/absence of a central nodule, density of interstriae and the 
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overlapping of consecutive cells in the colonies. This protocol can not be used for the accurate 

identification of Pseudo-nitzschia species of the P. delicatissima group, which requires 

observations under scanning electron microscopy. 
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2.6. Toxins analyses 

Samples with a density of Pseudo-nitzschia spp. above 5 x 105 cells · L-1 were selected for toxin 

analysis. This represented a total of some 20 samples.  For concentration of particulate DA in 

water samples, 1-2 L of seawater was filtered onto a 47 mm Whatman GF/C glass fibre filter. 

The filter was kept frozen in 50% aqueous methanol solution until analysis. The samples were 

sonicated for 3 min with a probe (100W) and centrifuged at 5000 rpm for 10 min. The 

supernatant was filtered (nylon filter, 11 mm diameter, 0.22 µm pore size) and analyzed by 

liquid chromatography-multiple tandem mass spectrometry (LC-MS) using a quadrupole ion-

trap mass spectrometer (LCQ, ThermoFinnigan, San Jose, CA, USA) according to Furey et al. 

(2001). The detection limit with this method is 0.02 µg DA mL-1.

Analyses of ASP toxins (DA and its isomers) in shellfish were carried out by the Galician 

Monitoring Centre using an HPLC-UV reference method based on Quilliam et al. (1989). The 

detection limit with this method is approximately 0.5 mg DA kg-1, well below the EU regulatory 

limit of 20 mg DA kg-1.
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2.7. Satellite images 

Moderate Resolution Imaging Spectroradiometer (MODIS) and Medium Resolution Imaging 

Spectrometer (MERIS) derived images were used to observe horizontal distribution of sea 

surface temperature (SST) and to estimate Chl-a concentration using standard global algorithms 

(e.g. OC3 algorithm for MODIS images and Algal 1 algorithm for MERIS images) (Doerffer 

and Schiller, 2007; Moore et al., 2009). MODIS and MERIS data are usually captured at 1 km. 

Nevertheless, MODIS 500 m spatial resolution ocean colour data reprocessed by NEODAAS, 

following the methodology presented in Shutler et al. (2007), was used here to increase 

resolution within the Rías. The day pass of the MODIS satellite over the study area provides 

simultaneous values of Chl-a and SST. Pixels in MODIS SST images with MODIS L2 flags 

SSTWARN and SSTFAIL have been masked. 

2.8. Statistical analysis 

Principal component analysis (PCA) was used to evaluate the structure of the 

microphytoplankton community during the survey and its relationship with environmental 

variables (temperature, salinity, sigma-t and fluorescence). The analysis was carried out with 

191 samples and 44 taxa that were present in at least 20% of the samples. This reduction was 

used to eliminate double zero values, which can distort the analysis results. Abundances were 

transformed to log �x+1� to reduce and homogenize the variance. The PCA was performed using 

the statistical and programming software R 2.1.12 (R Development Core Team, 2012), package 

“vegan”, available through the CRAN repository (www.r-project.org). 

3. Results
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3.1. Meteorological and hydrographical conditions  

Total rainfall during 2007 was 1038 mm, almost half of the historic annual mean (1885 mm) of 

47 years (1961-2007). In the winter-spring months preceding the survey (January-May), the 

negative anomaly was even higher (60% below the historic mean). 

The tidal cycle showed a clear-cut semidiurnal signal. The maximum tidal range during the 

cruise was 4 m during spring tides on 4 June (Fig. 2A). Northerlies generating offshore Ekman 

transport, with a maximum estimate of 2280 m3 s-1 km-1 on 20 May, prevailed in the two weeks 

preceding the survey (12 to 27 May 2007) (Figs. 2B and C) and were still observed (maximum 

velocity of 6.8 m s-1) at the beginning of the survey on 28 May. From 29 May to 2 June there 

was a wind shift and southerlies (up to 7.3 m s-1) became predominant resulting in onshore 

Ekman transport with a maximum estimate of 620 m3 s-1 km-1. During the second half of the 

cruise, there was a new shift to strong northerlies (11.3 m s-1) with a maximum of 1535 m3 s-1

km-1 offshore Ekman transport on 6 June (Figs. 2B and C). Lower winds of both components 

were observed towards the end of the cruise (6-7 June) leading to upwelling relaxation (Fig. 

2B).

Surface temperature ranged from 14.8 to 16.8°C at station 2. A well-mixed water column at the 

beginning of the survey gave way to a well stratified structure during the second half, with a 

maximum gradient of 2.9°C/10m on 6 June (Fig. 2D). Surface salinity ranged from 35.2 to 35.5 

(Fig. 2E). Changes in the thermohaline structure at station 2 indicated the upwelling of colder 

Eastern North Atlantic Central Water (ENACW), evidenced by the elevation of the isolines from 

the shelf to the ría (Fraga, 1981) by the end of the survey (6 June) (Figs. 2D and E). The 

distribution of chl-a fluorescence on 29 May revealed a SCM between 18 and 22 m which had a 

peak intensity of 9.7 µg chl-a equiv. L-1. A second narrow SCM was observed between 12 and 
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17 m with a peak intensity of 7.1 µg chl-a equiv. L-1 on 6 June (Fig. 2F). In the surface layer (0-

5 m depth), chl-a fluorescence values did not exceed 1 µg chl-a equiv. L-1.

The instantaneous flow variability within the Ría de Pontevedra was dominated by a semidiurnal 

tidal signal, with inflow and outflow pulses taking place in periods of about 12 h (Fig 3A). The 

east-west component of the flow predominated with velocities 2–3 fold higher than the north-

south component (Figs. 3B and C). Maximum flow velocities (0.2 m s-1) were observed from 4 

to 5 June associated with the upwelling pulse and maximum (2.5 m) tidal amplitude (Fig. 3B). 

The low-pass filtered fluctuations of shelf winds and current velocity during the survey showed 

two distinct phases: the first dominated by southerly and the second by strong northerly winds 

(Fig. 4A). A two-layered circulation pattern, already described for the Galician Rías Baixas 

(Chase, 1975; de Castro et al., 2000) was observed during the cruise: inflow in the surface layer 

(<20 m depth) and outflow in the bottom layer when southerlies were predominant (reverse 

circulation), and the opposite (positive circulation) after wind reversal (Fig. 4B) when colder 

mixed waters reached the 10 m isobath (Fig. 2).  

Inorganic (dissolved inorganic nitrogen –DIN–, phosphates and silicates) nutrient concentrations 

were extremely low in the surface layer and showed maximum values—silicates (6.6 µmol L-1),

phosphates (0.86 µmol L-1) and DIN (12.1 µmol L-1)—below 20 m from 4 to 6 June associated 

with the upwelling of nutrient-rich ENACW. On 30 May nutrient concentrations, especially 

silicates, were much lower in the chl-a maximum (21–23 m) and practically depleted in surface 

waters at station 2 (Fig. 5A). A shallower intensified SCM was observed on 6 June at station 2 

associated with nutrients injection in sub-surface layers and establishment of the thermocline 

(Fig. 5B). 
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The thermohaline structure was illustrated through two Scanfish transects (longitudinal axis 

perpendicular to the coastline) run from the middle reaches of Ría de Pontevedra to the adjacent 

shelf (Figs. 6A and B). SST ranged from 14.2 to 15.4°C in the first transect on 1 June and from 

14.8 to 17.2°C in the second on 4 June (Figs. 6C and D). ENACW was detected at 40 m depth 

on 4 June by the adjacent shelf and at 20 m depth within the Ría during the second transect 

sampling (Figs. 6D and F). Maximum stratification inside the Ría appeared associated with a 

maximum density gradient (0.7 �t between 1 and 5 m depth) in the second transect (4 June) 

performed after the upwelling pulse (Fig. 6H). The distribution of chl-a fluorescence along the 

two transects showed maximum concentrations on the adjacent shelf with peak intensity of 7.9 

µg chl-a equiv. L-1 at 43 m depth and 7.2 µg chl-a equiv. L-1 at 23 m during the first and second 

transects, respectively (Figs. 6I and J). 

3.2. Distribution of microphytoplankton and Pseudo-nitzschia spp.

The survey coincided with the annual maximum of Pseudo-nitzschia spp. in the Galician Rías 

Baixas. Weekly monitoring (INTECMAR) results showed a maximum concentration around 

1.2x106 cells L-1 of Pseudo-nitzschia spp. in the innermost parts of the Ría on 28 May 2007 that 

declined to 5x105 cells L-1 (4 June) and 3.2x105 cells L-1 (11 June) over the following 2 weeks 

(Fig. 7). 

On board observations of plankton net hauls and pump concentrates revealed a microplankton 

community dominated by Pseudo-nitzschia species accompanied by large centric chain-forming 

diatoms (e.g. Detonula pumila). Only scattered cells of Dinophysis acuminata, D. ovum and D.

rotundata were occasionally observed in the warmer surface layers throughout the cruise, 

although D. acuminata peaked (7 x 103 cells L-1) three weeks later. 
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Microphytoplankton analyses showed the co-occurrence of two groups of Pseudo-nitzschia

species: P. seriata and P. delicatissima. The P. seriata group, with a dominance of P. australis,

the main DA producer in the Galician Rías, was more abundant than that of P. delicatissima 

throughout the cruise (Fig. 8). A maximum of 2 x 106 cells L-1 of the P. seriata group was 

recorded on 29 May at station 2 (Fig. 8A). P. seriata group exhibited a significant decline from 

31 May to 5 June in all stations, followed by a moderate increase on 7 June (Figs. 8B-F). In the 

same way, maximum densities of 6.6 x 105 cells L-1 of the P. delicatissima group were observed 

on 31 May 2007 (Fig. 8H); a significant decline was observed during the days (1-5) June, and a 

moderate increase led to maximum densities of 1.8 x 105 cells L-1 by the end of the survey (8 

June) (Figs. 8I-L). 

Although the distribution of the two groups of Pseudo-nitzschia showed similar temporal 

patterns, P. delicatissima group showed higher cells densities at stations closer to the mouth of 

the Ría (stations 3 and 4).

3.3. Thin layer dynamics 

Vertical profiles of fluorescence at station 2 revealed the occurrence of thin layers. The 

fluorescence profile and thin layers varied with the tide and with the variability induced by wind 

events (see section 3.4). On 29 May under downwelling conditions a thin layer dominated by the 

Pseudo-nitzchia seriata group was observed.  The thin layer chl-a maximum (14.5 µg equiv. L-

1) was between 18 and 19 m in the 27 �t isopycnal (Fig. 9A). Southerlies caused a vertical 

displacement of a weakened (6.5 µg equiv. L-1) thin layer to 25 m depth on 30 May (Fig. 9B) 

and its further erosion from 2 to 4 June (Fig. 9C and D). A new thin layer was found in the 

upper water column under the upwelling pulse during the second half of the cruise, reaching its 
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maximum definition (17.2 µg equiv. L-1 at 11-12 m) on 7 June and again associated with the 27 

�t isopycnal (Fig. 9E-F). This new thin layer was dominated by the Pseudo-nitzchia seriata

group with a maximum cell density of 6.5 x 103 cells L-1.

3.4. Circadian variability in the distribution of Pseudo-nitzschia spp. 

The P. seriata group was dominant most of the time in the two cycle studies. The first 24-h 

cycle (29-30 May) was carried out under downwelling conditions and increasing tides after the 

neap tide on 25 May. A thin layer (max. 14.5 µg chl-a equiv. L-1) was observed at 20 m in the 

beginning of the cycle (1800, ebb tide) (Fig. 10A) and the maximum density (1.7 x 106 cells L-1)

of the P. seriata group, 2h later at 15 m depth (Fig. 10B). After 2200 when flood tide began, the 

thin layer was eroded and the chlorophyll maximum followed the excursions of the pycnocline 

(Figs. 10C-L). The P. delicatissima group, almost under detection levels in the first half of the 

cruise, showed its maximum density (5.3 x 105 cells L-1) at 0800h associated with a new 

chlorophyll maximum at 17 m (Fig. 10H) and exceeded that of the P. seriata group at noon (Fig. 

10J). By the end of the cycle (end of the ebb) there was an almost homogenous distribution of 

chl-a within the water column and a moderate maximum of P. seriata group below 20 m (Fig. 

10L).

The second cycle (6-7 June) was carried out under upwelling relaxation and strong tides 

following the spring tide on the preceding day. Maximum cell densities of the P. seriata 

(6.5x105 cells L-1) and P. delicatissima (1.7x105 cells L-1) groups were lower than in the first 

cycle. At the beginning (0800h), a homogenous distribution of chl-a and low cell densities of the 

two Pseudo-nitzschia groups were observed (Fig. 11A). In a contrasting sequence with the first 

cycle, here increased chl-a heterogeneities were observed after 1200h and a thin layer (�17 µg 
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equiv. L-1; 11m) appeared at 0000h associated with P. seriata cells maximum (Figs. 11I). 

Similar to the first 24-h cycle, the chlorophyll maximum followed the excursions of the 

pycnocline (Fig. 11). 

3.5. Toxins

Despite the predominance of P. australis in most samples tested, domoic acid in water and 

particulate samples was always under the detection level (0.02 µg DA mL-1) of the applied 

method. Similarly, there were no shellfish harvesting closures due to the occurrence of DA in 

mussels above the regulatory limit in the region during 2007. 

3.6. Satellite imaging of bloom transport and dissipation 

Cold (>15°C) waters were observed on 26 May around neap tides before the survey. Cloud-free 

ocean colour images were plotted from 26 May to 11 June 2007 except those corresponding 

from 29 May to June 5 and between June 7 and 10 that were not clear (Fig. 12). The day pass of 

the satellite over the study area provides simultaneous values of chl-a and SST MODIS images 

showed a significant increase in SST from 26 May (�14.5°C) to 11 June 2007 (�17.5°C).

MODIS chl-a images at that time revealed high values of chl-a (�10 µg equiv. l-1) on the 

adjacent shelf and within Ría de Pontevedra. The next clear images were obtained on 5 June, 

following the upwelling pulse that started on 3 June. Warmer surface waters were then 

apparently exported from the rías, as shown in the T-depth evolution (Fig. 2D) and the Scanfish 

transect on 4 June (Fig. 6D). This agrees with ADCP data showing that maximum velocity and 

therefore export of surface waters occurred on 5 June. MODIS and MERIS images showed a 

high chlorophyll zone on the shelf close to the mouth of the Ría. It is important to note that the 
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MERIS image from 5 June was obtained during ebb, while those from MODIS correspond to 

flood tide. 

In-situ data (CTD and Scanfish) showed chlorophyll maxima at 15-20 m depth at the mouth of 

the Ría, which corresponded to the high satellite chlorophyll estimates. During upwelling 

relaxation on 6 June, when the second daily cycle was sampled, no clear SST images were 

obtained from the coastal area but the MODIS image showed a decrease of the high chlorophyll 

area with maximum values north of Ría de Pontevedra. Images on 11 June showed warm waters 

on the shelf and a high chlorophyll area by the mouths of Ría de Pontevedra and Vigo (Figs. 

12M and N). In the middle and inner reaches of Ria de Pontevedra chlorophyll fluorescence was 

low. This agrees with the decrease of Pseudo-nitzschia spp. densities observed in monitoring 

sampling in this area on 11 May (Fig. 7). 

3.7. Microphytoplankton assemblages 
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4. Discussion 

The survey took place during a downwelling-upwelling cycle which had been preceded by an 

upwelling event. Changes in thermohaline structure and chemical properties of the water column 

showed a rapid response to wind forcing. The transition of downwelling during the first days of 

the cruise to upwelling was characterised by low wind intensity and thermal stratification in the 

top (0-10m) layer. The strong upwelling event from 3 to 5 June led to the inflow of nutrient-rich 

ENACW waters into the Ría de Pontevedra. This agrees with the downward gradient of the 

isolines towards the coast intercepting the bottom at the mouth of the Ría under southerlies (1 

June) in contrast with the shoreward shoaling of the isolines under northerly winds (4 June) 

evidenced through the high-resolution Scanfish measurements. The latter hydrodynamic process 

is a clear indicator of upwelling of denser (�27�t) nutrient-rich ENACW. In addition, the SST 

satellite images suggested export of surface waters from the Ría. This meteorological-

hydrographic coupling is of particular interest in the Galician Rías Baixas, because upwelling 

(not river flow) is the primary nutrient source (Fraga, 1981). 

4.1. Spring-neap cycle and wind event associated variability of Pseudo-nitzschia spp.

Previous studies have shown that the formation, maintenance and dissipation of phytoplankton 

blooms are the result of physical (horizontal and vertical transport) and biological processes (in

situ growth, grazing, parasites and/or virus infection) (Smayda, 1997b, a). Conditions during the 

decline of Pseudo-nitzschia blooms have received much less attention than those promoting 
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their initiation (Lelong et al., 2012). Changes in distribution patterns of Pseudo-nitzschia spp.

through the present study were closely coupled to physical process during a downwelling-

upwelling sequence. Pseudo-nitzschia spp. and in particular the P. seriata group, appeared 

aggregated in a thin layer at the beginning of the survey (29 May) despite the downward 

displacement of the water caused by downwelling. This was followed by a decrease in cell 

densities and a further vertical displacement and erosion of the thin layer during downwelling, 

before a new thin layer, that reached its maximum definition within the 27�t isopycnal

(corresponding to ENACW), was established under upwelling conditions. The sequence of 

events and changes in cell distribution patterns suggest that the Pseudo-nitzschia spp. bloom was 

formed during the previous upwelling event (25-28 May) and neap tide conditions, reflected by 

the high concentrations of Pseudo-nitzschia spp. (1.2x106 cells L-1) recorded (28 May) by the 

monitoring programme. 
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Advection has been suggested as the main shoreward transport mechanism of Pseudo-nitzschia

in Washington waters (Northern California Current System). In that area, high-density 

populations of Pseudo-nitzschia build up in the anticyclonic Juan de Fuca eddy, a well described 

structure that acts as a retention area (“incubator”). Thus, onshore winds may cause dispersion 

of the eddy and transport of the diatom populations to the coast (Adams et al., 2006; Trainer et 

al., 2002). A similar mechanism may have advected Pseudo-nitzschia spp. from the adjacent 

shelf into the Rías at the beginning of the downwelling event. 

The spring-neap tidal variability of the Pseudo-nitzschia groups was also reflected through 

MERIS and MODIS satellite images, which recorded high concentrations of chlorophyll on the 

adjacent shelf and within Ría de Pontevedra during the upwelling pulse and neap tides prior to 

the survey (26-28 May). Unfortunately no clear images were available to evaluate the surface 

displacement of chlorophyll during a period of southerly winds (30 May–2 June) due to cloud 

cover. However, the ADCP moored in the main channel revealed net transport into the Ría (Fig. 

4) modulated by tides. In addition, the generation of high chlorophyll offshore jets (chl-a plume) 

during upwelling combined with spring tides on 5 June could also be detected from satellite 

images. This agrees with recent studies in the Galician Rías Baixas which concluded that a 

combination of satellite images (MERIS) and ground truthing (microphytoplankton analyses) 

during Pseudo-nitzschia spp. blooms allows the tracking of  high biomass subsurface blooms of 

potentially harmful species with this technology (González-Vilas et al., 2011; Spyrakos et al., 

2011).

4.2. Circadian variability of Pseudo-nitzschia spp.
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The circadian variability of P. seriata and P. delicatissima groups appeared modulated by tidal 

forcing with a clear semi-diurnal signal, coupled to the larger-scale variability controlled by 

winds. This coupling of tides and wind effects led to a pattern characterized by maximum cell 

densities of Pseudo-nitzschia spp. during low tide associated with maximum stratification, and 

by the rising and sinking of the SCM located in the pycnocline.

The two circadian cycles were studied under similar water level conditions (�3.7 m), but they 

showed an inverse temporal pattern of Pseudo-nitzschia distribution. During the first cycle, the 

Pseudo-nitzschia population formed in the previous week under upwelling conditions declined 

after the onset of southerly winds. In contrast, during the second cycle, the formation of a new 

Pseudo-nitzschia maximum was promoted by upwelling pulse. This is a clear example of how 

the spatial and temporal distribution of Pseudo-nitzschia populations is affected by the 

interaction of events of different time scales (hours - days). 

Tidal forcing has been suggested as a key physical factor controlling the diel variability of 

various phytoplankton species (Cloern, 1991; Cziesla, 1999; Lauria et al., 1999; Li and Smayda, 

2001). Previous studies described tidal forcing effects on the distribution of dinoflagellate 

communities dominated by Dinophysis species in spring (Velo-Suárez et al., 2009) and autumn 

(Pizarro et al., 2008). Pizarro et al. (2008) observed that stability during low tide in Ría de 

Pontevedra promoted the aggregation of Dinophysis acuta in near surface layers, and suggested 

that tidal forcing was the main factor affecting the circadian variability of this species in the 

absence of vertical migration. Nevertheless, this short time scale effect has been poorly 

described for Pseudo-nitzschia populations. Cziesla (1999) studied the variability of Pseudo-

nitzschia spp. in Coos Bay estuary (Oregon, USA) and described a distribution pattern 

characterized by maximum cell densities during high tide. This author identified tidal advection 
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from the adjacent shelf as the main factor controlling the variability of Pseudo-nitzschia spp.

distribution in that area. A similar observation was noted by Roegner et al. (2002) who 

described pulses of chlorophyll entering the Willapa Bay estuary (Oregon, USA) during flood 

tides reaching maximum concentrations during high tide. In contrast, our results from station 2, 

located to the south of the navigation channel, showed a different distribution pattern, with cell 

maxima appearing during low tides and co-occurring with maximal water column stratification. 

4.3. Microphytoplankton assemblages 

The microphytoplankton assemblages observed during the cruise showed a short-term 

succession which was characterized by dominance of diatoms (Pseudo-nitzschia spp., Detonula

pumila, Leptocylindricus danicus and Chaetoceros spp.) during the first half of the cruise 

(downwelling phase) and increase of dinoflagellates (mainly Protoperidinium divergens and 

Amphidinium spp.) during the middle part of the cruise (relaxation phase), and a new increase of 

diatoms (mainly Pseudo-nitzschia seriata group) at the end of the cruise (upwelling phase). The 

upwelling-event that took place from 26-28 May, prior to the cruise, may have been responsible 

for the microphytoplankton community structure (diatom dominated) observed at the beginning 

of the survey under downwelling conditions. These changes in species composition and 

abundance were clearly shown by the PCA. Increased diatoms abundance were positively 

correlated with the colder and saltier upwelling waters, whereas dinoflagellates abundance with 

warmer and more brackish surface waters. All these changes suggest a rapid transition on a short 

time scale (days) associated with the downwelling-upwelling cycle. According to Nogueira & 

Figueiras (2005), these short-term successions are generated by hydrodynamic changes induced 

by meteorological disturbances, occur with a periodicity of 2±1 weeks within the seasonal 
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pattern, impose a short-term temporal structure on the ecosystem, and reflect the r- to k-strategy

distinction (Margalef, 1978; Smayda and Reynolds, 2001). 

Figueiras et al. (1996) suggested that downwelling may remove diatoms from the surface layer. 

Our results indicate a similar mechanism characterized by sinking of Pseudo-nitzschia

population and transport offshore of the subsurface layers during the downwelling event. It is 

not clear if the exported population during the downwelling cycle returns to the ria during 

upwelling, although the Scanfish sequence on June 4 and the satellite images on June 5-6 

suggest this might be the case. These changes were mainly shown by the P. seriata groups,

which showed a significant decrease in abundance during downwelling-relaxation phases. In 

addition, this group showed a high positive load with PC3 associated with temporal variability 

of the microphytoplankton assemblages. 

4.4. Implications for research and monitoring of HAB events 
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Despite a predominance of P. australis in the acid-cleaned samples examined, high density 

populations of Pseudo-nitzschia spp. observed during the cruise were not associated with mussel 

harvesting closures due to the presence of ASP toxins above regulatory levels. ASP toxins were 

not detected either in HPLC analyses of plankton samples rich in Pseudo-nitzschia spp. 

collected during the cruise. 

P. australis was first described as a DA producer in the Galician Rías in 1995 (Míguez et al., 

1996), and presence of ASP toxins above regulatory levels in the area has always been 

associated with blooms of this species. Pseudo-nitzschia spp. enumerated with conventional 

optical microscopy can not be identified to species level (McDonald et al., 2007). Toxic and 

non-toxic species of Pseudo-nitzschia spp., with the same morphology under the light 

microscope, may bloom together. Acid treatment allows identification of Pseudo-nitzschia spp. 

of the seriata group in processed samples at 1000X under oil immersion objective but not 

quantification. In addition, large differences in toxin content per cell have been observed during 

different stages of population growth, and maximum values are usually observed in the 

stationary phase (Bates, 1998; Trainer et al., 2012). Thus, even if the suspected species is 

identified and quantified with molecular tools, an early stage bloom of the species still may not 

lead to shellfish intoxication. In this context, several laboratory studies (Bates et al., 1991; 

Fehling et al., 2004) have identified nutrient stress (silicic acid, phosphorus, iron and copper) as 

significant factors for toxin production by Pseudo-nitzschia species. The high nutrient 

concentration observed at the beginning of the cruise coinciding with maximum concentrations 

of Pseudo-nitzschia spp., in particular P. seriata group (dominated by P. australis), may have 

been responsible for the absence of ASP toxins in shellfish in the Ría de Pontevedra during 

2007. In addition, high clonal variability in DA production has been demonstrated for P. 
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australis and P. multiseries from Monterey Bay, California (Kudela et al., 2003), whereby the 

occurrence in 2007 of Pseudo-nitzschia strains with different toxigenic potential can not be 

discarded. For all these reasons, monitoring based on ASP toxin content per volume of water in 

addition to Pseudo-nitzschia cell counts, as that performed on the U.S. west coast (Trainer and 

Suddleson, 2005) would be more realistic for seafood safety management. 

5. Conclusions

Hydrodynamic control is crucial in the formation, transport and dissipation of Pseudo-nitzschia

blooms in the Galician Rías Baixas. Upwelling-downwelling cycles and semidiurnal and spring-

neap tides are the main forcing elements that control the distribution of Pseudo-nitzschia 

populations at time scales of weeks to hours. A sequence of sinking, erosion of a thin layer and 

formation of a new one was clearly evidenced. Tidal cycles modulate the response of the rías to 

wind variability. Maximum increases in density of Pseudo-nitzschia spp. in short-scale periods 

(hours) were associated with maximal stratification during low tide. The absence of ASP toxins 

in shellfish coinciding with high concentrations of Pseudo-nitzschia spp. dominated by P.

australis—a species considered as the main agent of ASP events in the Galician Rias Baixas—

showed that an alternative monitoring based on ASP toxin content per volume of water in 

addition to cell counts would be more realistic for seafood safety management. Finally, the 

results here show the need to consider the high-frequency variability (tidal-scale) in cell 

densities of potentially toxic species when designing and implementing harmful algal bloom 

monitoring programmes. 
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