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Abstract: The NW coast of the Iberian Peninsula is dominated by extensive shellfish farming,
which places this region as a world leader in mussel production. Harmful algal blooms in the
area frequent lead to lengthy harvesting closures threatening food security. This study developed
a framework for the detection of Pseudo-nitzschia blooms in the Galician rias from satellite data
(MERIS full-resolution images) and identified key variables that affect their abundance and toxicity.
Two events of toxin-containing Pseudo-nitzschia were detected (up to 2.5 µg L−1 pDA) in the area.
This study suggests that even moderate densities of Pseudo-nitzschia in this area might indicate high
toxin content. Empirical models for particulate domoic acid (pDA) were developed based on MERIS
FR data. The resulting remote-sensing model, including MERIS bands centered around 510, 560,
and 620 nm explain 73% of the pDA variance (R2 = 0.73, p < 0.001). The results show that higher
salinity values and lower Si(OH)4/N ratios favour higher Pseudo-nitzschia spp. abundances. High pDA
values seem to be associated with relatively high PO4

3, low NO3
− concentrations, and low Si(OH)4/N.

While MERIS FR data and regionally specific algorithms can be useful for detecting Pseudo-nitzschia
blooms, nutrient relationships are crucial for predicting the toxicity of these blooms.
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1. Introduction

Pseudo-nitzschia Peragallo is a chain-forming diatom genus that is widespread in all oceans of
the world [1]. A number of these diatom species of this genus are known producers of a neurotoxic
amino acid, domoic acid (DA), which when accumulated via trophic transfer in the food-web can have
deleterious (amnesic shellfish poisoning, ASP) and even fatal effects to several marine organisms and
less frequently to humans [2–4]. Pseudo-nitzschia is the only diatom genus among 27 dinoflagellates and
1 raphidophyte species that is listed as responsible for harmful algal events in upwelling regions [5].
Pseudo-nitzschia is generally common in upwelling systems e.g., in California Current System [6–10],
in Iberian System [11–14], and Benguela upwelling system [15–17].

Understanding the relationships between the abundance of these diatoms, DA, and the
characteristics of the environment will provide valuable information on the variable(s) that might
determine their growth, distribution, and DA production. Several authors [18–24] have related these
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blooms with changes in nutrient availability, and therefore with upwelling events and eutrophication.
On the west coast of USA, an area where Pseudo-nitzschia is a common harmful bloom former,
DA outbreaks that are caused by P. australis have been associated with upwelling events and increased
but in declining phase nutrients [25,26]. Other authors have also found a relationship between
high Pseudo-nitzschia spp. cell abundance and low-nutrient conditions [27–29]. Several laboratory
experiments [30–35] have addressed the silicic acid and/or phosphorus, iron, copper limitations as
significant factors for the toxin production of Pseudo-nitzschia species. The relationship between DA
production and the nutritional status appears to be complex in natural populations, since they are
often composed of several species [36,37], in fact some authors have not found obvious environmental
triggers of DA production [16]. However, it seems that the silicic acid supply [7,9,20,24,28,38,39] plays
an important role. More specifically for P. australis, Anderson [9] suggested that weight ratio values of
Si(OH)4:NO3

− below 2 are found to be linked to DA production from this species. Recently, Trick et
al. [40] showed that iron and copper limitations, and not macronutrient stress, are more essential for
the DA production in natural populations in the Pacific North-West.

In addition to nutrient availability, salinity has also been reported as an important factor that
affects Pseudo-nitzschia abundance and/or DA production, mainly in estuarine systems [23,24,26,29,41].
Regarding temperature, although Pseudo-nitzschia species are observed in a wide range of
temperatures, some authors have identified the optimal ranges for specific species [23,39]. Moreover,
in a recent work, [42] report that warming could lead to an increase of abundance and toxicity of
Pseudo-nitzschia spp. blooms in California coastal waters. Other environmental factors identified
as affecting to Pseudo-nitzschia spp. distribution and bloom dynamics are light intensity [23,39],
photoperiod [38], and factors controlling nutrient availability, such as river flow [29], rainfall [23,38],
or upwelling [10,13,14].

Harmful algal events that were attributed to the genus Pseudo-nitzschia are considered as
a reoccurring phenomenon along the northern boundary of the Iberian–Canary current upwelling
system. These blooms have become a focal point of numerous studies since the first time that they
were recorded in the autumn of 1994 [43] and they are occasionally associated with sporadic DA
production, which occurs primarily towards the latter stages of bloom development [26]. Although
several species of Pseudo-nitzschia have been recorded in the Galician coastal embayments referred to
as rias (NW Spain), only P. australis has been shown to produce DA in the region [44]. Toxigenic events
due to blooms of P. australis in this area have been recorded before DSP (Diarrheic Shellfish Poisoning)
events [45] in thermohaline stratified water masses.

There is considerable interest in the study of Pseudo-nitzschia and the detection of DA in the
Galician rias due to the economic and social importance of the extensive mussel culture in this region
and human health concerns [46,47]. As part of a routine monitoring programme, the Technological
Institute for the Control of the Marine Environment of Galicia (INTECMAR) has organized sampling
on a weekly basis in the Galician rias, where, among other water parameters, Pseudo-nitzschia spp.
abundance and biotoxins in mussels and other molluscs are recorded. DA detection in this area has
been mainly studied on shellfish extracts [48,49] and on Pseudo-nitzschia cultures [44,50]. However,
very limited information is available on the particulate DA concentrations (pDA) in seawater.

Chlorophyll a (chla) concentration can be used as a phytoplankton biomass indicator, since it is
common to almost taxonomic groups [51]. Thus, chla maps that were derived from passive ocean
colour sensors could be useful for identifying and monitoring high biomass blooms, although they
do not provide information regarding species or toxicity [52]. In Galicia, MERIS imagery has already
proven to be an effective tool to map the spatial and temporal distribution of high biomass algae events
during an upwelling cycle [53]. MERIS provides images with a 300 m spatial resolution in nadir (Full
Resolution –FR mode) and fifteen bands from visible to near infrared to support the monitoring of
coastal zones [54]. Although MERIS is not operative since 2012, Sentinel-3 OLCI provides continuity to
the MERIS dataset since 2016, providing the same spatial resolution (300 m), but with more spectral
bands (21 instead of 15) ranging from 400 nm to 1020 nm [55].
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The aim of this study is two-fold. Firstly, it attempts to develop a framework for the detection
of potentially toxic Pseudo-nitzschia spp. blooms that are based on satellite data. Secondly, it aims
to identify key variables affecting the formation and toxicity of Pseudo-nitzschia spp. blooms during
different seasonally and meteorologically defined conditions, typical in upwelling systems.

2. Materials and Methods

2.1. Study Area

The Galician rias are V-shaped coastal formations along the northwest part of the Iberian Peninsula.
The rias Baixas are the four southern rias, from north to south: Muros, Arousa, Pontevedra, and Vigo,
all being oriented in a SW-NE direction (Figure 1a). This study focuses on two rias (Pontevedra and
Vigo, Figure 1b), each being connected to the open sea through two entrances, to the north and south
of the islands located at the external part of each ria. Rivers located in the innermost part of the rias
provide the primary freshwater input [56].
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Figure 1. (a) Map of the Galician coast. From north to south the rias Baixas: Muros y Noya, Arousa,
Pontevedra and Vigo. The location of the Seawatch buoy station off Cabo Silleiro is shown by a black
rectangle. (b) Map of Ria de Vigo and Ria de Pontevedra showing the locations of the sampling stations.

2.2. Sampling Regime and In Situ Measurements

The samples were collected in two Galician rias during seven field trips (Table 1, Figure 1b)
over a three-year period (2007–2009). Three periods were selected reflecting the different seasons
of the campaigns and the meteorological conditions of the study area (Figure 2). Period 1 (spring
downwelling) corresponds to spring downwelling conditions. The campaigns that were carried out
on period 2 (summer) were characterised mainly by upwelling conditions or relaxation after strong
upwelling favourable winds. This is typical of the summer upwelling-downwelling cycle in the area.
The last period (period 3, autumn downwelling) includes campaigns in autumn and it is characterised
by strong downwelling-favourable winds. These periods are considered as recurrent events in the
coastal upwelling system of the Galician rias and they have been associated with harmful events due
to diatoms or/and dinoflagellates in previous studies (review by [57]).

Ten fixed stations were visited five times (25 July 2007; 19 October 2007; 9 July 2008; 22 July
2008; 14 July 2009) in the Ria de Vigo, while using a sampling transect extended from the open sea
toward the inner part of the ria. Two additional sampling stations, shown in Figure 1b as closed circles,
were sampled on 14 July 2009. The depth of the stations ranged from 5 m inside the ria to 100 m in
the outer part. Moreover, a five station transect was sampled twice (27 May and 7 July) in Ria de
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Pontevedra during 2009 (Table 1), while using a transect extended from the middle part of the ria to
the innermost part.

Chla fluorescence profiles were monitored by a Turner designs CYCLOPS-7 submersible
fluorometer. A portable meter provided the profiles of water temperature, pH, and dissolved
oxygen (DO) (HI 9829, Hanna instruments). A Seabird Model 25 CTD was used to collect vertical
profiles of temperature, salinity, fluorescence, and depth of water column at each site. Triplicate water
samples from surface to 3 m were collected at each station from an integrated polycarbonate tubular
water sampler (3524 cm3) for further analysis, which is described below. The depth of the euphotic
zone was established with a Secchi disk (Secchi disk depth or Zsd), while using measurements recorded
by the same observer and taken from the sunny side of the boat.

Table 1. Summary of the field campaign, showing date, ria, number of sampling stations (#stations),
period (between 1 and 3), sky conditions and the acquisition time and mean view zenith angle from west
for the MERIS FR images used in this study. The three periods were: 1: Spring downwelling favourable
winds; 2: summer upwelling-downwelling cycle and 3: autumn strong downwelling favourable winds.

Date ria #stations Period Sky Conditions Acquisition
Time (UTC)

View Zenith
Angle (º)

25 July 2007 Vigo 10 2 clear 11:11 15.3
19 October 2007 Vigo 10 3 clear 11:08 12.6

9 July 2008 Vigo 10 2 clear 11:10 13.0
22 July 2008 Vigo 10 2 clear 11:02 11.7
27 May 2009 Pontevedra 5 1 clear 10:51 20.7
7 July 2009 Pontevedra 5 2 cloudy 10:58 15.7
14 July 2009 Vigo 12 2 partly cloudy 10:42 20.7
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Figure 2. Daily and weekly upwelling index off the rias Baixas for the years 2007–2009. The Iw in m−3

s−1 100 m−1 represents the offshore Ekman flux in the surface layer. Arrows indicate the days where
the in-situ surveys were carried out.

2.2.1. High Performance Liquid Chromatography (HPLC)

For the HPLC chla determination, water samples (100–200 mL) were filtered through 9 mm
diameter Whatman GF/F filters and then stored at −80 ◦C for two weeks. The pigments were extracted
in 95% methanol. In this study only chla concentration data are presented, calculated as the sum of
chlorophyllide a, chlorophyll a epimer, chlorophyll a allomer, and divinyl chlorophyll a. An HPLC
method while using a reversed phase C8 was applied for the separation of the pigments. Details of
pigment extraction and separation are provided in [58].
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2.2.2. Suspended Particulate Material (SPM)

SPM was evaluated in terms of SPM concentration and percent weight of organic material (%OM).
Pre-combusted (450 ◦C for 24 h), pre-washed in 500 mL of MilliQ (Merck, Burlington, MA, USA),
and 47 mm Whatman GF/F filters (Merck, Burlington, MA, USA) were used. These filters were then
dried at 65 ◦C to a constant weight. Particles were collected by filtering a standard volume (1000 mL)
of seawater samples and then rinsed with 50 mL MilliQ (Merck, Burlington, MA, USA) to remove salts
and dissolved organic material. For the determination of SPM, the filters were dried at 65 ◦C until no
weight changes were observed. The filters were then re-combusted at 450 ◦C for 5 h in order to obtain
the inorganic suspended material (ISM) [59,60]. The percent weight of organic material (%OM) was
determined by subtracting the ISM from the SPM. All of the filters were weighted on a Precisa 262
SMA-FR microbalance (10−5 g precision).

2.2.3. Nutrients and Dissolved Organic Carbon (DOC)

The water samples were filtered through 47 mm Whatman GF/F filters (Merck, Burlington, MA,
USA) (0.7 µm pore size) and the filtered water was stored at −40 ◦C for further analysis of DOC
and dissolved inorganic micronutrients (nitrate, nitrite, phosphorus, silicate and ammonia). All the
nutrients and DOC were analysed with a Technicon AAII (SEAL Analytical GmbH, Norderstedt,
Germany) auto-analyser following the methodologies that are described in [61–63]. The ratios of
silicate to other nutrients were also calculated due to their importance to marine diatoms.

2.2.4. Particulate Organic Carbon and Nitrogen (POC, PON)

POC and PON content were determined from seawater samples (100–200 mL) filtered through
pre-combusted 9 mm diameter Whatman GF/F filters and then stored at −80 ◦C. The filters were dried
at 70 ◦C and then combusted in a Fisons EA-1108 CHN analyser (Triad Scientific, Inc., Manasquan, NJ,
USA) [64]. Sulfanilamide was used as the standard.

2.2.5. Pseudo-nitzschia spp. Abundance

We used light microscopy (LM) counting: 250 mL of seawater were fixed with buffered
formaldehyde at a final concentration of 1% and stored under dark and cool conditions. An appropriate
aliquot (10, 50 mL), depending on the phytoplankton cells density, inorganic suspended material,
and detritus density, was settled in a counting chamber. Total abundances of Pseudo-nitzschia spp.
were enumerated while using an inverted light microscope at 250 × and 400 × magnification [65].
Pseudo-nitzschia species were separated into P. delicatissima and P. seriata complexes depending on their
valve width [66].

2.2.6. Pseudo-nitzschia Species Identification

Phytoplankton samples for Pseudo-nitzschia species identification were collected in the upper
3 m (in order to amass sufficient material for the analysis and to coincide with Pseudo-nitzschia spp.
LM counting) of each station during the campaigns by vertical net tows with 20 µm mesh-size plankton
net. The samples were placed in dark and fixed with paraformaldeyde (to a final concentration of
1%). Scanning electron microscopy (SEM) was performed on selected samples (depending on the
presence or not of Pseudo-nitzschia in the counting chambers) to identify individual Pseudo-nitzschia cells.
The removal of the organic matter from the samples involved treatment with hydrogen hyperoxide
and incubation at 90 ◦C [67]. Pseudo-nitzschia species identification was based on the descriptions
by [68–70].

2.2.7. Particulate DA (pDA) Analysis

Particulate DA analysis was performed to triplicate sub-samples derived from seawater samples
that were collected at the stations shown in Figure 1. The particulate DA retained on the Whatman
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GF/F 9 mm filters after the filtration of 200 mL seawater was quantified by ASP cELISA (Biosense
Laboratories, Bergen, Norway). A protocol described in [33] was followed for the preparation of
the seawater samples and the assay procedure. A Multiskan EX (LabSystems, Bradenton, FL, USA)
microplate spectrophotometer with a 450 nm filter was used to read the absorbance of the samples.
The detection limit for the ELISA assay was 1 pg DA mL−1 and for the analysis of pDA in the seawater
was 0.005 ng DA L−1. The cellular DA (cDA) concentration was calculated by normalizing the pDA
concentration to the abundance of Pseudo-nitzschia spp. cells that were found in the preserved samples.
By pDA we mean how much total domoic acid is present, and by cellular DA (cDA) we refer to how
toxic are those cells.

2.2.8. Meteorological Buoys

Meteorological data off the rias Baixas were provided by the Spanish Port System (www.puertos.es).
Wind speed (W) and direction were observed at a Seawatch buoy station located off Cape Silleiro
(42◦ 7.8′N, 9◦ 23.4′W). This meteorological station was selected as being representative of the study
area [71]. The daily upwelling index (IW) was estimated from wind data according to [72]:

IW = −τy/(ρW·f) = −1000·ρa·CD·W·Wy/(ρW·f) (m3/(s·km)) (1)

ρa is the density of air (1.2 kg·m−3 at 15 ◦C), CD is an empirical dimensionless drag coefficient (1.4·10−3

according to [73]), f is the Coriolis parameter (9.9·10−5 s−1 at 42◦ latitude), ρW is the density of
seawater (1025 kg·m−3), and W and Wy are the average daily module and northerly component of the
wind, respectively.

2.3. MERIS FR Imagery

Seven full-resolution (FR) level-1b MERIS images that were acquired over the study area between
2007 and 2009 were available in this study. MERIS overpasses were within 2 h of the time that samples
and data were collected in situ (Table 1). The MERIS image that was acquired on 7 July 2009 had high
cloud coverage and it was removed from the analysis.

Smile correction [74] was applied to the original level-1b data in order to correct the MERIS Top of
Atmosphere (TOA) reflectance for the smile distortion, i.e., small variations due to the non-constant
central wavelength of a given band across the spectrometer field of view. For the atmospheric correction,
the ocean colour data were processed with a neural network (NN)-based algorithm that was developed
by [75]. The flags for coastline, land, clouds, and invalid reflectance were raised while using the Beam
software to mask the images. Ocean colour data derived from areas significantly affected by sun glint
(beyond a solar zenith angle limit of 60◦) were also considered invalid and masked. The fuzzy c-mean
clustering (FCM) algorithm described by [76] was applied to the MERIS images in order to obtain
classification images, in which each open water pixel was assigned to the cluster with the highest value
in its corresponding membership function. FCM output includes three clusters with overlapped chla
ranges defining the scope of the regionally specific algorithm for chla retrieval (neural network for
rias Baixas-NNRB), which was developed and hence it is only valid for one of the clusters (cluster#1,
see [76]). NNRB was finally applied to obtain chla maps. Both classification images and chla maps
were resampled while using the nearest neighbour method to a common grid (Mercator projection,
890 × 890 pixels) with the same spatial resolution (300 m) as the original images. Each image ranges
from 42◦04′ N to 42◦40′ N latitude and from 8◦32′ W to 9◦32′ W longitude, covering approximately
3.1 × 103 km2.

2.4. Statistical Modelling Approach

Two separate models were developed in this study, which associate Pseudo-nitzschia abundance
and pDA concentration with selected environmental parameters. Since this diatom includes both
toxic and non-toxic species [1], models only based on the abundance might be not always sufficient to

www.puertos.es
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approximate the factors related to toxigenic events. Data exploration showed considerable differences
of Pseudo-nitzschia spp. density and pDA values between stations and different periods, indicating
that these two factors have to be included in the models. Abundance data were analysed while using
generalised additive mixed models (GAMMs) that were implemented in the mgcv R package [77].
GAMMs use additive non-parametric functions by smoothing splines to model covariate effects,
while allowing correlations between the variables explicitly by adding random effects to the additive
variable and they are applicable to nested data structures [78]. Poisson and negative binomial
distributions were used for the model fitting of Pseudo-nitzschia abundance data, although the negative
binomial model did not converge. A linear function was considered and a generalised linear mixed
model (GLMM, [79]) was applied to DA concentration data. Gaussian distribution was used for
DA data.

Table 2 lists available variables. A square root transformation was applied to Pseudo-nitzschia
abundance and DA concentration data. Zsd, N (Total Nitrogen, the sum of NO2

− and NO3
−), NO2

−,
ISM, Temp, and Si(OH)4/PO4

3− were dropped due to the collinearity that was observed while using the
variation inflation factor (VIF) that was computed using the corvif function in the AED R package [79].
DOC and pH were also removed from the statistical analysis due to an insufficient number of
measurements. The final list of available environmental variables for the GAMMs included Chla,
SPM, Sal, Si(OH)4, PO4

3−, NO3
−, NH4

+, Si(OH)4/N, POC, and PON. Model optimization was based on
finding first the optimal random structure and then selecting the optimal fixed structure. Both of the
models included each station as a random effect. The final models were selected stepwise on the basis
of the AIC (Akaike Information Criterion) and individual significance of explanatory variables. The F
test was used to compare the nested models [80]. A multiple regression model was used for the remote
sensing-based models.

Table 2. A list of the environmental parameters, units and in-situ mean values during the 3 periods
(1: spring downwelling; 2: summer; 3: autumn downwelling). Chlorophyll a (chla); suspended
particulate material (SPM); inorganic suspended material (ISM); Secchi disk depth (Zsd); pH; salinity
(Sal); temperature (temp); silicic acid (Si(OH)4), orthophosphate (PO4

3−); nitrite (NO2
−); nitrate (NO3

−);
ammonium (NH4

+), dissolved organic carbon (DOC), particulate organic carbon (POC) and particulate
organic nitrogen (PON). nd = not determined, bd = below detection limit (detection limit for: Si(OH)4:
0.036 mg L−1; PO4

3−: 0.003 mg L−1; NO2
−: 0.001 mg L−1; NO3

−:0.005 mg L−1; NH4
+: 0.001 mg L−1;

DOC: 0.100 mg L−1). We considered only the first 3 m of the depth profiles for pH, salinity and
temperature. Square brackets indicate the number of samples for each period.

Parameter Units 1 (15) 2 (141) 3 (30)

Chla µg L−1 0.95 ± 0.40 1.24 ± 0.88 3.73 ± 1.71
SPM mg L−1 1.87 ± 0.15 2.09 ± 0.46 2.47 ± 0.31
ISM % 37.8 ± 2.9 42.1 ± 11.9 48.5 ± 4.3
Zsd m 8.8 ± 1.9 6.7 ± 2.7 7.3 ± 1.5
pH n/a nd 8.2 ± 0.2 8.1 ± 0.1
Sal psu 35.5 ± 0.4 33.2 ± 2.6 29.7 ± 0.7

Temp ◦C 13.1 ± 0.2 18.6 ± 1.1 15.9 ± 0.5
Si(OH)4 mg-Si L−1 1.380 ± 0.484 0.340 ± 0.091 0.630 ± 0.064
PO4

3− mg-P L−1 0.606 ± 0.253 0.052 ± 0.126 0.018 ± 0.019
NO2

− mg-N L−1 0.354 ± 0.075 0.027 ± 0.039 0.016 ± 0.013
NO3

− mg-N L−1 2.689 ± 1.175 0.057 ± 0.120 0.096 ± 0.098
NH4

+ mg-N L−1 bd 0.009 ± 0.004 0.005 ± 0.002
DOC mg-C L−1 nd 1.43 ± 0.94 2.98 ± 1.07
POC mg L−1 0.28 ± 0.08 0.37 ± 0.13 0.33 ± 0.16
PON mg L−1 0.07 ± 0.00 0.07 ± 0.03 0.04 ± 0.03
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3. Results

3.1. Environmental and Meteorological Conditions

Table 2 shows a list of the environmental parameters that were measured in this study and
their mean values during the three periods. The surface concentration of nitrates ranged from below
detection limit to 3.775 mg L−1 and nitrites from 0.005 to 0.415 mg L−1. Highest values for these
two macronutrients were observed during the spring downwelling period. Orthophosphate at the
sampling stations ranged from below detection limit to 0.850 mg L−1, with high concentrations in
the spring downwelling period. Silicic acid concentrations were generally low. The concentration
levels of ammonium in surface waters in both studied rias were generally low (below 0.023 mg L−1),
although elevated ammonium concentrations were observed in the Ria de Vigo during the summer
period (22 July 2008). The POC surface concentration varied between 0.13 (autumn downwelling)
and 0.75 mg L−1 (summer). Higher levels of POC were observed in the summer period (22 July 2008).
High concentrations of DOC were found in the autumn downwelling period in accordance with
relatively high surface chla concentrations. The SPM concentrations varied from 1.17 to 3.74 mg L−1 and
the chla values ranged from 0.03 to 6.25 µg L−1, with a maximum in the autumn downwelling period.

Samples from Ria de Pontevedra revealed higher concentrations of nitrate, nitrite, silicate,
and orthophosphate, and the highest concentrations of the three first macronutrients were detected
close to the main freshwater inputs in the ria (statistically significant at p < 0.05 for nitrite and
orthophosphate). On the other hand, the ammonium and POC concentrations were generally higher
in the Ria de Vigo with statistically significant differences only for ammonium. SPM concentrations
showed, in general, decreasing values (in both rias) with distance from Station 1, which is located
in the inner, narrow part of the rias and closer to the main freshwater inputs. In this part of the rias
sediment resuspension and continental runoff is probably higher, resulting in high concentrations of
SPM. ISM followed the same spatial and temporal distribution pattern as SPM. Secchi disk depths
ranged from 2 m to 12 m in the Ria de Vigo and from 6 m to 11 m in the Ria de Pontevedra, generally
less than half the water column depth.

3.2. Pseudo-nitzschia Composition, Abundance, and Particulate Domoic Acid

Scanning electron microscopy observations of the phytoplankton net samples revealed the
dominance of P. australis Frenguelli (Figure 3). P. pungens (Figure 3) and P. pseudodelicatissima were also
found in the samples. Pseudo-nitzschia was recorded during all of the surveys carried out in the study
area and it was present in all of the samples. Pseudo-nitzschia cells that belonged to the P. delicatissima
complex were detected in less than one-third of the samples, mainly in lower abundances than the P.
seriata complex and only when Pseudo-nitzschia species belonging to seriata complex were present.

In 2008, Pseudo-nitzschia spp. were recorded at only few stations and in general with low
abundances while pDA was barely detectable in most of the samples (Figure 4). Only Pseudo-nitzschia
species belonging to seriata complex were detected during these campaigns.

During the summer campaign in 2007, the maximum abundance of Pseudo-nitzschia spp. (> 0.44
104 cells L−1) in the Ria de Vigo was detected at the station 1, located at the innermost part of the ria.

In 2009, Pseudo-nitzschia spp. abundances in the Ria de Pontevedra averaged 80 cells L−1 on May
27 and 0.40 104 cells L−1 on July 7. pDA values in all of the samples from the Ria de Pontevedra were
above the detection limit, but relatively low (0.01–0.07 µg L−1). The cellular DA levels varied from 0
to 54.31 pg DA cell−1 (Figure 4) Pseudo-nitzschia spp. abundance almost linearly decreased from the
warm surface waters (around 19 ◦C) at the inner part of the Ria de Vigo to the colder (17 ◦C) more
saline waters outside the ria. In order to investigate the dominant conditions during toxic blooms in
more detail, the toxic Pseudo-nitzschia events have also been individually studied in Section 3.3.
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Figure 4. Abundance of Pseudo-nitzshia spp. plotted with concentration of pDA across all the stations
in Ria de Vigo (V) and Ria de Pontevedra (P) during our sampling period for periods (1) (spring
downwelling), (2) (summer), and (3) (autumn downwelling).
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3.3. Pseudo-nitzschia Toxic Events

The first toxic event was recorded in the autumn downwelling period (19/10/2007) in the Ria
de Vigo during a downwelling period. It was characterised by high abundances of Pseudo-nitzschia
spp. that belonged to the seriata complex and DA concentrations up to 2.51 µg L−1. Surface pDA was
detectable at all of the sites with available samples. pDA concentrations were higher than 0.50 µg L−1

throughout the middle part of the Ria de Vigo and they were still detectable, but in lower concentrations
(close to 0.05 µg L−1) outside and at the inner part of the ria (Figure 5). pDA in the Ria de Vigo showed
a strong positive significant relationship with Pseudo-nitzschia spp. in this dataset (Pearson’s r = 0.92,
p = 0.001). Pseudo-nitzschia spp. abundances and pDA concentrations were also highly correlated
with Secchi disk depth (r = −0.75), TSM (r = −0.83), POC (r = 0.87), chla (r = −0.77), and the ratios of
Si(OH)4/PO4

3− (r = −0.72) and Si(OH)4/N (r = −0.71) (Table 3). For the same survey, mean cellular
DA was 31.7, ranging between 9.5 and 70.30 pg DA cell−1. The highest cellular DA concentration was
recorded at the site (V1) where the lowest Pseudo-nitzschia spp. abundance (0.1 104 cells L−1) was found.

Table 3. Pearson’s correlations between Pseudo-nitzschia spp. abundances (P-N in cells L−1), particulate
DA (pDA in µg L−1), and cellular DA (cDA in pg DA cell−1) concentrations with several environmental
parameters during 10 October 2007 and 14 July 2009.

10 October 2007

pDA Chla SPM Zsd pH Sal Si(OH)4

P-N 0.92 ** 0.77 * 0.83 * −0.75 * 0.20 −0.09 −0.49
pDA 0.67 0.78* −0.69 0.07 0.04 −0.44
cDA 0.36 0.28 −0.22 −0.23 −0.62 0.26

Temp PO4
3− N Si(OH)4/PO4

3− Si(OH)4/N POC

P-N 0.16 −0.02 0.00 −0.72 * −0.71 * 0.87 *
pDA 0.32 −0.32 0.02 −0.71 * −0.69 0.84 **
cDA 0.83 * 0.51 0.09 −0.24 0.00 −0.24

14 July 2009

pDA Chla SPM Zsd pH Sal Si(OH)4

P-N −0.08 0.11 0.66 - - −0.46 0.01
pDA −0.24 −0.15 - - 0.67 0.00
cDA −0.06 -0.70 - - 0.50 0.00

Temp PO4
3− N Si(OH)4/PO4

3− Si(OH)4/N POC

P-N 0.28 −0.33 −0.59 −0.23 0.75 * 0.03
pDA −0.52 0.02 0.21 −0.03 −0.28 0.48

cDA −0.43 0.71 0.96 ** −0.16 −0.92
** 0.22

* significant at p < 0.05 and ** significant at p < 0.001.

On 14 July 2009 (summer period), a toxic event mostly due to Pseudo-nitzschia seriata complex was
monitored in the Ria de Vigo. During this event, Pseudo-nitzschia spp. reached the highest abundance
for the sampling period in the area (12 104 cells L−1). Pseudo-nitzschia abundance was high at all sites
averaging 5.65·104 cells L−1. pDA was detectable in all of the samples and ranged between 0.04 to
1.18 µg L−1. The highest pDA concentrations were found in samples from sites close to the southern
mouth of Ria de Vigo while the lowest concentration was recorded close to the northern mouth of
the ria (Figure 5). The maximum pDA concentration for this sampling was measured in a sample
containing 6.90·104 cells L−1 of Pseudo-nitzschia spp., while the minimum pDA concentration was found
in a sample that contained the same magnitude of Pseudo-nitzschia spp. (5.62·104 cells L−1). Cellular DA
concentrations averaged 14.20 pg DA cell−1, showing a wide range of values (0.70–58.62 pg DA cell−1).
There was no significant correlation (Pearson’s test) between Pseudo-nitzschia spp., DA concentration
and cellular DA concentration for this sampling. Pseudo-nitzschia spp. abundance was positively
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correlated to the Si(OH)4/N ratio (r = 0.75, p = 0.05), while a strong relationship was revealed between
the cellular DA concentration and N (r = 0.96) and Si(OH)4/N (r = −0.92) (Table 3).Water 2019, 11, x FOR PEER REVIEW 12 of 24 
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Figure 5. Distribution of particulate domoic acid (pDA) during the two high DA episodes recorded in
the surface waters of Ria de Vigo on (a) 19 October 2007 and (b) 14 July 2009.

3.4. Remote Sensing Detection

The FCM clustering method was applied in available MERIS FR images to build classification
images defining the scope of the regionally specific algorithm for chla retrieval (NNRB). These images
revealed large areas where Cluster#1 is dominant, and therefore NNRB could be applied to obtain
reliable results of chla concentration. Table 4 shows the percentage of pixels that belong to each cluster
for each image over the Ria de Vigo and Ria de Pontevedra. Cluster#1 was dominant in both rias,
averaging almost 92% of the pixels in the six images, while Cluster#2 and Cluster#3 were assigned to
an average of 7.9% and 0.3% of the pixels, respectively.

Table 4. Percentage of pixels belonging to each cluster over the study area, obtained from classification
images derived from the MERIS images used in this study.

Date ria Cluster#1 Cluster#2 Cluster#3

25 July 2007 Vigo 98.53 0.92 0.55
Pontevedra 99.70 0.30 0.00

10 October 2007
Vigo 97.70 2.30 0.00

Pontevedra 97.93 1.48 0.59

9 July 2008 Vigo 95.40 4.04 0.55
Pontevedra 96.14 3.57 0.30

22 July 2008 Vigo 87.41 11.88 0.71
Pontevedra 90.06 9.79 0.15

27 May 2009 Vigo 98.07 1.58 0.35
Pontevedra 98.98 1.02 0.00

14 July 2009 Vigo 70.59 29.01 0.41
Pontevedra 71.20 28.51 0.29

In most of the images, Cluster#1 is dominant, allowing for the chla mapping over large areas.
Only on 14 July 2009, the relatively high percentage of pixels belonging to Cluster#2 in combination
with the cloud cover averted a reliable continuous chla mapping of the rias.



Water 2019, 11, 1954 12 of 24

Spatial distribution of phytoplankton biomass in the study area was analysed from the available
MERIS FR images while using the NNRB chla algorithm, showing heterogeneous results (Figure 6).
Elevated chla concentrations in the shallow innermost parts of the rias observed in some images are
most likely due to the high abundances of macroalgae on the remote sensing signal since in-situ
measurements showed generally lower values.

On 25 July 2007, MERIS NNRB surface chla concentrations were relatively low (<1 µg L−1) in
most parts of the Ria de Vigo and Ria de Pontevedra. An area of chla concentrations close to 2.5 µg L−1

was mapped in the area off the external coast of the rias. Generally, surface chla concentration was
higher in offshore areas, where the lowest concentrations of Pseudo-nitzschia spp. were found.
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Maximum MERIS NNRB chla concentrations were observed on 19 October 2007 coinciding with
the first toxic event recorded during the sampling period and related to the presence of Pseudo-nitzschia
spp. in the Ria de Vigo. In fact, the chla map shows high biomass “patches” clearly defined in this ria,
i.e., zones of elevated chla concentrations (up to 10 µg L−1) at the middle part, just where the highest
Pseudo-nitzschia spp. concentrations were measured, and also close to the northern and southern
mouths. In the Ria de Pontevedra, the chla concentration was significantly lower in comparison with
the concentrations observed in the Ria de Vigo and the Ria de Arousa. Areas of relatively high chla
concentrations were noted in the adjacent area of the rias.

In the next MERIS image, which was acquired on 9 July 2008, a different chla distribution pattern
is observed: the phytoplankton biomass is principally confined in the rias, while in the area off the rias
the chla concentration remained at levels close to 0 µg L−1.

On 22 July 2008, high chla concentrations were mapped in the neighbouring shelf area.
High concentrations were also extended to the outside part of Ria de Arousa and Ria de Pontevedra.
The chla that was retrieved by NNRB in the Ria de Vigo showed wider variation than the concentrations
measured in situ. During July 2008 Pseudo-nitzschia abundances remained at low levels.

On 27 May 2009, concentrations of chla lower than 1 µg L−1 were mainly noted in the three
southern rias, while NNRB estimates were above this value off the rias. Low chla concentrations close
to or lower than 1 µg L−1 were also observed both on the adjacent continental shelf and inside the rias
on 14 July 2009.

The results of the multiple regression indicated that spectral reflectance in MERIS bands centred
around 510 (Rrs_510), 560 (Rrs_560) and 620 (Rrs_620) nm explain 73% of the pDA variance (R2 = 0.73,
F(2,32) = 32.26, p < 0.001). It was found that Rrs_510 significantly predicted pDA (β = 0.31, p < 0.001),
as did Rrs_560 (β = −1.56, p < 0.01) and Rrs_620 (β = 3.24, p < 0.001).

3.5. Model Results of Pseudo-nitzschia spp. and pDA as a Function of Biotic and Abiotic Parameters

The results of generalised additive mixed models (GAMMs), which were used to model
Pseudo-nitzschia abundances in response to biotic and abiotic parameters, are summarised in
Table 5. The GAMMs results show a significant (p < 0.005) linear relation of salinity and chla with
Pseudo-nitzschia abundance. The optimal model fitted the ratio Si(OH)4/N in an additive way (p = 0.02).
The cross-validation estimated the degrees of freedom for this function to be 3.08. The smoothing
curve that is shown in Figure 7 suggests a peak of Pseudo-nitzschia spp. abundance in moderate values
of the Si(OH)4/N ratio (close to 1.7) and an almost linear decrease for higher values. From all of
the explanatory variables that were tested to model the pDA concentration, the final GLMM model
included POC (p = 0.02), NO3

− (p = 0.03), PO4
3− (p = 0.004), and Si(OH)4/N (p = 0.02). Parameters

estimates with SE and t-values for the linear covariates are given in the Table 6. Examination of the
residuals did not indicate patterns.
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Table 5. Results of the generalised additive mixed models used to model the Pseudo-nitzschia spp. as
a function of biotic and abiotic parameters. For linear covariates the parameter estimates with SE and
t-values are given. For the additive covariate the estimated degrees of freedom (edf) and F-value are
provided. Periods 1 (spring downwelling), 2 (summer), and 3 (autumn downwelling) corresponds to
May, July, and October.

Period Estimates SE t

1 −6.85 ±2.83 −2.42
2 3.01 ±1.72 1.74
3 3.73 ±1.82 2.05

Linear effects Estimates SE t

Sal 0.21 ±0.06 3.39
chla 0.89 ±0.31 2.90

Additive effects edf F

Si(OH)4/N 3.08 3.61Water 2019, 11, x FOR PEER REVIEW 15 of 24 
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Table 6. Results of the best generalised linear mixed model that shows the effect of abiotic and biotic
parameters on particulate domoic acid (pDA) in our database. Station was included as random effect.
Parameter estimates with SE and t-values are given. Periods are the same as in Table 4.

Period Estimates SE t

1 −0.12 0.29 0.42
2 0.09 0.23 0.39
3 0.79 0.26 3.07

Parameters Estimates SE t

POC 0.70 0.29 2.42
NO3

−
−0.38 0.17 −2.23

PO4
3− 0.69 0.22 3.15

Si(OH)4/N −0.18 0.07 −2.51
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4. Discussion

4.1. Pseudo-nitzschia Abundance and Species

Pseudo-nitzschia spp. were revealed to be a common component of the phytoplankton assemblages
during the summer period in the study area, since they were recorded in the samples from all summer
surveys. Concomitantly, in their review on HABs in upwelling areas, Trainer et al. [26] reached
a similar conclusion that Pseudo-nitzschia spp. are present in the Galician rias mainly during late
spring-summer. Nevertheless, we recorded an autumn-time high abundance event in the Ria de
Vigo. The Pseudo-nitzschia assemblages during our study mostly contained Pseudo-nitzschia species
belonging to the seriata complex. Pseudo-nitzschia species belonging to the delicatissima complex were
also present in some samples and always along with Pseudo-nitzschia seriata complex species. P. australis
was identified as the dominant species in the net (selected) samples that were examined by electron
microscopy. However, field samples from both rias contained P. delicatissima and P. pungens cells.
The latter species is an important part of the phytoplankton community in the Ria de Pontevedra
during late winter and summer upwelling/downwelling conditions [81].

4.2. Domoic Acid

The present study provides DA concentrations from natural phytoplankton populations in the
Galician rias. The results of this survey show that relatively high Pseudo-nitzschia spp. abundances and
DA concentrations can be distributed throughout the surface waters of Ria de Vigo. Overall, pDA was
detected in more than half of the samples that were obtained during the surveys (2007–2009) and
relatively high values of pDA and cDA were found. In our data, pDA ranged from below detection
limits to 2.51 µg L−1. Similar pDA levels have been measured in the surface waters in other coastal
upwelling areas around the world, where P. australis was the dominant Pseudo-nitzschia species during
the blooms [27,82–84]. For example, the same magnitude of Pseudo-nitzschia abundance (7 104 cells
L−1) that gave us the maximum pDA concentration (2.51 µg L−1) was detected in San Diego (USA),
where the pDA levels reached 2.3 µg L−1 [82]. Cellular DA in the field samples varied between 0
and 70.30 pg DA cell−1. We are not aware of other measurements of cellular DA content in field
populations from the Iberian upwelling system. Several studies along the West coast of USA have
recorded analogous ranges of cellular DA during harmful events, which were mainly due to P. australis
(7–75 pg DA cell−1: [85]; 0.1–78: [36]; 5–43 pg DA cell−1: [82]; 0.14–2.1 pg DA cell−1: [9]; and, 0–117 pg
DA cell−1: [27]). From the two toxic Pseudo-nitzschia events recorded in our study, cDA was higher in
the Ria de Vigo on the 19 October 2007. According to the data from INTECMAR (www.intecmar.gal),
Pseudo-nitzschia population in this ria was in the declining phase. This is consistent with numerous
(e.g., [86]) reports of increased cDA at the late stages of the population. The second toxic event found
the Pseudo-nitzschia close to the peak of abundance.

4.3. Pseudo-nitzschia spp. Toxic Events in the Study Area and ASP Implications

In our study, the first toxic event in the Ria de Vigo was recorded on 19 October 2007. It was
characterised by high pDA concentrations due to moderate abundances of Pseudo-nitzschia. It is worth
mentioning that high Pseudo-nitzschia spp. abundances have been previously observed in the Galician
rias during autumn causing the closure of the mussel harvesting beds [12].

In our data, a second DA episode due to Pseudo-nitzschia spp. was recorded in the Ria de Vigo on
14 July 2009, but showing lower pDA concentrations. INTECMAR also found high Pseudo-nitzschia spp.
abundances (over 105 cells/L) in the rias during the last three weeks of July 2009, although closures of
mussel rafts polygons were mainly associated with the presence of DSP (Diarrheic Shellfish Poisoning),
while DA data were not available.

In the same year, Pazos and Moroño [87] observed very high abundances of P. australis in May in
the Rias de Vigo and Pontevedra over a week. Raft mussels and natural shellfish beds closures due to
ASP (Amnesic Shellfish Poisoning) were reported in Rias of Pontevedra and Vigo from late March to

www.intecmar.gal
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early April, whereas DA was found above the regulatory levels in scallops (Pecten maximus) during the
whole 2009 as well as 2007 [88,89].

In the situations that are described above, it seems that, even if we detected high concentrations
of pDA (up to 2.51 µg L−1) in our survey in 2007, DA in mussels was below regulatory levels during
the whole year. Likewise, in 2009, despite the high pDA detected during our campaigns, DA was not
taken up by the suspended mussel raft cultures. A possible explanation for this could be either rapid
depuration or the result of food selection or dilution [90–93]. Another factor that might be associated
with the observed situation, where mussels do not seem to take up the DA, despite the high pDA
concentrations, is the possible short-term duration of these harmful events. Spyrakos et al. [53] describe
using remote sensing data important changes on phytoplankton biomass in the rias within three days
and highlight the challenges for the detection and monitoring of harmful algal events in a physically
complex system, such as the Galician rias. Nonetheless, even these short-term high DA events, if they
are recurrent, can pose a significant threat to the harvesting of species that show slow DA depuration
rates, like scallops [94,95].

Diaz et al. [96] analysed phytoplankton and mussel samples that were collected from the Ria
de Pontevedra from 28 May to 7 June 2007, and despite the high abundances of Pseudo-nitzschia spp.
(higher than 5 105 cells L−1) with the dominance of P. australis were observed, DA analysis using
HPLC-UV methods did not reveal any detectable concentrations in the seawater or above regulatory
levels in mussels. Discrepancies that were observed in our DA data in comparison to those by [95]
and INTECMAR could be also due to the different methods, followed by the quantification of DA.
ELISA methods have shown more sensitive detection limits for DA than HPLC-UV based methods
and appear to perform better in the formalin-fixed samples [97,98]. However, overestimation has been
observed in some cases [49] while using ELISA in the quantification of DA. This overestimation was
attributed to the detection by the antibodies of domoic acid isomers in addition to the domoic acid and
epi-domoic acid.

4.4. Environmental Conditions Associated with Pseudo-nitzschia spp. Abundance and DA Concentration

This study attempts to provide insight on the environmental conditions that are associated to the
occurrence of toxic Pseudo-nitzschia spp. events in the surface waters of two Galician rias. González
Vilas et al. [14] while using a larger database of Pseudo-nitzschia spp. abundances, but with limited
environmental factors discussing possible processes related to high abundances of these diatoms in
the area. Here we attempt to get a better understanding on the relationships between the measured
parameters and the toxic Pseudo-nitzschia events, which may be essential for future monitoring
and prediction efforts. Due to considerable differences in the Pseudo-nitzschia spp. abundance and
pDA concentration among the three different periods of dominant meteorological conditions off

the rias, these periods were included in the models as a variable. The results show that there is
higher probability of high Pseudo-nitzschia spp. abundance and pDA in the summer period (summer
upwelling-downwelling cycle) and the autumn downwelling period (autumn strong downwelling)
(Tables 5 and 6). These results are consistent with previous studies on Pseudo-nitzschia spp. abundance
in upwelling systems [99].

Results of GAMMs for Pseudo-nitzschia spp. revealed a significant linear effect (refers to statistical
relationships and not biogeochemical processes) of salinity, chla, and the additive effect of the Si(OH)4

to N ratio. The preference of Pseudo-nitzschia spp. for higher values of salinity found in our dataset
confirms previous observations on Pseudo-nitzschia spp. in coastal waters of Galicia. For example, [100]
analysed time series of Pseudo-nitzschia spp. abundance between 1999 and 2000 and concluded
that Pseudo-nitzschia spp. blooms were mainly recorded in high salinity values (> 35). Salinity has
been suggested as an important regulator of specific Pseudo-nitzschia species or Pseudo-nitzschia spp.
abundance in other observational studies around the world (e.g., Adriatic Sea: [41]; West Coast of
USA: [26]; Gulf of Mexico: [29]; and, Sea of Marmara: [23]).
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The final GAMM fitted to the Pseudo-nitzschia spp. abundance includes linear relationship with
chla. [8,36,37] pointed out that there is higher probability for Pseudo-nitzschia spp. blooms when chla
concentration is high. The trend observed during the sampling period of higher Pseudo-nitzschia spp.
abundances with high chla concentrations can be valuable in the remote sensing detection of high
biomass “patches” in the Galician rias.

According to GAMM results, Pseudo-nitzschia spp. abundance increases until a maximum value at
moderate values of the ratio of Si(OH)4 to N (mainly NO3

−), followed by a sharp decline at higher
values. These results suggest that lower, but not the lowest, ratio values favour higher Pseudo-nitzschia
spp. abundances. The results support the consideration that silicate and inorganic nitrogen are limiting
factors for the growth of several Pseudo-nitzschia species [9,27–31,39,86]. Schnetzer et al. [27] also
suggested that the observed decline of Si concentrations when the Pseudo-nitzschia spp. abundances
are high could be explained by the fact that samplings can occur after the growth of Pseudo-nitzschia,
and hence Si has been drawn down.

Nutrient availability at the end of the blooms has been suggested as possible factor that is
implicated in the appearance of toxic Pseudo-nitzschia spp. events in the Galician rias [26,101]. However,
the environmental conditions that are related to the pDA occurrence and distribution in the area are
poorly defined. The GLMM identified POC, NO3

−, PO4
3−, and Si(OH)4/N as significant factors that

influence pDA concentration. The enhancement of higher pDA concentrations by low Si(OH)4/N
observed in our data are consistent with the results that were reported in [9] in the Santa Barbara
Channel, California, and in other field studies in which DA seems to be associated with Si-limitation [7].

Moreover, our results (Table 6) showed that the PO4
3− and NO3

− concentrations have a significant
effect on the pDA in the surface seawater. The relationship between DA production by several
Pseudo-nitzschia species and the availability of these two macronutrients has been studied in several
laboratory experiments [30,31,33,102,103]. In some of these laboratory studies, PO4

3−-limitation
and N-sufficiency (since DA is an amino-acid) have been pointed out as the driving factors for DA
production. Contradictorily, in our study, moderate-high pDA values were found in relatively high
PO4

3− and low NO3
− concentrations. This is possibly implicating the necessity to consider other

environmental conditions, which might be responsible for the production of DA, as it is also suggested
by field studies [7,104,105].

The final GAMM fitted to the Pseudo-nitzschia spp. abundance includes the linear effect of chla.
This probably reflects a dominance or co-dominance of Pseudo-nitzschia spp. in the phytoplankton
community. Several studies [8,36,37] suggest a relationship between high chla concentrations and the
occurrence of Pseudo-nitzschia spp. blooms.

5. Summary & Concluding Remarks

Domoic acid (DA) was measured in the seawater samples from the Galician rias and revealed the
presence of high levels in several cases. DA concentrations were not always related to Pseudo-nitzschia
abundances, showing that cell counts are not enough for assessing the toxicity of Pseudo-nitzschia
occurrence in the area. Despite the fact that no serious illnesses that were caused by ASP were reported
in the area (Intecmar, Ministerio de Sanidad y Consumo) during the study period, DA levels, such as
the ones detected here, could have the potential for significant impacts on the ecosystem and human
health (e.g., by chronic exposure to moderate toxin levels, as it is mentioned by [106] and [107]).
Furthermore, the DA content in some potential vectors that can be consumed by humans and other
marine animals has not been studied in the Galician rias.

In this study, mixed effect modelling was used to associate several environmental factors with the
toxic Pseudo-nitzschia events for three different seasonal upwelling-downwelling conditions. The major
aspects of phytoplankton succession in the area are relatively well known, in terms of major groups
(diatoms, dinoflagellates, flagellates). Here, we intended to obtain to a finer degree of resolution,
focusing in a particular group of diatoms. The results show that higher salinity values and lower,
but not the lowest, Si(OH)4/N ratios favour higher Pseudo-nitzschia spp. abundances. High pDA
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values seem to be associated with relatively high PO4
3−, low NO3

− concentrations, and low Si(OH)4/N.
Knowledge of these relationships could help in evaluating the potential impacts of the blooms due
to Pseudo-nitzschia on mariculture and wildlife, and improve our ability to predict toxic events as
a function of environmental parameters.

The relationships that were found by the models only apply to the study area and the data
that were collected during this period. Longer time-series from a wider area, samples from discrete
depths, and micronutrients data could offer more detailed insight regarding the occurrence of
toxic Pseudo-nitzschia spp. events. Nevertheless, this study documents the presence of toxigenic
Pseudo-nitzschia and suggests that the monitoring of DA in the natural populations of Pseudo-nitzschia
could be useful for identifying potential risks for DA contamination into higher trophic levels. Further
research is also needed in the pathways of DA to highler trophic levels and examination of the
relationships between Pseudo-nitzschia spp. blooms in the area and closures of mussel farms due to DA.

In this study, chla is retrieved from MERIS FR data while using a regional algorithm previously
developed [75]. A part of the chla data from the surveys described here has been used for the
development of this regional neural network-based algorithm, which has been shown to permit the
accurate mapping of chla of the rias [53]. In our MERIS imagery set, Cluster#1 was dominant in the
three rias and the adjacent area allowing for reliable chla mapping over the area. The autumn-time DA
event was characterised by high chla concentrations. The highest Pseudo-nitzschia spp. abundances
(3 to 6 104 cells L−1) were found in a relatively small area in the Ria de Vigo where elevated surface
chla concentration (>6 mg m−3) was mapped from the MERIS FR data. These small areas of high chla
concentration accompanied with moderate abundances of toxic Pseudo-nitzschia spp. can be easily
missed by conventional monitoring techniques. The MERIS FR and MODIS (not shown here) images
from the extended area of the Iberian Peninsula show very high chla concentrations, coupled with
colder waters along the Portuguese and Galician coast indicating a general high biomass event.

Moreover, our results show “patchiness” in the spatial distribution of Pseudo-nitzschia in this
coastal upwelling system, which suggests that the spatial and temporal resolution for the monitoring
of these events should be increased. Ocean colour techniques can be helpful in tracking potentially
harmful events that are caused by Pseudo-nitzschia and complement monitoring programs based on
direct observations at fixed stations. Satellite data can be even more useful following the approach of
this study with near real-time fine resolution imagery and regionally/cluster-specific algorithms for the
retrieval of chla concentrations. According to the recorded in situ data, our approach to retrieve chla
is an improvement on other previously used techniques, and made it possible to obtain reliable chla
maps while using almost every image. The relationship that was established in this paper between the
MERIS Rrs and pDA can be the basis of an effective Earth Observation (EO)-based HAB monitoring
that will address the requirements of several key regional end-users.

Another finding is the relationship between MERIS FR data and pDA. In a previous study,
Anderson et al. [108] also developed regression models for Pseudo-nitzschia spp. abundance, pDA,
and cDa in the Santa Barbara channel integrating ocean colour (MODIS-Aqua and SeaWiFS) and sea
surface temperature (AVHRR) data, finding relationships while using similar spectral bands (510 nm
and 555 nm). Although our model is based on a limited dataset and it requires further research, it could
be a good starting point for the development of new algorithms for the Rias Baixas area.

Although the Envisat satellite has stopped functioning in May 2012, the approach that was
followed with MERIS by the authors could be adapted to other satellite-based ocean colour sensors.
At present, we are involved in the European (EU H2020) funded project CoastObs [109], which explores
the potential use of the new Sentinel satellites to monitor coastal water environments. It includes,
among its objectives, the development of validated map products that were derived from Sentinel
3 images that are expected to provide useful information for HABs detection and monitoring in
Galicia, including not only chla concentration, but also species indicators for specific species, such as
Pseudo-nitzschia spp. or Alexandrium minutum.
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