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A B S T R A C T   

Harmful algal blooms (HABs) negatively impact coastal ecosystems, fisheries, and human health, and their 
prediction has become imperative for effective coastal management. This study aimed to evaluate spatial- 
temporal variability patterns and phenology for key toxigenic phytoplankton species off southern Portugal, 
during a 6-year period, and identify region-specific environmental drivers and predictors. Total abundance of 
species responsible for amnesic shellfish poisoning (Pseudo-nitzschia spp.), diarrhetic shellfish poisoning 
(Dinophysis spp.), and paralytic shellfish poisoning (G. catenatum) were retrieved, from the National Bivalve 
Mollusk Monitoring System public database. Contemporaneous environmental variables were acquired from 
satellite remote sensing, model-derived data, and in situ observations, and generalized additive models (GAMs) 
were used to explore the functional relationships between HABs and environmental variables and identify region- 
specific predictors. Pseudo-nitzschia spp. showed a bimodal annual cycle for most coastal production areas, with 
spring and summer maxima, reflecting the increase in light intensity during the mixed layer shoaling stage, and 
the later stimulatory effects of upwelling events, with a higher bloom frequency over coastal areas subjected to 
stronger upwelling intensity. Dinophysis spp. exhibited a unimodal annual cycle, with spring/summer maxima 
associated with stratified conditions, that typically promote dinoflagellates. Dinophysis spp. blooms were delayed 
with respect to Pseudo-nitzschia spp. spring blooms, and followed by Pseudo-nitzschia spp. summer blooms, 
probably reflecting upwelling-relaxation cycles. G. catenatum occurred occasionally, namely in areas more 
influenced by river discharges, under weaker upwelling. Statistical-empirical models (GAMs) explained 7-8%, 
and 21− 54% of the variability in Pseudo-nitzschia spp. and Dinophysis spp., respectively. Overall, a set of four 
easily accessible environmental variables, surface photosynthetically available radiation, mixed layer depth, sea 
surface temperature, and chlorophyll-a concentration, emerged as the most influential predictors. Additionally, 
over the coastal production areas along the south coast, river discharges exerted minor negative effects on both 
HAB groups. Despite evidence supporting the role of upwelling intensity as an environmental driver of Pseudo- 
nitzschia spp., it was not identified as a relevant model predictor. Future model developments, such as the in
clusion of additional environmental variables, and the implementation of species- and period-specific, and hybrid 
modelling approaches, may further support HAB operational forecasting and managing over complex coastal 
domains.   

1. Introduction 

Phytoplankton are the main primary producers in marine ecosystems 
and play a key role in global carbon cycling (Falkowski et al., 1998; 
Cloern et al., 2014). Yet, some phytoplankton species can generate 
harmful algal blooms (HABs), events associated with multiple 

deleterious effects, including oxygen depletion, mortality of wild and 
cultured fish and invertebrates, toxin accumulation along the food web, 
eventually affecting human health (Anderson, 2009; see review by 
Shumway et al., 2018), and severe disruption of ecosystem dynamics 
and services (e.g., Gobler and Sunda, 2012). HABs can also lead to 
adverse economic and societal effects due to closure of fishery and 
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farming grounds, and impacts on tourism and other coastal businesses 
(Hoagland et al., 2002; Hoagland and Scatasta, 2006; Kudela et al., 
2015; Berdalet et al., 2016; Sanseverino et al., 2016; Trainer, 2020). A 
generalized increase in the extension and frequency of HABs, associated 
with anthropogenic eutrophication, climate variability and introduction 
of non-native species, has been frequently referred in the literature (e.g., 
Anderson et al., 2012). However, a recent meta-analysis showed no 
empirical support for a global increase in HABs and, instead, related this 
widespread perception with increased monitoring effort, in tandem with 
emerging HAB socio-economic impacts (see Hallegraeff et al., 2021a). 
Recent system-specific inter-annual analysis have indeed reported var
iable HAB trends, depending on species and their functional traits, sites, 
regions, study periods, and concurrent environmental forcing (Ander
son et al., 2021; Belin et al., 2021; Gianella et al., 2021; Hallegraeff 
et al., 2021a, 2021b; McKenzie et al., 2021; Pitcher and Louw, 2021). 
Thus, a comprehensive understanding of HAB spatial-temporal vari
ability patterns, bloom phenology, and underlying environmental de
terminants at the regional level (Gianella et al., 2021; Hallegraeff et al., 
2021a), integrated into predictive models, is fundamental for fore
casting, mitigating, and effectively managing HABs in coastal waters 
(see reviews by Franks, 2018, Ralston and Moore, 2020). 

Planktonic HABs, like all phytoplankton blooms, result from tran
sient increases of algal abundance, during periods when instantaneous 
growth overcome mortality rates. Thus, both bottom-up controls, acting 
directly on phytoplankton growth rates (e.g., light, inorganic nutrients, 
turbulence), and top-down controls, acting directly on phytoplankton 
loss rates (e.g., grazing, advection), are potentially relevant environ
mental drivers of phytoplankton blooms (see review by Barbosa and 
Chícharo, 2011). In coastal systems, bottom-up and top-down controls 
of HABs are shaped by multiple forces, including localized anthropo
genic, climatologic, hydrographic, and oceanographic processes, and 
large-scale climatic forces (Anderson et al., 2012; Wells et al., 2015, 
2020; Glibert, 2020; Trainer et al., 2020a). Additionally, differences in 
functional traits between phytoplankton groups, sometimes associated 
with contrasting niche preferences (see Weithoff and Beisner, 2019), 
generate variable responses to environmental changes, for different HAB 
groups (Barton et al., 2013; Glibert and Burford, 2017; Otero et al., 
2018; Glibert, 2020). Due to the complexity of HAB patterns and drivers, 
and consequential limited availability of integrative fully 
mechanistic-numerical models (e.g., coupled physical-biological model, 
Alexandrium catenella, McGillicuddy et al., 2011 and references therein), 
empirical-statistical modelling strategies have been frequently used for 
HAB prediction (see reviews by Rossini, 2014; Franks, 2018; Ralston and 
Moore, 2020; Cruz et al., 2021), in isolation or combined into hybrid 
models (e.g., Stumpf et al., 2009; Anderson et al., 2011, 2016; Brown 
et al., 2013; Davidson et al., 2021; Fernandes-Salvador et al., 2021). 

Coastal waters off southern Portugal, and associated coastal lagoons 
and estuarine systems, are relevant areas for the production and har
vesting of wild and farmed shellfish and finfish species, thus are highly 
susceptible to the detrimental effects of planktonic toxigenic HABs (Vale 
et al., 2008; Botelho et al., 2019; Bresnan et al., 2021; Cravo et al., 
2022). Studies of phytoplankton off southern Portugal have assessed 
chlorophyll-a variability, phenology (e.g., Cristina et al., 2016; Krug 
et al., 2017, 2018b; Ferreira et al., 2019, 2021; Santos et al., 2020), and 
species composition and size structure (e.g., Moita, 2001; Loureiro et al., 
2011; Goela et al., 2014; Sañé et al., 2019; Santos et al., 2021). None
theless, most comprehensive studies specifically addressing dynamics 
and drivers of HABs have been focused on the central and northwest 
Portuguese coasts. Over these regions and, also considering information 
available for adjacent Spanish (northwest) coastal waters, blooms of 
Pseudo-nitzschia H. Peragallo, 1900, related with the amnesic shellfish 
poisoning (ASP) syndrome in humans, are recurrent events during the 
spring-summer upwelling period (Palma et al., 2010; Vidal et al., 2017; 
Palenzuela et al., 2019). Blooms of Dinophysis Ehrenberg, 1839, asso
ciated with diarrhetic shellfish poisoning (DSP) syndrome, are also 
recurrent off northwestern Iberia during the upwelling season, but 

favored in periods of thermohaline stratification (Reguera et al., 1995; 
Moita et al., 2006a, 2016; Escalera et al., 2010; Velo-Suárez et al., 2014; 
Díaz et al., 2016, 2019; Vidal et al., 2017; Aláez et al., 2021). Blooms of 
Gymnodinium catenatum H.W. Graham, 1943, causative of the paralytic 
shellfish poisoning (PSP) syndrome, are less recurrent, and more 
frequent in this domain during autumn, under downwelling conditions 
(Moita et al., 1998; Sordo et al., 2001; Bravo et al., 2010; Moita et al., 
2003; Díaz et al., 2019). Available information on HABs enabled the 
development of group-specific predictive models for northwestern Ibe
ria (Palma et al., 2010; Moita et al., 2016; Díaz et al., 2016; Ruiz-Vil
larreal et al., 2016; Palenzuela et al., 2019; Alaéz et al., 2021). By 
contrast, knowledge of planktonic HABs over the south and southwest 
Portuguese coasts is still limited (Moita, 2001), mostly covering the 
westernmost sector of the south coast (Loureiro et al., 2005, 2011; 
Danchenko et al., 2019; Santos et al., 2021), or specific HAB events 
(Mateus et al., 2013; Pinto et al., 2016; Caballero et al., 2020). Beyond a 
mechanistic Lagrangian model previously used for predicting HABs 
along the southwest and south Portuguese coasts, during a limited 
period (Silva et al., 2016), no group-specific predictive models for HABs 
are currently available for the complex coastal domains off southern 
Portugal. 

In this context, the main goal of the current study was to evaluate the 
spatial-temporal variability patterns and phenology of potentially toxi
genic phytoplankton taxa in coastal waters off southern Portugal, during 
a 6-year period (2014− 2019). The specific objectives of this study 
included: (i) the analysis of intra-annual variability patterns, phenology, 
and associated environmental drivers for the most frequently reported 
potentially toxigenic phytoplankton taxa, for different domains of this 
heterogeneous coastal area, and (ii) the establishment of region-specific 
empirical statistical models linking the abundance of key potentially 
toxigenic taxa with influential environmental predictors. Environmental 
determinants included sea surface temperature, radiation, mixed layer 
depth, upwelling intensity, riverine freshwater discharge, and 
chlorophyll-a concentration. Potentially toxigenic phytoplankton taxa 
comprised two major HAB-forming groups (diatoms and di
noflagellates), with contrasting functional traits and environmental re
quirements. Based on previous studies (Pitcher et al., 2010; Barton et al., 
2013; Behrenfeld et al., 2013; Díaz et al., 2016, 2019; Glibert and Bur
ford, 2017), we hypothesized that diatom blooms will be triggered 
under turbulent, nutrient-rich upwelling conditions, while dinoflagel
late blooms are more likely to be associated with downwelling periods 
and/or relatively stratified conditions. Additionally, higher prevalence 
of diatom blooms and lower prevalence of dinoflagellate blooms are 
expected for study regions under stronger upwelling intensity. 

2. Material and methods 

2.1. Study area 

The southern Portuguese coast (36º to 38ºN and 12º to 5.8ºW; see 
Fig. 1), is located at the northernmost section of the Iberian Canary 
Eastern Boundary Upwelling system, and partly included in the Gulf of 
Cadiz, and comprises zonally (south) and meridionally (southwest) 
oriented coastal stretches. This complex coastal domain, with a conti
nental shelf ranging from 5 to 35 km width, is influenced by different 
physical oceanographic regimes (García-Lafuente et al., 2006; Relvas 
et al., 2007), and subjected to variable nutrient-rich freshwater inputs 
from rivers, including Guadiana, Tinto, Odiel, Guadalquivir (see Fig. 1; 
e.g., Caballero et al., 2014; Krug et al., 2017), and submarine ground
water discharges (Hugman et al., 2015; Piló et al., 2018). Mesoscale and 
sub-mesoscale features (e.g., upwelling filaments, fronts, shelf and 
oceanic cyclonic and anticyclonic eddies, coastal countercurrents), often 
associated with coastal topography and coastline irregularities including 
capes (e.g., Cape São Vicente, CSV; Cape Santa Maria, CSM), and can
yons, are relevant attributes of the study area (Peliz et al., 2004, 2007, 
2009; García-Lafuente et al., 2006; García-Lafuente and Ruiz, 2007; 
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Relvas et al., 2007). 
This region is subjected to seasonal coastal upwelling, usually 

intensified during the early spring to late summer period (Fiúza et al., 
1982; García-Lafuente and Ruiz, 2007; Relvas et al., 2007, 2009; Arís
tegui et al., 2009). Along the meridional (southwest) coast, summer 
northerly winds force offshore transport of near-surface waters, pro
moting upwelling-favourable conditions. During autumn, this regime is 
shifted to southerly winds, favouring downwelling conditions (Fiúza 
et al., 1982; Relvas and Barton, 2002). Along the zonal (south) coast, 
upwelling conditions are associated with strong westerly winds, but 
upwelling intensity is lower, diminishing eastward of CSM. During up
welling relaxation, a nearshore, warm coastal countercurrent flows 
westward, occasionally turning clockwise around CSV, promoting the 
connectivity between sectors east and west of CSM (Relvas and Barton, 
2002; García-Lafuente et al., 2006; Garel et al., 2016). This coastal 
countercurrent is driven by an alongshore pressure gradient, intensified 
by wind forcing, and occurs all-year around (ca. 40%), without seasonal 
variability (Garel et al., 2016; De Oliveira Júnior et al., 2021). Surface 
circulation in the south Portuguese outer shelf and upper slope domain 
is affected by the Gulf of Cadiz Current, flowing eastward from CSV to 
the Strait of Gibraltar. This strong persistent current, intensified east of 
CSM, may promote the extension of the upwelling current from the 
southwest coast over the south shelf/slope waters (García-Lafuente 
et al., 2006; Peliz et al., 2007, 2009). Overall, upwelling patterns have 
been reported as relevant drivers of phytoplankton variability in the 
study area (see Krug et al., 2017, 2018b; Ferreira et al., 2021). 

2.2. Environmental setting 

A set of environmental determinants were acquired for the study 
period (2014− 2019) from different sources: satellite remote sensing 
(wind speed and direction; Sea Surface Temperature, SST; and Photo
synthetically Available Radiation, PAR), model-based data (Mixed Layer 
Depth, MLD), and in situ observations (Guadiana and Guadalquivir 
riverine discharges), at different spatial-temporal resolutions. Due to the 

absence of site-specific data, collected concurrently with HAB sampling, 
environmental data were averaged over three different coastal regions, 
that comprise HAB sampling stations (West Coast, WC; South Coast, SC; 
and Guadiana, Gdn; see Fig. 1A), identified by a previous objective 
partition of the study area (Krug et al., 2017). This partition was based 
on chlorophyll-a variability patterns, used as a proxy for phytoplankton 
biomass. The partition of the study area based on abiotic variables was 
not considered due to the reduced number of coastal environmental 
provinces identified (two; Krug et al., 2018a), that does not reflect 
phytoplankton dynamics over the area (Krug et al., 2017, 2018b). The 
use of this chlorophyll-a based partition implicitly assumes that abiotic 
variables and phytoplankton share similar spatio-temporal variability 
patterns. Yet, this assumption minimizes the potential role of phyto
plankton top-down controls. 

2.2.1. Physical oceanographic variables 
Level 3, 8-day composites of satellite-derived SST data were 

retrieved from MODerate resolution Imaging Spectroradiometer, on
board the Aqua satellite (MODISA), available at NASA’s Oceancolor 
database (http://oceancolor.gsfc.nasa.gov/). SST data, at 4 km resolu
tion, was limited to night-time passes, to avoid diurnal solar heating 
effects (Robinson, 2010), and high-quality data (AVHRR quality flags 6 
and 7, and MODIS-A quality flag 0). 

Daily MLD data, at ~ 0.083◦ spatial resolution, was acquired from 
the Iberian Biscay Irish regional seas (IBI) reanalysis database (Product 
ID: IBI_REANALYSIS_PHYS_005_002), for the period 2014− 2018, pro
vided by Copernicus Marine Service (CMS). This model-derived variable 
is estimated as the ocean depth at which the water potential density has 
increased by 0.01 kg m− 3 relative to the near-surface value at 10 m 
depth level (CMS; https://marine.copernicus.eu/). Maximum MLD 
values were limited by local bathymetry. Missing MLD data for the year 
2019 were estimated after regressing data from the referred source with 
data retrieved from the following two datasets: the Hybrid Coordinate 
Ocean Model (HYCOM), based on the 0.03 kg m− 3 density threshold (ID: 
expt_91.0, expt_91.1 and expt_91.2), and available for the period 2014- 

Fig. 1. (A) Study area, off southern Portugal, 
with identification of regions (different colors) 
with coherent covarying chlorophyll-a vari
ability patterns, as defined by Krug et al. 
(2017), including the coastal regions consid
ered in this study: West Coast (WC), South 
Coast (SC), and Guadiana (Gdn). (B) Study area, 
off southern Portugal, with information on ba
thymetry and major river systems. PL and AR 
depict the location of Pulo do Lobo and Alcalá 
del Río hydrographic stations, respectively. Di
amonds show the approximate positions of the 
three sites used for the calculation of the 
wind-based upwelling index, along the south
west coast (green), and south coast, at western 
(pink) and eastern (blue) sectors of Cape Santa 
Maria. Black cross represents the Armona site, 
where alongshore current velocities were 
measured. Red stars represent approximate 
positions of the sampling stations used for the 
analysis of toxigenic phytoplankton (from north 
to south and west to east: Aljezur, Porto de Mós, 
Praia Dona Ana, Falésia, Praia de Faro, Culatra, 
and Monte Gordo; see text for further details), 
by the Portuguese Institute of the Sea and At
mosphere (IPMA). Sampling stations are inte
grated into shellfish coastal production areas 
(L7a, L7c, L8 and L9), delimited by red poly
gons. L6 area is limited to the spatial domain 
considered in this study. Limits of the shellfish 
coastal production areas retrieved from IPMA 
(https://www.ipma.pt/en/bivalves/docs/).   
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2019, at Ocean Productivity (http://sites.science.oregonstate.edu/oce 
an.productivity/); and IBI ANALYSIS (ID: IBI_ANALYSIS_FOR
ECAST_PHYS_005_001), available for the period 2016-2019, at CMS. 
Since the best-fitting linear regression model was associated with IBI 
ANALYSIS product (period: 2016-2018; N=1089; R2 ranging 0.47 and 
0.74, depending on coastal regions, p < 0.0001), this was then used for 
estimating daily MLD during the year 2019. 

Level-3, 8-day composites of mean surface PAR, at 1 km spatial 
resolution, from MODISA, were also retrieved from NASA’s Oceancolor 
database (http://oceancolor.gsfc.nasa.gov/). PAR vertical attenuation 
coefficient (KPAR, m− 1) was calculated using Eq. (1), following Rochford 
et al. (2001), and the light attenuation coefficient at 490 nm wavelength 
(K490, m− 1) was obtained from the Ocean Colour Climate Change 
Initiative Group, OC-CCI (https://www.oceancolour.org/). Mean PAR 
intensity in the mixed layer (Im, µmol photons m− 2 s− 1) was estimated 
using Eq. (2), according to Kirk (1986). 

KPAR = 0.085 + 1.6243K490 (1)  

Im = I0
(1 − e− KPAR MLD)

KPAR MLD
(2) 

Upwelling intensity was estimated using a wind-based index, the 
cross-shore Ekman transport (CSET), that represents the magnitude of 
the offshore component of Ekman transport, comparable to the amount 
of water upwelled from the base of the Ekman layer (Bograd et al., 
2009). Daily sea surface zonal (U) and meridional (V) wind fields, at 
0.25º spatial resolution, for the period 2014-− 2018, were obtained from 
the Blended Sea Winds dataset (BSW), available at NCEI-NOAA (htt 
ps://www.ncdc.noaa.gov/data-access/marineocean-data/blen 
dedhttps://www.ncei.noaa.gov/products/blended-sea-winds). BSW are 
based on a combination of several scatterometers, standardized across 
platforms, resulting in high quality ocean wind vectors (Zhang et al., 
2006). Missing wind data for the year 2019 were estimated using a 
linear regression applied to data from the referred source and the 
dataset, acquired by the Advanced Scatterometer (ASCAT), onboard the 
Meteorological Operational Satellite-B (MetOp-B) at the same resolu
tion, accessible for the period 2016− 2019, retrieved from the Global 
Ocean L3 Wind Product in CMS (period: 2016-2018; N=751 or 809, R2 

between 0.54 and 0.61, depending on coastal regions, p < 0.0001). 
CSET was computed for three locations (see Fig. 1B): one site posi

tioned at ~ 20 km off the southwest Portuguese coast (CSETWC), and two 
sites positioned off the south Portuguese coast, at 24 km and 11 km from 
the coastline, on the western and eastern sectors of CSM, respectively 
(CSETwCSM and CSETeCSM). For each site, CSET was based on the average 
data of a 0.75º x 0.75º box centred at the target location. Considering the 
orientations of the south and southwest Portuguese coastlines (see 
Fig. 1), for the south coast, CSETwCSM and CSETeCSM were estimated 
from the meridional component of the Ekman transport, induced by the 
zonal component of wind-stress. Over the southwest coast, CSETWC was 
based on the zonal component of the Ekman transport, induced by the 
meridional component of wind-stress (Bakun, 1973; for more details see 
Alvarez et al., 2011, and Krug et al., 2017). Negative values of the up
welling index indicate offshore Ekman transport and 
upwelling-favourable conditions, whereas positive values represent 
onshore Ekman transport and downwelling-favourable conditions. 
Limitations of this wind-based upwelling index, namely for coastal bays, 
were reviewed by Largier (2020). 

Additionally, alongshore current velocity, measured at high tempo
ral resolution (1-4 hours) by an Acoustic Doppler Current Profiler 
(ADCP), moored at 23 m depth level, near Armona island (37º 00.648’, 
-7º 44.480’; see Fig. 1B), was also used as proxy for the physical 
oceanographic regime over the south-eastern Portuguese coast (see 
Garel et al., 2016). Current velocity data were filtered using a Butter
worth filter of 40 h cut-off period for removing high frequency oscilla
tions (e.g., tides; Garel et al., 2016). Considering the reported duration 
of upwelling events over the study area (ca. 7 days, Palma et al., 2010), a 

threshold criterion of at least seven consecutive days of negative (posi
tive) current velocity, associated with westward (eastward) current 
flow, was used to identify downwelling/countercurrent (upwelling) 
conditions at the south-eastern Portuguese coast. Periods when the 
criteria were not met were classified under a mixed physical oceano
graphic regime. 

2.2.2. Hydrographic variables 
Guadalquivir river discharge, measured at the Alcalá del Río station 

during the period 2014− 2019, at daily resolution, was acquired from 
the Spanish Regional Water Management Agency (http://www.chgu 
adalquivir.es/saih/). Guadiana river discharge, measured at the hydro
metric station Pulo do Lobo, at daily resolution, during the same period, 
was accessed from the Portuguese Environmental Agency public data
base (http://snirh.apambiente.pt/). 

2.3. Phytoplankton data 

Remotely retrieved surface chlorophyll-a concentration (Chl-a) and 
the abundance of potentially toxigenic phytoplankton groups, hereafter 
referred as HAB-forming taxa, in different shellfish production areas (see 
Fig. 1B), were obtained for the period 2014-2019. 

2.3.1. Chlorophyll-a concentration 
Level 3, 8-day composites of satellite-derived surface Chl-a, at 4 km 

resolution, used as a proxy for total phytoplankton biomass, was 
retrieved from the European Space Agency (ESA)’s OC-CCI group 
(https://www.oceancolour.org/). The OC-CCI Chl-a product combines 
information from several sensors (Sea-viewing Wide Field of View 
Sensor, MODISA, Medium Resolution Imaging Spectrometer, and Visible 
Infrared Imaging Radiometer Suite), enabling an increased spatial- 
temporal resolution data (Sathyendranath et al., 2019). Chl-a data 
were averaged for three specific coastal regions, identified by a previous 
objective partition of the study area based on phytoplankton 
spatial-temporal variability patterns (Krug et al., 2017): WC, SC, and 
Gdn areas (see Fig. 1A). 

2.3.2. Abundance of HAB-forming taxa 
Abundance of the most frequently reported planktonic potential 

HAB-forming groups in the study area (ASP, DSP, and PSP-producers) 
was obtained from the Portuguese Institute of the Sea and Atmosphere 
(IPMA) public database (http://www.ipma.pt/pt/index.html/), for 
different nearshore sampling stations (from north to south, and west to 
east: Aljezur, Porto de Mós, Praia Dona Ana, Falésia, Praia de Faro, 
Culatra, and Monte Gordo; see Fig. 1B) incorporated into different 
shellfish coastal production areas, hereafter coastal production areas 
(L7a, L7c, L8, and L9). Additionally, HAB abundance data measured at 
the three sampling stations located in L6 area (Sesimbra: 38º 26.309’, -9º 
6.496’; Galapos: 38º 28.815’, -8º 58.417’; Comporta: 38º 22.800’, -8º 
48.500’), retrieved from the same source, were used to characterize the 
northern domain adjacent to the L7a coastal production area. This 
dataset was collected by IPMA in the framework of the Portuguese Na
tional Bivalve Mollusk Monitoring System, following the requirements 
of European Community, EC (EC, 2004a, 2004b). Sampling stations 
have been defined to ensure representativeness of the conditions asso
ciated with the sites effectively used for shellfish production, within 
each coastal area, not necessarily the entire coastal area. Sampling fre
quency was approximately weekly but intensified during periods of 
historically high abundances of HAB-forming species and/or concen
trations of phytotoxins in bivalve mollusks (May – November), or after 
occurrences above alert or threshold levels (see IPMA, 2013). Thus, 
sampling was not synchronized for all sampling sites. Water samples 
were collected by or under supervision of IPMA technicians, generally at 
shallow accessible locations, and phytoplankton abundance was evalu
ated using inverted microscopy and the Utermöhl method (see IPMA, 
2013). Since Pseudo-nitzschia spp. identification is not possible to species 
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level using light microscopy, in this database, ASP-producers include the 
sum of the abundances of two groups: Pseudo-nitzschia delicatissima 
group (cells width <3 μm), and Pseudo-nitzschia seriata group (cells 
width >3 μm). Although, Pseudo-nitzschia spp. could comprise toxigenic 
and non-toxigenic species, for consistency, this group will be hereafter 
designated as ASP-producers. Abundance of DSP-producers includes the 
sum of Dinophysis spp., Prorocentrum spp. (except P. minimum), and 
Phalacroma sp., and abundance of PSP-producers includes the sum of 
Gymnodinium spp. (including G. catenatum), Alexandrium spp., and 
Pyrodinium bahamense var. compressum (source: https://www.ipma.pt/ 
pt/bivalves/fito/index.jsp). 

HAB abundance classified as below the limit of detection (LOD) or 
‘ND’ (undetected) in the IPMA public database were considered as zero. 
Data with other descriptions including ‘NDi’ (unavailable), ‘NR’ (un
fulfilled), and ‘NQ’ (unquantified) were not considered. As information 
on species-specific abundances at the public database is limited to the 
period January-October 2014, phytoplankton abundances associated 
with the human syndromes ASP, DSP, and PSP represent the summation 
of the abundances of all species potentially linked with each syndrome. 
Homoyesso- and Yessotoxin-producing dinoflagellates were not 
included due to their limited occurrence in the study area and period 
(see IPMA public database). 

2.3.3. Phytoplankton phenology 
Phenological indices for ASP-, DSP-, and PSP-producers, were esti

mated using in-situ abundance data, retrieved from IPMA public data
base. For each group and coastal production area, bloom events were 
defined as occurrences when abundance exceeded 5% above the annual 
local median value, at least during two consecutive weeks (Siegel et al., 
2002), a threshold criterion used in phytoplankton (Ferreira et al., 2014; 
see Krug et al., 2018b and references therein) and HAB (see Bucci et al., 
2020; 5− 25%) studies. This approach implicitly considered variable 
bloom thresholds depending on annual cycles, HAB groups, and coastal 
production areas, an advantage over recent studies of HAB phenology 
(Guallar et al., 2017; Karasiewicz and Lefebvre, 2022). Considering all 
bloom events, for each annual cycle, the following phenological indices 
were estimated for each coastal production area (L6, L7a, L7c, L8, L9) 
and HAB group: (1) number of bloom events (bloom events year− 1); (2) 
duration of bloom events (weeks bloom− 1); (3) total duration of all 
bloom events per year (weeks year− 1); (4) HAB abundance peak value 
(cells L− 1); (5) timing of bloom initiation (i.e., first week when HAB 
abundance surpassed the threshold criterion; expressed in week of the 
year, WOY); (6) HAB abundance peak timing (WOY); and (7) timing of 
bloom termination (last week when HAB abundance was above the 
threshold criterion; WOY). The beginning of the annual cycle was 
associated with the first week of January (week 1), ending during the 
last week of December (week 46). 

2.4. Data analysis 

2.4.1. Nonparametric exploratory analysis 
Temporal variability patterns of HABs and underlying environmental 

determinants were investigated for specific HAB groups and coastal 
production areas. Differences in abundance and phenological indices 
between HAB groups and coastal production areas were analyzed using 
the Kruskal-Wallis test, a one-way analysis of variance on ranks, fol
lowed by multiple pair-wise comparisons using the Dunn’s test (Dunn, 
1961). Spearman rank correlation coefficient (rs) was used to evaluate 
the strength of monotonic relationships between the abundance of HAB 
groups and different environmental determinants. All statistical tests 
were considered at a 0.05 significance level. 

2.4.2. Generalized additive models 
Generalized Additive Models (GAMs) were developed to identify the 

most significant environmental predictors of key toxigenic phyto
plankton taxa for specific coastal production areas. GAMs are empirical- 

statistical models, that establish relationships between a dependent 
response variable and multiple predictors (independent variables; 
Wood, 2017). Since GAMs do not assume a particular type of response 
function, allowing both non-linear and linear relationships, they are 
considered a flexible, computing cost-effective modeling approach for 
assessing the responses of plankton communities (e.g., Irwin and Finkel, 
2008; Llope et al., 2009; Otto et al., 2014), specifically HABs (e.g., 
Matus-Hernández et al., 2019; Ajani et al., 2020; Boivin-Rioux et al., 
2021, 2022), to environmental factors. The basic GAM model structure 
can be defined as follows (Eq. (3)): 

Y = ∝ +
∑n

j=1
sj
(
Xj
)
+ ε (3)  

where Y represents the response variable, ∝ is the intercept, sj are 
nonparametric smoothing functions specifying the partial additive ef
fects of each predictor (Xj), and ε is a random error term assumed to be 
normally distributed with zero mean and finite constant variance 
(Wood, 2017). 

In this study, the response variables were the abundance of phyto
plankton associated with DSP and ASP syndromes, for different indi
vidual (L7a, and L9) or aggregated (L7c-L8) coastal production areas. 
L7c and L8 areas were aggregated due to the existence of similar 
phytoplankton variability patterns (Krug et al., 2017). Thus, for each 
HAB group, a total of three GAM models were developed, for each 
specific coastal production area. GAM analysis was not applied to 
PSP-producers due to the limited availability of non-zero observations. 
Predictor variables included atmospheric and oceanographic variables 
(SST, PAR, MLD, CSET, alongshore current velocity, Guadiana, and 
Guadalquivir riverine discharges), and Chl-a, representative of each 
specific coastal production area. Large-scale climate indices were not 
considered as model predictors due to their relatively longer variability 
scales (see Krug et al., 2017 and references therein) in comparison with 
the length of our study period (6 years). Predictor variables available 
daily (CSET, alongshore current velocity) were averaged over a 5-day 
period prior to each sampling date (including the sampling day). Pre
dictor variables available at an 8-day resolution (Chl-a, SST, PAR, MLD), 
compatible with each sampling date, were averaged over the nearest 
coastal region (WC, SC, Gdn) of each coastal production area (see 
Fig. 1A, B). Thus, WC region-averaged values were used as predictors for 
L7a, SC region-averaged for L7c-L8, and Gdn region-averaged values for 
L9 coastal production area. Since CSETwCSM and CSETeCSM were not 
statistically different (Kruskal-Wallis test, N=274, p=0.245), and 
showed similar temporal variability patterns (Fig. 2C), these two vari
ables were averaged (CSETSC), and used as an upwelling index for the 
aggregated L7c-L8 coastal production areas. 

Prior to model development, collinearity between covariate vari
ables was evaluated using Spearman rank correlation coefficients (rs), 
and variables significantly correlated at |rs| > 0.70 were not used as 
covariates in the same model run (Dormann et al., 2013). This criterion 
excluded the use of Chl-a and SST, and PAR and MLD in the same model 
run, for all coastal production areas. GAM models were fitted using a 
forward stepwise process (see Zuur et al., 2009), and best-performing 
models were selected using the following criteria: (1) maximize 
R-square (R2), and deviance values (R2x100); (2) minimize Akaike In
formation Criterion (AIC) scores; (3) use predictors that exhibit statis
tically significant (p-value<0.05) relationships with the response 
variables; and (4) use predictors whose confidence envelopes for the 
smoothing function do not include zero throughout the covariate range 
(Wood, 2017; Zarauz et al., 2007; Llope et al., 2009). 

Following Zuur et al. (2009), different distribution families for the 
dependent variable, and link functions that relate the mean of the 
response variable with a smoothed function of the explanatory variables 
(Hastie and Tibshirani, 1990), were tested for achieving the best models. 
As the analysis of data frequency distribution indicated that HAB 
abundance data were unimodal and right skewed, for both groups (DSP 
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and ASP-producers) and all coastal production areas, and normality tests 
(e.g., quantile-quantile plot, Shapiro-Wilks test) confirmed 
non-normality, the Gaussian distribution was not considered, and 
alternative distributions were tested. Firstly, a Poisson distribution with 
a log link function was used and, after attaining the best model, the 
amount of overdispersion in the abundance data (i.e., sum of squared 
Pearson residuals divided by sample size minus the number of param
eters) was calculated (Hilbe, 2011; Zuur, 2012). As recommended by 
Zuur et al. (2009), for low overdispersion (above 1.5) a quasi’ correction 
was applied, and for high overdispersion (above 15 or 20), alternative 
distribution families were tested. Hence, a Negative Binomial (NB) 
distribution with a log link function was applied. For both DSP and ASP 
groups, NB with a log link function was the most suitable distribution, 
since it minimized overdispersion to acceptable levels (0− 2.5). 

Underlying statistical assumptions (residuals normality, homosce
dasticity) of GAMs were tested using visual inspection of graphical 

residual diagnostics (including quantile-quantile plots, histogram of 
residuals, and residuals versus predictors plots). Model residuals were 
tested for temporal autocorrelation, using autocorrelation and partial 
autocorrelation functions (acf and pacf). As results showed lag-1 partial 
temporal autocorrelations in all cases, when possible, GAMs were 
extended to Generalized Additive Mixed Models (GAMMs) by including 
a first order autoregressive correlation structure, ARMA (e.g., Thack
eray et al., 2008; Otto et al., 2014; Krug et al., 2017). 

GAMs/GAMMs were also used to decompose HAB temporal vari
ability into intra-annual and interannual components. Response vari
ables were modelled as a cyclic spline smoother function of the month, 
and a cubic spline smoother function of the year, including a first order 
autoregressive correlation structure. If GAMM models failed to 
converge, the corresponding GAM models were selected. Due to the 
relatively short study period (6-year), the interannual patterns were not 
further explored. GAM and GAMM analyses were conducted using the 

Fig. 2. Time series of weekly (8-day) data for 
selected environmental variables, during the 
period 2014 - 2019, including: (A) Sea surface 
temperature (SST), (B) Mixed layer depth 
(MLD), (C) Mean photosynthetically available 
radiation in the mixed layer (Im), (D) Cross- 
shore Ekman transport (CSET) for the south
west coast (WC), and south coast, at western 
(WCSM) and eastern sectors (ECSM) of Cape 
Santa Maria, (E) Guadiana and Guadalquivir 
river discharge, and (F) Chlorophyll-a concen
tration (Chl-a). SST, MLD, Im, and Chl-a were 
averaged for three specific coastal regions: West 
Coast (WC), South Coast (SC), and Guadiana 
(Gdn). See Fig. 1 for location of specific coastal 
regions.   
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package ‘mixed GAM computation vehicle’ (mgcv), specifically the 
‘gam’ function, in R statistical software version 4.0.3 (R Core Team, 
2020). Other graphical representations were generated using MATLAB 
9.8.0.1380330 software (R2020a), with in-house scripts. 

3. Results 

3.1. Environmental setting 

Basic statistical information on abiotic environmental variables and 
Chl-a, for different coastal regions off southern Portugal (WC, SC, Gdn), 
is summarized in Table 1. Considering spatial patterns, higher mean SST 
values were detected over the south Portuguese coastal regions (SC and 
Gdn), in respect to WC region (p<0.05; see Fig. 2A). MLD values were 
lower over the Gdn region (p < 0.05), but similar for WC and SC regions 
(Fig. 2B). Both KPAR and Im mean values were statistically similar for all 
regions (see Table 1), but Im generally showed higher values over the 
south Portuguese coastal regions (SC and Gdn; Fig. 2C). Mean upwelling 
intensity, estimated for three locations (see Fig. 1) using CSET, was 
higher over the southwest Portuguese coast, in comparison with the 
location eastern of CSM (p < 0.05). Yet, no difference in upwelling in
tensity was detected between the eastern and western locations of CSM, 
along the south Portuguese coast (Fig. 2D). Regarding riverine fresh
water fluxes, Guadiana and Guadalquivir average discharge was 29.6 ±

76.5 m3 s− 1, and 43.5 ± 81.1 m3 s− 1, respectively (see Table 1 and 
Fig. 2E). 

With respect to temporal variability, minimum SST values were 
observed during February-March, while maxima occurred in August- 
September. Higher summer SST values were generally detected during 
the year 2016, for all coastal regions, and lower during 2017 and 2019, 
namely over WC region (Fig. 2A). Deeper MLD, but highly variable 
between years, were detected during the winter season (January- 
March), while shallower mixed layers were observed between late- 
spring and early autumn, for all coastal regions (Fig. 2B). Higher Im 
was consistently detected during late-spring or early summer (June- 
July; Fig. 2C), a period of relatively shallow MLD and elevated PAR 
(data not shown). According with CSET, upwelling favourable condi
tions generally prevailed during the spring-summer period (Fig. 2D), for 
both the southwest and south Portuguese coasts, with longer, stronger 
events during summer 2015 (south), 2017 (southwest), and 2019 (both). 
However, strong upwelling-favourable events were detected in all sea
sons (e.g., winter 2016 and 2018, southwest coast; Fig. 2D). In contrast 
with CSET data, alongshore current velocity data, measured with a 
higher frequency at Armona site, showed no clear upwelling/down
welling seasonal patterns for the area east of CSM (see Fig. S1, hence
forth S-denote figures and tables refer to supplementary material). Over 
this area, upwelling (70% occasions) prevailed over downwelling/ 
coastal countercurrent favourable conditions (30%), but the mean 
duration of upwelling and downwelling events was similar (11.4 ± 4.9 
days, and 11.6 ± 3.7 days, respectively; data not shown). Guadiana and 
Guadalquivir river discharge data showed higher values during the 
autumn-winter period, with notable late-winter maxima (February- 
March) during the years 2014 and 2018 (Fig. 2E). 

Chl-a, also used as a potential predictor of HABs, showed lower mean 
values over SC (0.38 ± 0.40 µg L− 1), intermediate for Gdn, (0.54 ± 0.58 
µg L− 1), and higher values for the WC coastal region (0.61 ± 0.40 µg L− 1; 
p<0.01; see Table 1 and Fig. 2F). Over WC and SC regions, Chl-a showed 
a bimodal annual pattern, with late-winter and summer maxima. At SC 
region, late-winter Chl-a peak surpassed the summer peak, while the 
opposite occurred for the WC region. The coastal region more influenced 
by river flow (Gdn) exhibited more variable patterns, ranging from uni- 
to bimodal annual cycles, with maxima during March for most years 
(Fig. 2F). 

3.2. Spatial-temporal variability patterns of HAB-forming taxa 

Basic statistical information on the abundance of HAB-forming 
phytoplankton, for different spatial domains off southern Portugal, is 
summarized in Table 2. Region-specific mean abundance of ASP- 
producers ranged from 9942.3 ± 22267.1 cells L− 1 to 25138.9 ±
74882.9 cells L− 1 at L6 and L7c coastal production areas, respectively, 
and abundances at L7a, L8 and L9 were lower than at L6 and L7c areas 
(p<0.05; Fig. 3). Mean abundance of DSP-producers varied from 227.5 
± 946.8 cells L− 1 to 2473.1 ± 40266.2 cells L− 1 at L8 and L7a areas, 
correspondingly. Higher DSP abundances were detected at L8 compared 
to L9 and L7a areas, as well as over L9 with respect to L7a (p<0.05; 
Fig. 3). Mean region-specific abundance of PSP-producers, lower than 
other HAB-groups (p<0.01), fluctuated between 37.2 ± 228.5 cells L− 1 

and 110.7 ± 471.8 cells L− 1 at L7a and L8, respectively, and higher PSP 
abundances were detected over L8 and L9 areas (p< 0.05), with lowest 
abundances at L7a area (Fig. 3). Overall, L7a coastal production area 
generally showed lower abundances for all HAB groups considered. 

In general, ASP-producers followed a bimodal annual cycle, with 
peak abundances occurring during spring (March-April) and summer 
(July-August, L6, L7c, L8) or autumn (November, L9; Fig. 4, left col
umn). L7a showed a quasi-unimodal cycle, with maxima in July. During 
the study period, abundances of ASP-producers were mostly lower than 
the IPMA regulatory alert level (80.000 cells L− 1), surpassing occa
sionally this level only at L6/L7a (2% samples) and L7c (8% samples) 
coastal production areas (Fig. 5). GAM analyses also revealed highly 

Table 1 
General statistical information, including mean, standard deviation (SD), min
imum (Min) and maximum (Max) values, and number of samples (N), for 
physical variables (sea surface temperature, SST; intensity of photosynthetically 
available radiation at the surface, PAR; PAR light attenuation coefficient, KPAR; 
mean PAR intensity in the mixed layer, Im; mixed layer depth, MLD; and cross- 
shore Ekman transport, CSET), hydrographic variables (Guadiana and Gua
dalquivir river discharge), and chlorophyll-a concentration (Chl-a) during the 
period 2014-2019. Values of SST, PAR, Im, KPAR, MLD, and Chl-a were integrated 
over three specific coastal regions off southern Portugal (West Coast, WC; South 
Coast, SC; and Guadiana, Gdn), PL and AR: Pulo do Lobo and Alcalá del Río 
hydrometric stations. See Fig. 1 for location of coastal regions.  

Variable Region Mean SD Min Max N 

SST (◦C) WC 16.5 1.8 13.1 21.8 276 
SC 18.4 2.3 14.5 23.6 276 
Gdn 18.5 2.7 14.1 24.1 276 

PAR (µmol 
photons m− 2 

s− 1) 

WC 460.1 181.0 135.3 742.3 276 
SC 469.6 185.0 143.3 744.7 276 
Gdn 469.6 186.6 137.5 746.2 276 

KPAR (m− 1) WC 0.1 0.02 0.04 0.2 276 
SC 0.1 0.02 0.04 0.1 276 
Gdn 0.1 0.03 0.04 0.2 276 

Im (µmol photons 
m− 2 s− 1) 

WC 134.5 86.7 9.3 358.4 276 
SC 164.2 128.9 9.9 564.8 276 
Gdn 177.1 140.1 12.5 730.5 276 

MLD (m) WC 20.3 14.4 7.6 98.2 274 
SC 27.2 23.1 2.2 112.8 274 
Gdn 20.7 16.8 0.02 93.43 274 

CSET (m3 s− 1 km− 1 

coastline) 
WC -508.2 1032.0 -7855.3 4928.2 2 

092 
WCSM -193.0 778.5 -6461.0 4601.3 2 

071 
ECSM -112.7 866.6 -5292.3 10570.0 2 

068 
Along-shore 

current velocity 
(m s− 1) 

Armona 0.1 0.1 -0.2 0.3 2 
829 

Guadiana 
discharge (m3 

s− 1) 

PL 29.6 76.5 0.9 1003.7 1 
913 

Guadalquivir 
discharge (m3 

s− 1) 

AR 43.5 81.1 0.3 1105.0 2 
191 

Chl-a (µg L− 1) WC 0.63 0.30 0.19 1.75 276 
SC 0.35 0.13 0.14 0.83 276 
Gdn 0.48 0.24 0.14 1.68 276  
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significant (p<0.001) unimodal (L7a) and bimodal (L6/L7c-L8 areas) 
intra-annual variability patterns for ASP-producers, for all production 
areas except L9. Less significant interannual non-linear increasing trends 
at L6 (p<0.01), and L7c-L8 areas (p<0.05) were also detected (see 
Fig. S2). Several intense ASP bloom events were detected for adjacent 
coastal production areas along the south coast, almost synchronously 
(spring 2014, at L7c and L8; spring and summer 2015, at L7c, L8 and 
L9), whereas some intense events were detected only at non-adjacent 
areas (summer 2016, at L7a and L9) or only at one coastal production 
area (e.g., summer 2018, L6; see Fig. 5). During years of highest (sum
mer) upwelling intensity at the southwest coast (2017 and 2019), the 
relative similarity in intra-annual variability of ASP-producers pointed 
to an increased connectivity between L6, L7a and L7c coastal areas (see 
Fig. 5). 

DSP-producers exhibited a unimodal annual cycle, with maxima 
during spring (April and June, at L8 and L6 areas, respectively) or 
summer (July-September, for other areas; Fig. 4, middle-column). Dur
ing the study period, IPMA regulatory alert level for DSP-producers (200 
cells L− 1) was surpassed, every year, in all coastal production areas (L6: 
9% samples; L7c: 14%; L8: 17%; and L9: 8%) except L7a (only 
2015− 2016, and 2018-2019, 4% samples; Fig. 6). GAM analyses also 
revealed highly significant (p<0.001) unimodal intra-annual variability 
patterns for DSP-producers, and non-linear interannual increasing 
trends for all coastal production areas, less significant only for the L7c- 
L8 area (p<0.01; see Fig. S3). Several intense DSP bloom events were 
detected for multiple adjacent coastal production areas, almost syn
chronously (e.g., summer 2014, at L7c, L8 and L9; spring 2016, at L7c 
and L8; spring 2018, at most areas; Fig. 6). 

The abundance of PSP-producers (see Fig. 4, right column, and 
Fig. 7) at L6 and L7a areas showed two periods of high variability, with 
maxima during late-winter – spring (March-May), and summer (July- 
August). For other areas, maxima were generally detected during early- 
spring (L8, L9) and mid-spring to summer (L7c), with occasional events 
during late-winter. For this group, the abundance exceeded IPMA 
threshold alert level (500 cells L− 1) only for 1% and 5% of samples, at L6 
and L8 areas, respectively (Fig. 7). GAM analyses revealed significant 
unimodal (L7c-L8, L9 areas; p<0.01) and bimodal (L7a; p<0.001) intra- 
annual variability patterns for PSP-producers, and variable interannual 
trends across coastal production areas (see Fig. S4). 

3.3. Phenology of HAB-forming taxa 

Basic statistical information on phenological indices for different 
HAB-groups and coastal production areas is summarized in Table S1. 
Blooms of DSP-, ASP- and PSP-producers represented 43%, 41% and 
16%, respectively, of all bloom events detected (total: 128 events). 
Overall, the frequency and duration of ASP and DSP bloom events were 
higher than PSP blooms (p<0.05; Fig. 8A− D), and peak abundances 
were lower for PSP blooms, intermediate for DSP blooms (p<0.05), and 
higher for ASP blooms (p<0.01; Fig. 8K, L). Bloom initiation and peak 
timings of DSP-blooms were delayed with respect to winter-spring ASP- 
blooms (p<0.01), and PSP-blooms (p<0.05), and anticipated with 
respect to the summer-autumn ASP-blooms (p<0.01). Differences in 

Table 2 
General statistical information, including mean, standard deviation (SD), min
imum (Min) and maximum (Max) values, and number of samples (N), for the 
abundance of three toxigenic phytoplankton groups responsible for ASP 
(Amnesic Shellfish Poisoning), DSP (Diarrhetic Shellfish Poisoning) and PSP 
(Paralytic Shellfish Poisoning) human syndromes, for different shellfish coastal 
production areas off southern Portugal (L6, L7a, L7c, L8 and L9), during the 
period 2014-2019. bd: below detection level. See Fig. 1 for location of shellfish 
coastal areas. N corresponds to the number of exact available measurements for 
each coastal production area.  

Variable Production 
Area 

Mean SD Min Max N 

ASP-producing 
species (x 103 cells 
L− 1) 

L6 9.9 22.3 bd 226.0 347 
L7a 13.3 55.1 bd 812.0 290 
L7c 25.1 74.9 bd 732.1 435 
L8 11.2 37.8 bd 311.5 345 
L9 13.2 41.8 bd 433.1 299 

DSP-producing 
species (x 103 cells 
L− 1) 

L6 0.7 10.4 bd 192.9 347 
L7a 2.5 40.3 bd 685.7 290 
L7c 1.2 20.6 bd 429.2 435 
L8 0.2 0.9 bd 13.8 345 
L9 0.4 4.2 bd 72.1 299 

PSP-producing 
species (cells L− 1) 

L6 43.7 297.7 bd 4750.0 347 
L7a 37.2 228.5 bd 3200.0 290 
L7c 43.7 249.4 bd 3560.0 435 
L8 110.7 471.8 bd 4840.0 345 
L9 83.0 347.4 bd 3040.0 299  

Fig. 3. Distribution of the abundance of ASP (Amnesic Shellfish Poisoning), DSP (Diarrhetic Shellfish Poisoning) and PSP (Paralytic Shellfish Poisoning)-producing 
species, represented by yellow, green, and red colors, respectively, in different shellfish coastal production areas off southern Portugal (L6, L7a, L7c, L8, L9), during 
the period 2014-2019. Note differences in scale between harmful algal bloom (HAB) groups. Median values are identified by the central line within the box, the 
bottom and top edges of the box indicate the 25th and 75th percentiles, respectively, and the whiskers represent non-outlier limits. For each group, different up
percase letters over the bars denote significant differences across regions (p<0.05). See Fig. 1 for location of sampling sites and shellfish coastal production areas. 
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phenological indices across coastal production areas were observed only 
for ASP-producers. 

For ASP-producers, the median number of bloom events per year 
ranged from 1.0 bloom yr− 1 (L7c, L8) to 3.0 blooms yr− 1 (L6), with 
higher bloom frequency for the later (southwestern) coastal production 

area (p<0.05; Fig. 8B). Median bloom duration (Fig. 8D), similar across 
areas, varied between 3.0 weeks bloom− 1 (L7a, L7c, L8, L9) and 4.0 
weeks bloom− 1 (L6). Total duration of bloom events per year caused by 
ASP-producers ranged, considering the median value, from 4.0 weeks 
yr− 1 (L7c, L8) to 11.0 weeks yr− 1 (L6), with a longer duration for L6 with 

Fig. 4. Monthly distribution of the abundance 
of ASP (Amnesic Shellfish Poisoning), DSP 
(Diarrhetic Shellfish Poisoning) and PSP (Para
lytic Shellfish Poisoning)-producing species, 
represented by yellow, green, and red colors, 
respectively, for different shellfish coastal pro
duction areas off southern Portugal (L6, L7a, 
L7c, L8, L9), during the period 2014-2019. 
Median values are identified by the central 
line within the box, the bottom and top edges of 
the box indicate the 25th and 75th percentiles, 
respectively, and the whiskers represent non- 
outlier limits. Note differences in scale be
tween harmful algal bloom (HAB) groups. See 
Fig. 1 for location of sampling sites and shellfish 
coastal production areas.   
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respect to L8 area (p<0.05), generally reflecting the variability in bloom 
frequency across areas (Fig. 8F). Considering that ASP-producers 
generally showed a bimodal annual cycle, bloom timings and peak 
values were evaluated for the winter-spring (January-June) and 
summer-autumn (July-December) periods, separately. Bloom timings 
for ASP blooms during winter-spring and summer-autumn were 
different for all coastal production areas (p<0.05), but for each bloom 
period, no differences in bloom timings were detected across coastal 
areas (Fig. 8H, J). Median bloom initiation timing for winter-spring ASP 
blooms occurred between March and May (WOY: 9− 16; Fig. 8H), peak 
abundances (4.0×104 – 1.0×105 cells L− 1; Fig. 8L) were attained in the 

same period (WOY: 11-17; Fig. 8J), and bloom termination occurred 
between April and July (WOY: 13− 23; see Table S1). For later, summer- 
autumn ASP blooms, median bloom initiation timing occurred between 
July and September (WOY: 24− 34; Fig. 8H), peak abundances (3.1×104 

– 1.1×105 cells L− 1; Fig. 8L) were achieved from August until October 
(WOY: 28− 35; Fig. 8J), and bloom termination occurred between 
August and November (WOY: 30− 41; see Table S1). 

For DSP-producers, median values for bloom frequency, bloom 
duration, and total duration of bloom events per year were 2.0 blooms 
yr− 1, 3.4 weeks bloom− 1, and 6.4 weeks yr− 1, respectively, with no 
differences across coastal production areas (Fig. 8A, 8C, and 8E). Median 

Fig. 5. Time series of weekly abundance of Amnesic Shellfish Poisoning (ASP)-producing species, for different shellfish coastal production areas off southern 
Portugal (L6, L7a, L7c, L8, L9), during the period 2014-2019. Numbers associated with peak values correspond to extreme, out-of-scale observations. Red asterisks on 
the y-axis indicate the minimum regulatory alert level (80×103 cells L− 1) and interdiction level (200×103 cells L− 1) for this harmful algal bloom (HAB) group. See 
Fig. 1 for location of sampling sites and shellfish coastal production areas. 

Fig. 6. Time series of weekly abundance of Diarrhetic Shellfish Poisoning (DSP)-producing species, for different shellfish coastal production areas off southern 
Portugal (L6, L7a, L7c, L8, L9), during the period 2014-2019. Numbers associated with peak values correspond to extreme, out-of-scale observations. Red asterisks 
indicate the minimum regulatory alert level (0.2×103 cells L− 1) and interdiction level (0.5×103 cells L− 1) for this harmful algal bloom (HAB) group (200 cells L− 1). 
See Fig. 1 for location of sampling sites and shellfish coastal production areas. 
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bloom initiation timing was detected in early-June (WOY: 20; Fig. 8G), 
peak abundances (520 cells L− 1; Fig. 8K) in late-June (WOY: 22; Fig. 8I), 
and bloom termination in late-July (WOY: 27; see Table S1). For PSP- 
producers, median values for bloom frequency, bloom duration, and 
total duration of bloom events per year were 0.5 blooms yr− 1, 1.1 weeks 
bloom− 1, and 1.1 weeks yr− 1, respectively, with no differences across 
coastal production areas (Fig. 8A, 8C, and 8E). Median bloom initiation 
was observed in mid-March (WOY: 11; Fig. 8G), peak abundances (100 
cells L− 1; Fig. 8K) in early-April (WOY: 13; Fig. 8I), and bloom termi
nation in May (WOY: 16; see Table S1). 

3.4. Environmental predictors of harmful algal blooms 

A summary of the best-performing GAM models applied to ASP- and 
DSP-producers, for different coastal production areas is provided in 
Table 3. For ASP-producers, the best-performing GAM models showed 
relatively reduced explanatory power (7-8%), and significant predictors 
varied across coastal areas (Fig. 9 and Table S2). At L7a area, PAR, the 
only significant predictor (p<0.001), presented a positive linear effect, 
with positive anomalies for PAR values above ca. 500 µmol photons m− 2 

s− 1. For L7c-L8 areas, MLD and SST were the most significant predictors 
(p<0.001), both showing non-linear negative effects, and positive 
anomalies in ASP abundance were associated with MLD values below ca. 
20 m, and SST below ca. 20 ºC. Guadalquivir river discharge was also 
identified as a predictor for L7c-L8 areas (p<0.01), with quasi linear 
negative effects. At L9 area, alongshore current velocity and Guadiana 
river discharge were the most relevant predictors of ASP-producers, but 
the significance level was generally low (p<0.05). Alongshore current 
velocity exerted a positive linear influence on the abundance of ASP- 
producers, while Guadiana river discharge presented a negative quasi 
linear effect. Positive anomalies in ASP abundance were associated with 
positive along-shore current velocity, representative of upwelling- 
favourable conditions over this area, and river discharge below ca. 20 
m3 s− 1 (Fig. 9). 

For DSP-producers, the best-performing GAM models showed higher 
explanatory power (21− 54%), and the relevant predictors also differed 
across coastal production areas (Fig. 10 and Table S3). The percentage of 
variance explained by DSP-models decreased from the southwest Por
tuguese coast (L7a; 54%), westward along the south coast (L7c-L8, L9; 

21− 36%). At L7a area, the most significant predictor of DSP-producers 
was Chl-a (p<0.001), with non-linear positive effects for Chl-a values 
from ca. 0.3 to 0.6 µg L− 1, and negative effects for higher Chl-a values. 
MLD showed non-linear negative effects on DSP abundance (p<0.001), 
for MLD values below ca. 50 m. Partial effects of PAR were non-linear 
(p<0.001), with a negative influence for PAR between 300 and 400 
µmol photons m− 2 s− 1, and a positive influence for higher values. SST, 
the least significant predictor for L7a area (p<0.01), generally showed 
partial negative effects for values up to 18 ºC (Fig. 10). Along the south 
Portuguese coast, and for L7c-L8 areas, PAR was the most relevant 
predictor of DSP-producers (p<0.001), with positive non-linear effects 
for PAR up to ca. 600 µmol photons m− 2 s− 1 (Fig. 10). Chl-a showed a 
positive influence up to ca. 0.3 µg L− 1, and a negative influence for 
higher values (p<0.001). As referred for ASP-producers, Guadalquivir 
river discharge was also a significant predictor of DSP-producers for this 
coastal area (p<0.01), showing a modest positive influence for discharge 
below ca. 200 m3 s− 1, and a negative influence for higher river 
discharge. Negative anomalies in DSP abundance were associated with 
positive alongshore current velocity, indicative of upwelling-favourable 
conditions (Fig. 10). Over L9 coastal area, PAR was the most influential 
predictor (p<0.001), as for L7c-L8 area, showing linear positive effects, 
and positive anomalies in DSP abundance for PAR values above ca. 500 
µmol photons m− 2 s− 1. Guadiana river discharge and alongshore current 
velocity were also relevant, but less significant predictors (p<0.05). 
Guadiana discharge presented linear negative effects on the abundance 
of DSP-producers, and alongshore current velocity exhibited non-linear 
positive effects, intensified during upwelling conditions (Fig. 10). 

The limited availability of non-zero abundances of PSP-producers 
precluded the application of GAMs and, therefore, the identification of 
potential environmental determinants was based on correlation analysis 
(see Table S4). Over the southwest Portuguese coast (L7a), no significant 
(monotonic) relationships were detected between PSP-producers and 
different environmental variables. At L7c-L8 area, the abundance of 
PSP-producers was positively correlated with Guadiana and Gua
dalquivir river discharges, PAR, Im (p<0.01) and Chl-a (p<0.05), and 
negatively correlated with MLD (p<0.01). At L9 area, PSP-producers 
were positively correlated with Guadiana river discharge (p<0.01; 
Table S4). 

Fig. 7. Time series of weekly abundance of Paralytic Shellfish Poisoning (PSP)-producing species, for different shellfish coastal production areas off southern 
Portugal (L6, L7a, L7c, L8, L9), during the period 2014-2019. Numbers associated with peak values correspond to extreme, out-of-scale observations. Red asterisks 
represent the regulatory minimum alert level (0.5×103 cells L− 1) and interdiction level (1.5×103 cells L− 1). See Fig. 1 for location of sampling sites and shellfish 
coastal production areas. 
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4. Discussion 

This study, based on a 6-year time series of the abundances of key 
toxigenic phytoplankton groups, revealed variable intra-annual and 
phenological patterns in the heterogeneous domain off southern 

Portugal (e.g., Krug et al., 2017, 2018a, b), depending on HAB-groups 
and coastal production areas. This variability is consistent with other 
studies and reinforces the need and value of region- and group-specific 
HAB studies (e.g., Gianella et al., 2021; Hallegraeff et al., 2021b). Our 
data on bloom phenology metrics will expand the limited information 

Fig. 8. Phytoplankton phenological indices for the three most frequently reported toxin-producing groups (Amnesic Shellfish Poisoning – ASP, Diarrhetic Shellfish 
Poisoning – DSP, and Paralytic Shellfish Poisoning – PSP, represented by yellow, green, and red colors, respectively), over different shellfish coastal production areas 
off southern Portugal (L6, L7a, L7c, L8, L9), during the period 2014− 2019. The left column includes information for DSP and PSP-producers, aggregated for all 
coastal production areas (no differences between areas, p>0.05), and the right column includes information for ASP-producers, for different coastal production areas. 
For three phenological indices (bloom initiation timing, bloom peak timing, and peak abundance of ASP-producing species), winter-spring and summer-autumn 
blooms were considered separately, and represented by dark- and light-yellow colors, respectively. Phenological indices: (A, B) Number of blooms per year; (C, 
D) Average duration of bloom events; (E, F) Total duration of all bloom events per year; (G, H) Bloom initiation timing; (I, J) Bloom peak timing; and (K, L) Peak 
abundance of toxin-producing species. Median values are identified by the central line within the box, the bottom and top edges of the box indicate the 25th and 75th 
percentiles, respectively, and the whiskers represent non-outlier limits. For each phenological index and HAB group, different uppercase letters over the bars denote 
significant differences across groups (see left column) or coastal productions regions (see right column; p<0.05). See Fig. 1 for location of sampling sites and shellfish 
coastal production areas. 
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currently available on HAB phenology (Alexandrium minutum: Guallar 
et al., 2017; Alexandrium catenella: Bucci et al., 2020; Pseudo-nitzschia 
spp. and Phaeocystis globosa: Karasiewicz and Lefebvre, 2022), particu
larly relevant in the context of anticipated climate variability and 
change (Gobler et al., 2017; Wells et al., 2020; Glibert, 2020; Boi
vin-Rioux et al., 2021, 2022). 

This study identified group-specific environmental drivers that may 
mechanistically affect HABs, either directly or indirectly, and environ
mental predictors. The latter emerged as influential predictors in 
empirical-statistical models, reflecting significant statistical relation
ships, but without necessarily implying any underlying causal re
lationships (e.g., Ralston and Moore, 2020). In our study, the use of an 
empirical-statistical flexible cost-effective modeling approach (GAMs) 
explained 7-8% and 21− 54% of the variability in the abundances of 

ASP- and DSP-producers, respectively, and identified distinct sets of 
environmental predictors, variable across coastal production areas. 
Despite relatively reduced predictive skills, further developments of 
these models (see next subsections), and their integration into hybrid 
models (see HAB operational forecasting systems: Stumpf et al., 2009; 
Anderson et al., 2016; Davidson et al., 2021; Fernandes-Salvador et al., 
2021), may increase the value of our modelling approach for predicting, 
and effectively managing HABs over complex coastal domains. Overall, 
improved comprehensive knowledge on bottom-up and top-down 
driving forces of specific HAB groups will inevitably expand the list of 
putative predictors, eventually improving model predictive skills. 
Future studies should also consider the prediction of toxic events, based 
on toxin concentration in phytoplankton or living marine resources (e. 
g., Anderson et al., 2011), which vary depending on the promotors of 

Fig. 8. (continued). 
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phytoplankton toxin production (nutritional, physico-chemical, biolog
ical factors; Lelong et al., 2012; Bates et al., 2018; Lewis et al., 2018), 
and animal detoxification strategies (e.g., Nielsen et al., 2016). 

4.1. Variability patterns and predictors of ASP-producers 

The typically multispecies blooms of ASP-producers, dominated by 
the diatom genus Pseudo-nitzschia (e.g., Trainer et al., 2012; Danchenko 
et al., 2019; Bresnan et al., 2021; Fernandes-Salvador et al., 2021), 
represented 41% of all bloom events detected during this study. How
ever, concentrations of ASP-toxins (domoic acid) in bivalve species 
above the regulatory levels were detected only occasionally (0.5− 0.4% 
samples, at L7c and L9 coastal production areas) during the study period 
(National Monitoring System of Bivalve Mollusks, IPMA public data
base; see Table S5). Higher mean and peak abundances of this group, 
with respect to DSP- and PSP-blooms, probably reflected the high po
tential in situ growth rates of diatoms, an r-strategist opportunistic group 
(Marañón, 2015; Weithoff and Beisner, 2019). As previously hypothe
sized, higher abundance of ASP-producers were generally detected over 
coastal production areas exposed to higher wind and upwelling in
tensities, along the southwest (L6) and the westernmost sector of the 
south coast (L7c), with respect to the less exposed L8 and L9 coastal 
areas (e.g., Relvas and Barton, 2002; see Fig. 2 in Krug et al., 2017, 
2018b). In fact, upwelling regimes usually favour diatom growth over 
other phytoplankton groups (Smayda and Trainer, 2010; Glibert, 2016), 
specifically species of the genus Pseudo-nitzschia (Lelong et al., 2012; 
Trainer et al., 2012; Bates et al., 2018). The stimulatory effects of up
welling on Pseudo-nitzschia blooms can be also magnified when com
bined with marine heatwaves. During the northeast Pacific marine 
heatwave, higher temperatures increased P. australis growth rate (and 
northward expansion) and cellular domoic acid, and subsequent 
nutrient inputs from spring upwelling events were associated with se
vere blooms along the U.S. west coast (e.g., McCabe et al., 2016; Ryan 
et al., 2017; Zhu et al., 2017). Yet, the effects of marine heatwaves on 
toxigenic HABs (e.g., Roberts et al., 2019; Trainer et al., 2020b), may not 
only result from direct changes on physical-chemical environment, but 
also from indirect changes on predator activity. 

Additionally, high Pseudo-nitzschia abundances for the L6 coastal 
area could also result from the retention of cells leeward of Cape Espi
chel, which may act as an upwelling shadow area (e.g., Moita et al., 
2003; Largier, 2020), or the influence of nutrient-rich discharges from 
the Sado estuary (Caetano et al., 2016). At L7c area, upwelling induced 
by local western winds, along with the advection of nutrient-enriched 
upwelled waters off the southwest coast (e.g., Relvas et al., 2007; 

Krug et al., 2017) and the cyclonic retentive nearshore circulation pat
terns (García-Lafuente et al., 2006) may have jointly promoted the 
abundance of ASP-producers. Despite under high upwelling intensities 
(see Fig. 2D; Relvas et al., 2007), L7a area revealed the lowest abun
dances of ASP-producers, along with DSP- and PSP-producers. Over this 
exposed area, the combined effects of intense coastal upwelling and 
mesoscale filaments near CSV may be responsible for increased offshore 
advective transport of Pseudo-nitzschia cells and other HAB-producers, as 
previously referred for phytoplankton (Peliz et al., 2004; Sánchez et al., 
2008; Cravo et al., 2010) and crustacean planktonic larval stages 
(Marta-Almeida et al., 2008; Pires et al., 2013, 2020). 

The variable intra-annual patterns of ASP-producers across coastal 
production areas reflected differences in environmental forcing, ranging 
from no significant seasonality (L9), a quasi-unimodal cycle with sum
mer maxima (L7a), and bimodal cycles with spring (L7c-L8) or summer 
maxima (L6). Sustained late winter-spring blooms, usually dominated 
by diatoms, are commonly referred for temperate coastal and oceanic 
systems (e.g., Smayda and Trainer, 2010). As reported for phyto
plankton blooms in coastal domains of the study area, spring blooms of 
ASP-producers may have been triggered by increased levels of Im asso
ciated with the MLD shoaling phase (see critical depth hypothesis, 
Sverdrup, 1953), and additionally supported by early upwelling events, 
during a stage of well-mixed nutrient-enriched waters (see Krug et al., 
2017, 2018b). Yet, later summer blooms of Pseudo-nitzschia were prob
ably a result of increased upwelling intensity and nutrient availability. 
This stimulatory effect of upwelling has been referred for late-spring to 
late-summer Pseudo-nitzschia blooms in Iberian coastal waters (Moita, 
2001; Silva et al., 2009; Palma et al., 2010; Vidal et al., 2017; Palen
zuela et al., 2019), including the westernmost sector of the south Por
tuguese coast (Moita, 2001; Loureiro et al., 2005; Danchenko et al., 
2019; Santos et al., 2021), and other coastal upwelling systems (see 
reviews by Trainer et al., 2010 and Pitcher et al., 2017). Higher fre
quency of relatively short (4-5 weeks, on average; see Table S1) Pseu
do-nitzschia spp. blooms, detected over L6 and L7a coastal production 
areas, probably reflected more intense and persistent 
upwelling-favourable conditions along the southwest coast (e.g., Relvas 
et al., 2007; see Fig. 2E). An increased phytoplankton bloom frequency 
was also referred for the southwest Portuguese coast (Krug et al., 
2018b), and the occurrence of short frequent Pseudo-nitzschia blooms, 
interrupted by wind-induced, upwelling-relaxation, have also been re
ported for other coastal upwelling systems (e.g., Smayda and Trainer, 
2010; Trainer et al., 2010, 2012; Smith et al., 2018; Palenzuela et al., 
2019). Indeed, longer Pseudo-nitzschia spp. blooms (bloom length: 246 
days, i.e., approximately 30 weeks) were recently reported for coastal 
areas mostly affected by seasonal stratification-destratification cycles, 
not shorter upwelling-downwelling cycles (Karasiewicz and Lefebvre, 
2022). Interestingly, over L9 coastal production area, subjected to minor 
upwelling influence and higher riverine discharges, no significant 
intra-annual patterns in the abundance of ASP-producers were detected, 
reflecting the complexity of forces acting at the land-ocean interface 
(Cloern and Jassby, 2008, 2010). 

GAM models explained only a small fraction of the variability in the 
abundance of Pseudo-nitzschia spp. during this period (7-8%; see Table 4, 
for comparison with other studies), and identified multiple (mostly 
easily accessible) predictors, variable across coastal production areas. In 
contrast with studies of coastal upwelling systems (Anderson et al., 
2009; Pitcher et al., 2010; Du et al., 2016; Smith et al., 2018; Palenzuela 
et al., 2019), some specifically using empirical-statistical models (Lane 
et al., 2009; Palma et al., 2010; González Vilas et al., 2014; see Table 4), 
upwelling intensity was not identified as a significant predictor over the 
coastal areas most affected by upwelling (L7a, and L7c-L8), only over 
the L9 coastal area, yet with a low significance level (see Fig. 9). Several 
processes might have been responsible for the lack of upwelling signa
ture in GAM models of L7a, and L7c-L8 areas. These include the 
occurrence of other bloom promotors (e.g., spring MLD shallowing), the 
influence of non-local upwelling events generated along the southwest 

Table 3 
Summary of the best performing generalized additive models (GAMs) used to 
predict the abundance of toxigenic phytoplankton groups responsible for ASP 
(Amnesic Shellfish Poisoning) and DSP (Diarrhetic Shellfish Poisoning) human 
syndromes, for different shellfish coastal production areas off southern Portugal 
(L7a, L7c-L8, L9), during the period 2014-2019. For each model, information on 
model explanatory power (MEP), and the significance level of each predictor, in 
descending order of relevance, are provided. Asterisk symbols *, **, *** indicate 
p-value <0.05, <0.01 and <0.001, respectively. Along_vel: alongshore current 
velocity; Chl-a: chlorophyll-a concentration; Gdn: Guadiana river discharge; 
Gdq: Gualdalquivir river discharge; MLD: mixed layer depth; PAR: surface 
photosynthetically available radiation; and SST: sea surface temperature. See 
Fig. 1 for location of coastal production areas, Figs. 9 and 10 for partial effects of 
individual predictors, and Tables S2-S3 for detailed model statistics.  

HAB taxa Production Area MEP (%) Predictors 

ASP L7a 6.6 PAR*** 
L7c-L8 7.4 MLD***, SST***, Gdq** 
L9 7.5 Along_vel*, Gdn* 

DSP L7a 54 Chl-a***, MLD***, PAR***, SST** 
L7c-L8 36 PAR***, Chl-a***, Gdq**, Along_vel* 
L9 21 PAR***, Gdn*, Along_vel*  
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coast on L7c-L8 areas (e.g., Relvas et al., 2007; Peliz et al., 2007, 2009; 
Cravo et al., 2010; Goela et al., 2016), increased offshore advection 
during high intensity upwelling events (e.g., >1000 m3 s− 1 km− 1, Palma 
et al., 2010; Giddings et al., 2014), differences in surface environmental 
conditions before upwelling events (e.g., nutrient availability, light; 
capping of upwelling by riverine plumes, Hickey et al., 2005), and the 
occurrence of variable time lags between wind-favourable conditions 
and upwelling events (e.g., Dale et al., 2008), and between upwelling 
intensification and measurable increases in Pseudo-nitzschia abundance 
(e.g., 4-6 days, Palma et al., 2010; <1-2 weeks, Smith et al., 2018). For 
example, along the California coast, the uplifting of offshore sub-surface 
blooms of Pseudo-nitzschia during upwelling events quickly seeds surface 
waters, limiting these time lags (Giddings et al., 2014; Seegers et al., 
2015). Further, even if upwelling events are considered a proximate 
explanation for the stimulation of Pseudo-nitzschia spp. growth rate in 
offshore waters (see Santos et al., 2021), intermittent upwelling 

relaxation/downwelling events during the upwelling season, that drive 
shoreward flow, are usually required for accumulation of cells at near
shore sites (Giddings et al., 2014; Hickey et al., 2013; McCabe et al., 
2016). These processes can also mask the linkages between upwelling 
intensity and the response of ASP-producers. Previous studies have also 
showed that upwelling-related variables, such as SST, PAR, and nutri
ents can be more important to predict Pseudo-nitzschia abundance than 
wind-derived indices (e.g., Anderson et al., 2010, 2011; Palenzuela 
et al., 2019; Ajani et al., 2020). 

Moreover, the upwelling influence was probably embedded in the set 
of ASP model predictors. Indeed, GAMs identified positive anomalies in 
the abundance of ASP-producers (see Fig. 9, and Table 3) for medium- 
high PAR levels (>500 µmol photons m¡2 s¡1) over L7a area, and low 
MLD (<20 m) and low-moderate SST (<20 ºC) values over L7c-L8 
coastal production areas, environmental conditions that could be 
considered generally representative of late-spring to summer upwelling 

Fig. 9. Partial effects of individual environmental predictors on the abundance of Amnesic Shellfish Poisoning (ASP) producers, for each shellfish coastal production 
area off southern Portugal (L7a, L7c, L8, L9), during the period 2014-2019, derived from the best performing generalized additive models (GAM). Region-specific 
model explanatory power (as % of ASP variance explained) is presented in brackets, after region abbreviation. For each coastal production area, the set of plots is 
organized in descending order of their explanatory power, and the significance level (p-value) of each predictor is denoted by asterisk symbols (top right), where *, 
**, *** indicate p-value <0.05, <0.01 and <0.001, respectively. Solid lines represent the fitted models, and grey shaded areas depict 95% confidence intervals. Short 
vertical lines on the x-axis represent the actual predictor observations, and values on the y-axis denote the effective degrees of freedom (edf). Edf values of 1 represent 
a linear effect of the predictor on the abundance of ASP-producers, and values higher than 1 indicate progressively stronger non-linear effects. Positive (negative) y- 
values indicate a positive (negative) influence on the abundance of ASP producers. See Fig. 1 for location of sampling sites and shellfish coastal production areas. 
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episodes over the later areas (see Krug et al., 2018a). Under replete 
nutritional conditions, increases in SST from 5 to 28 ºC, depending on 
the species and strains, can also promote Pseudo-nitzschia growth rate, as 
reported for California (McCabe et al., 2016; Zhu et al., 2017; Kudela 
et al., 2020). Thus, the negative non-linear effects of SST on Pseudo-
nitzschia abundance at Lc-L8 coastal area probably reflected the effects 
of nutrient limiting conditions, generally associated with summer 
stratified conditions, during upwelling relaxation or downwelling 
favourable periods (see Krug et al., 2017, 2018a, and references 
therein). Over coastal production areas along the south coast (L7c-L8 
and L9), river discharge was also a predictor of ASP-producers, yet with 
a lower significance level. River discharge has been proposed as a 
relevant source of nutrients for phytoplankton in the study area (e.g., 
Cravo et al., 2006; Caballero et al., 2014; Krug et al., 2017 and refer
ences therein; Ferreira et al., 2019), and specifically for Pseudo-nitzschia 
in other coastal systems (Trainer et al., 2012; Bargu et al., 2016; Smith 
et al., 2018). During high discharge periods (autumn-winter), down
welling favourable conditions and resultant increased alongshore con
nectivity (Relvas and Barton, 2002; García-Lafuente et al., 2006; Garel 
et al., 2016) could eventually expand the influence of Guadiana and 
Guadalquivir river discharges westward (e.g., Hickey et al., 2005), into 
the sectors west of CSM. However, these potential beneficial effects were 
not captured by GAMs. The negative linear influence of river discharge 
could reflect the effects of increased cell advective losses under high 

discharge rates, increased Pseudo-nitzschia sinking rates associated with 
higher haline stratification (see review Barbosa and Chícharo, 2011), 
and/or the temporal mismatch between periods of Pseudo-nitzschia 
dominance and high river flow periods, not implying any causal 
relationship. 

The low predictive power of our empirical-statistical models was 
probably a result of the complexity and variability of driving forces 
controlling ASP-producers, with local growth and mortality coexisting 
with intense advective transport of cells from/to non-local sources (e.g., 
Pitcher et al., 2017; Smith et al., 2018), and the possible occurrence of a 
high number of species potentially associated with variable ecological 
niches (see Lelong et al., 2012; Trainer et al., 2012; Bates et al., 2018, 
and references therein; Lopez et al., 2021). Indeed, over the Portuguese 
coast, ASP-blooms tend to be dominated by the large Pseudo-nitzschia 
seriata-group during spring, and by the smaller Pseudo-nitzschia delica
tissima-group during summer (Palma et al., 2010; Santos et al., 2021; 
Vidal et al., 2017). Moreover, limitations in the sampling strategy, 
namely the short time series used (6-year), which is not sufficient to 
detect interannual trends, the relatively low and asynchronous temporal 
resolution of HAB data (ca. 1 week), which could result in non-detection 
of very short blooms, the reduced number of stations and their very 
nearshore location ( beach monitoring; see Anderson et al., 2009), which 
may not fully represent the conditions associated with the coastal areas, 
and the areas used for assessing potential environmental predictors can 

Fig. 10. Partial effects of individual environmental predictors on the abundance of Diarrhetic Shellfish Poisoning (DSP) producers, for each shellfish coastal pro
duction area off southern Portugal (L7a, L7c, L8, L9), during the period 2014− 2019, derived from the best performing generalized additive models (GAM). Region- 
specific model explanatory power (as % of DSP variance explained) is presented in brackets, after region abbreviation. For each coastal production area, the set of 
plots is organized in descending order of their explanatory power, and the significance level (p-value) of each predictor is denoted by asterisk symbols (top right), 
where *, **, *** indicate p-value <0.05, <0.01 and 
<0.001, respectively. The solid line is the fitted model and grey shaded areas represent the 95% confidence intervals. The short vertical lines on the x-axis represent 
the actual predictor observations, and the values on the y-axis denote the effective degrees of freedom (edf). Edf values of 1 represent a linear effect of the predictor 
on the abundance of DSP-producers, and values higher than 1 indicate progressively stronger non-linear effects. Positive (negative) y-values indicate a positive 
(negative) influence on the abundance of DSP producers. See Fig. 1 for location of sampling sites and shellfish coastal production areas. 
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Table 4 
Summary of statistical-empirical models used for predicting harmful algal blooms (HAB) for three different toxigenic phytoplankton taxa (I - Pseudo-nitzschia spp., II - Dinophysis spp., and III - Gymnodinium catenatum), with 
information on the study area and specific target species, model predictors, statistical method used, model predictive power or goodness-of-fit, and associated reference, organized chronologically. Asterisks associated 
with model references denote hybrid models, that combine empirical-statistical model components with mechanistic-numerical model components. Abbreviations used for model predictors - Chl-a: chlorophyll-a con
centration; CSET: cross-shore Ekman transport; MLD: mixed layer depth; NAO: North Atlantic Oscillation; PAR: surface photosynthetically available radiation; SSS: sea surface salinity; and SST: sea surface temperature. 
Abbreviations used for model methods and predictive power - AUC: Area Under the Curve; MCE: Misclassification Error; NR: Not Referred by the authors; ROC: Receiver Operating Characteristic Curve; SMA: Standardized 
Major Axis; and TSS: True Skill Statistics.  

Study area Target HAB Predictors Method Predictive power/Goodness-of-fit measures Refs. 
I - Pseudo-nitzschia spp. 

Santa Barbara Channel (California, USA) 
Pseudo-nitzschia spp. 

Remote-sensing reflectance (412-555 nm, 510 nm, 555 
nm, 510-555 nm), silicic acid:nitrate, particulate 
absorption (490 nm), Chl-a 

Ordinary Least Squares 
regression 

53-75% of bloom observations and 93-96% of non-bloom observations Anderson et al. (2009) 

Monterey Bay (California) 
Pseudo-nitzschia spp. 

Silicic acid, Chl-a, SST, upwelling index, river flow, 
nitrate 

Logistic regression (annual & 
season-specific) 

≥75% (blooms and non-blooms successfully predicted) Lane et al. (2009) 

Chesapeake Bay (USA) 
Pseudo-nitzschia spp. 

Time of the year, location, phosphate, SST, nitrate plus 
nitrite, freshwater discharge, salinity, silicic acid, 
dissolved organic carbon, Secchi depth 

Logistic Generalized Linear 
Model 

0.25 – 0.53 (Heidke Skill Score range) Anderson et al. (2010) 

Lisbon Bay (west coast, Portugal) 
Pseudo-nitzschia spp. 

Upwelling index, SST Zero-Inflated Generalized 
Poisson Regression Model 

12 – 36% (estimated proportion of zeros) Palma et al. (2010) 

Santa Barbara Channel (California, USA) 
Pseudo-nitzschia spp. 

Remote-sensing reflectance (510/555 nm), silicic acid 
to nitrate*nitrite ratio, silicic acid to phosphate ratio, 
SST, salinity 

Logistic Generalized Linear 
Model 

0.42 – 0.74 (Heidke Skill Score range) Anderson et al. (2011) 
* 

Galician rias (northwest coast, Spain) 
Pseudo-nitzschia spp. 

Ria, day of the year, SST, salinity, upwelling index, 
bloom occurrence in previous weeks 

Support Vector Machine Model 0.69 – 0.77 (Kappa value range) González Vilas et al. 
(2014) 

Southwest Ireland 
Pseudo-nitzschia seriata and Pseudo-nitzschia 
delicatissima size groups 

SST, wind index Zero-Inflated Negative 
Binomial Model 

5934.02 (Akaike Information Criteria) Cusack et al. (2015) 

California coast (USA) 
Pseudo-nitzschia spp. 

Remote-sensing reflectance (488/555), month of the 
year 

Logistic Generalized Linear 
Model 

35 – 43% (accuracy), 35 – 67% (probability of detection), 42 – 67% 
(false alarm rate), 55 – 83% (probability of false detection), 4 (bias- 
score), at the corresponding optimized prediction points 

Anderson et al. (2016) 
* 

Alfacs Bay (northwest Mediterranean, Spain) 
Pseudo-nitzschia spp. 

Wind velocity, salinity, deep temperature, log10 river 
flow, log10 atmospheric pressure 

Artificial Neural Network 4 – 15% (MCE), 0.91 – 0.96 (AUC), 0.56 – 0.70 (R-squared) Guallar et al. (2016) 

Bahía de La Paz (Mexico) 
Pseudo-nitzschia spp. 

SST, Chl-a, pH, salinity, dissolved oxygen Generalized Additive Model 86% Matus-Hernández 
et al. (2019)* 

Galician coast (northwest coast, Spain) 
P. delicatissima and P. seriata groups 

Salinity, Chl-a, Si(OH)4/N ratio Generalized Additive Mixed 
Model 

NR Palenzuela et al. 
(2019) 

Hawkesbury River estuary (southeast coast, 
Australia) 
P. delicatissima, P. pungens/multiseries, P. 
australis/fraudulenta, P. heimii/subpacifica 
and P. americana groups 

Rainfall, SST, turbidity, pH, Chl-a, total abundance 
cells, soluble reactive phosphorus, total nitrogen, 
Redfield ratio, week of the year 

Generalized Additive Model 20 – 55% Ajani et al. (2020) 

Galician Rías Baixas (northwest coast, Spain) 
Pseudo-nitzschia spp. 

Day of year, ria code, SST, salinity, bloom occurrence 
in previous weeks, upwelling indices 

Support Vector Machine, 
Neural Network, Random 
Forest and AdaBoost 

0.46 – 0.61 (F1-score), 0.32 – 0.58 (distance to the point (0,1) in the 
ROC curve) 

Aláez et al. (2021)* 

Estuary and Gulf of St. Lawrence (east coast, 
Canada) 
P. seriata 

SSS, SST, wind speed Generalized Additive Model 0.84 (AUC), 0.54 (TSS) Boivin-Rioux et al. 
(2022) 

Off Southern Portugal 
Pseudo-nitzschia spp. 

SST, Chl-a, PAR, MLD, river discharge, alongshore 
current velocity 

Generalized Additive Model 7 – 8% This study  

II – Dinophysis spp. 

Bantry Bay (southwest Ireland) 
D. acuminata and D. acuta 

Wind index, SST Hydrodynamic and probabilistic 
models (site-specific) 

0.44 (R-squared) Raine et al. (2010)* 

Southeastern Arabian Sea (near 
Mangalore, India) 
Dinophysis spp. 

SST, salinity, dissolved inorganic nitrogen to phosphorus ratio, total suspended solids, pH, Secchi 
depth 

Logistic Generalized Linear Model 0.04 – 0.46 (Heidke Skill Score 
range) 

Singh et al. (2014) 

Season, thermal stratification, nutrients, salinity, dissolved oxygen Generalized Additive Model Ajani et al. (2016) 

(continued on next page) 
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also explain the low model predictive skills. Future model refinements, 
assuming the availability of longer, consistent time series, should ideally 
consider: (i) the discrimination of different groups/species of Pseudo-
nitzschia; (ii) other potentially relevant predictors, such as the concen
tration of dissolved inorganic macronutrients, salinity, water column 
stratification, large-scale climate indices (see Table 4), other upwelling 
metrics (e.g., cumulative upwelling index, Bograd et al., 2009; wind 
intermittency, Giddings et al., 2014), and cell concentration (inoculum) 
in previous periods (see Table 4), tested using variable lag-periods; and 
(iii) the development of period-specific models, that could identify 
period-specific predictors (e.g., Lane et al., 2009), some of which could 
have variable effects on different seasons (e.g., upwelling intensity, river 
discharge). Also, forthcoming monitoring programs should consider the 
acquisition of HAB and environmental data using similar spatial and 
temporal scales. 

4.2. Variability patterns and predictors of DSP-producers 

Blooms of DSP-producers represented 43% of all bloom events 
detected during this study. DSP-toxins (okadaic acid) in bivalves exceed 
the regulatory levels almost continuously, at all coastal production areas 
(up to 38% samples, for L8 coastal area), causing recurrent interdictions 
of bivalve harvesting (National Monitoring System of Bivalve Mollusks, 
IPMA public database; see Table S5), as reported for other Portuguese 
systems (e.g., Vale and Sampayo, 2003; Vale et al., 2008; Fernandes-
Salvador et al., 2021). These blooms are composed by different species 
of the genus Dinophysis (D. sacculus, D. caudata, D. fortti; Bresnan et al., 
2021), and usually dominated by D. acuminata complex and D. acuta 
over northwestern Iberian shelf (Moita, 2001; Moita et al., 2006a, 2016; 
Díaz et al., 2016, 2019), and the study area (Goela et al., 2014; Loureiro 
et al., 2011; Danchenko et al., 2019; Santos et al., 2021). This dinofla
gellate group is considered a transitional life-form along the onshor
e–offshore gradients, more adjusted to less pronounced, smaller-scale 
convective currents, than Gymnodinium catenatum (Smayda and Rey
nolds, 2001). Contrary to our working hypothesis, similar high mean 
abundances of Dinophysis spp. were detected over coastal production 
areas exposed to strong wind and upwelling intensities (L6, L7a) and the 
less exposed L8 area (e.g., Relvas and Barton, 2002; Krug et al., 2017, 
2018b). As referred for Pseudo-nitzschia spp., lowest abundances detec
ted at L7a coastal area could reflect increased offshore advective losses 
(see previous subsection). 

DSP-producers depicted unimodal annual cycles, with spring- 
summer maxima, as reported for the study area (Moita, 2001; Santos 
et al., 2021), and typically referred for dinoflagellates in temperate 
coastal and oceanic systems. Given their specific set of life traits, 
including motility, mixotrophy and allelopathy, dinoflagellates are 
usually well adapted to relatively warm, stratified and nutrient-poor 
conditions, occurring during this period (Smayda and Trainer, 2010; 
Glibert and Burford, 2017). Further, Dinophysis are obligate klepto
plastidic mixotrophs, thus also depending on the availability of the 
photosynthetic ciliate Mesodinium rubrum, their prey (e.g., Velo-Suárez 
et al., 2014; Moita et al., 2016; Alves-de-Souza et al., 2019). The 
spring-summer initiation of Dinophysis growth season has been also 
related with the beginning of the upwelling season, and weak/moderate 
upwelling events, upwelling relaxation and downwelling events (early 
autumn transition) have been referred to favour this group in north
western Iberian shelf waters (Moita et al., 2006a, 2016; Diáz et al., 
2016), and southwest Portuguese coastal waters (Loureiro et al., 2005, 
2011). Early upwelling events have been hypothesized to introduce a 
seed (overwintering) population into surface shelf waters, moderate 
upwelling events can improve the nutritional conditions (e.g., avail
ability of inorganic nutrients, abundance of M. rubrum), strong upwell
ing events were associated with offshore advection of Dinophysis (also 
M. rubrum), delaying or eliminating bloom events, and downwelling 
events (favourable for the encounter of Dinophysis and their prey) cause 
cross-shelf transport and accumulation of Dinophysis at nearshore areas Ta
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(Reguera et al., 1995; Moita et al., 2006a, 2016; Escalera et al., 2010; 
Velo-Suárez et al., 2014; Díaz et al., 2013, 2016, 2019; Ruiz-Villarreal 
et al., 2016). Indeed, in our study, DSP blooms were significantly 
delayed with respect to ASP winter-spring blooms (p<0.01), and were 
followed by ASP summer-autumn blooms, thus supporting the 
diatom-dinoflagellate succession associated with upwelling-relaxation 
cycles in coastal upwelling systems (e.g., Smayda and Trainer, 2010; 
Trainer et al., 2010, 2012,; Smith et al., 2018; Danchenko et al., 2019). 

Despite the effects of alongshore transport of Dinophysis, poleward 
(downwelling) or equatorward (upwelling), observed and/or predicted 
for northwestern Iberian shelf waters (Díaz et al., 2013; Moita et al., 
2016; Ruiz-Villarreal et al., 2016), onset and peak timings of 
DSP-blooms were quasi-synchronous across all coastal production areas. 
The use of only very nearshore stations in this study limited further 
analysis of the relevance of cross-shore and alongshore processes. 
Moreover, our results represent the responses of all Dinophysis species 
combined, not allowing the detection of inter-specific differences, such 
as those reported for D. acuminata (earlier surface blooms) and D. acuta 
(later sub-surface blooms; Vale and Sampayo, 2003; Escalera et al., 
2006, 2010; Reguera et al., 2012, Moita et al., 2016; Díaz et al., 2019). 
These differences would probably lead to higher bloom frequency, 
shorter bloom events, and a departure from unimodal annual cycles. 

GAMs explained a higher fraction of the variability in the abundance 
of Dinophysis spp. (21− 54%), when compared with ASP-models, within 
the range of values reported by other studies (see Table 4). In addition to 
the study limitations and improvements suggested for ASP-models (see 
subsection 4.1), forthcoming development of DSP-models should 
consider species-specific models (see D. acuminata versus D. acuta, Moita 
et al., 2016), and period-specific models or variables (see Díaz et al., 
2016), and the inclusion of additional potential predictors (see Table 4), 
including turbulence, thermal stratification, and the abundance of 
Mesodinium rubrum. Overall, considering the most relevant predictors 
(see Fig. 10 and Table 3), positive anomalies in the abundance of 
Dinophysis spp. were detected for medium-high PAR levels (>400− 500 
µmol photons m− 2 s− 1), for all coastal production areas, intermediate 
Chl-a (0.2 - 0.6 µg L− 1; L7a and L7c-L8 areas), and low MLD (<20m; L7a 
area). This window of opportunity generally reflected the environmental 
conditions (stratified, nutrient-poor) associated with Dinophysis 
intra-annual patterns (spring-summer maxima), in the study area, (e.g., 
Krug et al., 2017, 2018a), that favour dinoflagellates over diatoms 
(Glibert and Burford, 2017). 

Over the coastal production areas located along the south coast (L7c- 
L8 and L9), upwelling patterns and river discharge were also significant, 
yet less influential predictors of Dinophysis abundance (see Fig. 10 and 
Table 3). The modest and contrasting partial effects of upwelling/ 
downwelling-favourable conditions (negative and positive effects of 
upwelling for L7c-L8, and L9 areas, respectively), probably reflected the 
complex responses of this group to upwelling patterns (e.g., Pitcher 
et al., 2017), as previously discussed for ASP-producers (see previous 
subsection). For longer time series, the development of period-specific 
models (e.g., upwelling season; Loureiro et al., 2011) could probably 
clarify the influence of upwelling as a Dinophysis predictor (Díaz et al., 
2016). Moreover, the negative anomalies of Dinophysis associated with 
high river discharges probably reflected increased advective losses (e.g., 
Moita et al., 2016), as also referred for Pseudo-nitzschia. Yet, modest 
positive anomalies associated with low to medium river discharges 
could point to their beneficial effects on Dinophysis, associated with in
creases in nutrient availability (Cravo et al., 2006; Caballero et al., 2014; 
Correia et al., 2020), mainly during downwelling periods (see Hickey 
et al., 2005), decreased turbulence and increased Im, due to haline 
stratification (e.g., Peperzak et al., 1996; Díaz et al., 2013, 2021; Moita 
et al., 2016). 

4.3. Variability patterns and predictors of PSP-producers 

Blooms of PSP-producers represented a minor fraction (16%) of the 

bloom events detected, and PSP-toxins (saxitoxins) in bivalves exceeded 
the regulatory levels occasionally (0.3− 5.0% samples) during the study 
period (National Monitoring System of Bivalve Mollusks, IPMA public 
database; see Table S5). Indeed, these blooms are relatively less recur
rent in Portuguese waters (see Costa et al., 2010; Vale, 2013; Botelho 
et al., 2019). Blooms of PSP-producers are composed by different species 
of dinoflagellates (Alexandrium minutum, Gymnodinium catenatum; 
Bresnan et al., 2021), but usually dominated by G. catenatum in the 
westernmost sector of the south Portuguese coast (Loureiro et al., 2011; 
Danchenko et al., 2019), and over northwestern Iberian shelf waters 
(Sordo et al., 2001; Moita et al., 2006b; Bravo et al., 2010). As previously 
hypothesized and, in contrast with ASP-producers, lower mean abun
dances of PSP-producers were detected over coastal production areas 
exposed to higher wind and upwelling intensity (L6 and L7a), probably 
reflecting increased offshore advection (Moita et al., 1998), and higher 
competitive advantage of diatoms over dinoflagellates for these areas 
(Pitcher et al., 2010; Smayda, 2010). 

The reduced number of samples with non-zero abundances, namely 
during the period 2016-2019, associated with shorter less frequent 
blooms, constrained our analysis of variability patterns and environ
mental determinants of PSP-producers. Overall, this group showed 
complex variability patterns, with maximum abundances mostly 
detected between early-spring and mid-summer, generally classified as 
an upwelling-favourable period (e.g., Relvas et al., 2007), but still 
affected by several alternating upwelling-downwelling episodes. 
G. catenatum blooms have been mostly associated with upwelling 
relaxation or downwelling conditions (early autumn) for the study area 
(Loureiro et al., 2011; Danchenko et al., 2019), and northwestern Ibe
rian shelf waters (Fraga et al., 1988; Tilstone et al., 1994; Moita, 2001; 
Sordo et al., 2001; Bravo et al., 2010; Moita et al., 2003; Díaz et al., 
2019). Notwithstanding the occurrence of Gymnodinium catenatum cysts 
in shelf sediments (Amorim et al., 2001, 2004), PSP-blooms off Iberia 
apparently develop from offshore “pelagic seed banks” (Moita et al., 
1998; Amorim et al., 2004; Loureiro et al., 2011), that are advected 
onshore during upwelling relaxation or downwelling periods, and 
further transported alongshore depending on the predominant wind 
patterns (Sordo et al., 2001; Bravo et al., 2010) or concentrated at highly 
retentive areas (e.g., upwelling fronts, upwelling shadow areas; Moita 
et al., 2003). In fact, this mixotrophic species (Jeong et al., 2005) is 
considered an upwelling relaxation life-form (Smayda and Reynolds, 
2010), with functional traits (e.g., tolerance to elevated shear stress, 
high swimming rate and vertical migration, chain formation) of high 
adaptive value under upwelling relaxation or downwelling conditions 
(e.g., Smayda, 2010; Smayda and Reynolds, 2010; Hallegraeff et al., 
2012). Further, over the coastal production areas along the south coast 
(L7c-L8 and L9), positive relationships between the abundance of 
G. catenatum and river discharges probably reflected the fertilizing effect 
of nutrient-rich waters (Hallegraeff et al., 1995, 2012), over a coastal 
domain more stratified and less exposed to upwelling patterns (see Krug 
et al., 2017, 2018a). Indeed, high nutrient concentrations have been 
reported for the lower Guadiana estuary (see Correia et al., 2020 and 
references therein), and Guadalquivir estuarine plume (Prieto et al., 
2009; Ribas-Ribas et al., 2013). In comparison with other HAB groups, 
advective flushing of G. catenatum under high riverine discharges was 
apparently minimized. Higher affinity for turbulence, chain formation, 
and strong motility allow this dinoflagellate species to undergo vertical 
migration and explore highly dynamic environments (Smayda and 
Reynolds, 2001; Hallegraeff et al., 2012). 

5. Conclusions 

The present study contributed to a better understanding of HABs 
spatial-temporal variability patterns, phenology, and associated envi
ronmental drivers and predictors in the heterogenous coastal waters off 
southern Portugal. Our data on bloom phenology metrics will expand 
the limited information currently available for toxigenic phytoplankton, 
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particularly relevant in the context of anticipated climate changes. As 
hypothesized, Pseudo-nitzschia spp. blooms were more frequently 
observed in coastal areas under stronger upwelling intensity (southwest 
coast, and westernmost sector of the south coast), while G. catenatum 
(occasional) blooms prevailed in areas more influenced by river dis
charges, under weaker upwelling (southeastern coast). Pseudo-nitzschia 
spp. mostly presented spring and summer maxima, reflecting firstly the 
influence of increased light intensity during the MLD shoaling stage, and 
later the stimulatory effects of upwelling events. Dinophysis spp. showed 
spring/summer maxima, under environmental conditions that typically 
promote dinoflagellate development, and connections with the ocean
ographic regime (upwelling-downwelling) were not clearly discernible. 
In contrast with Dinophysis, positive linkages between G. catenatum and 
river discharge probably reflected adaptative traits more adjusted to 
highly dynamic environments, emphasizing the variability within di
noflagellates. Blooms of Pseudo-nitzschia spp. were more intense than 
dinoflagellate blooms, and bloom onset and peak timings also differed 
between groups. Delayed Dinophysis spp. blooms with respect to Pseudo- 
nitzschia spp. spring blooms, followed by Pseudo-nitzschia spp. summer 
blooms, probably reflected the dynamics of upwelling-relaxation cycles 
over the study area. 

GAMs, a flexible cost-effective statistical-empirical modeling 
approach applied here for Pseudo-nitzschia spp. and Dinophysis spp., 
presented low to moderate explanatory power, higher for the latter 
group (21-54%), responsible for the majority of HAB events and bivalve 
harvesting interdictions in the study area. Easily accessed environ
mental variables, PAR, MLD, SST, and Chl-a, were the most influential 
predictors, and river discharges showed minor negative effects over both 
HAB groups for the coastal production areas along the south coast. 
Despite several lines of evidence supporting the role of upwelling as an 
environmental driver of Pseudo-nitzschia spp., upwelling intensity was 
not identified as a relevant model predictor. In this context, this study 
encourages the use of these two concepts, environmental drivers and 
environmental predictors, separately and independently, rather than as 
synonyms. Future model developments should consider species-specific 
and period-specific models, and other environmental predictors, 
including both bottom-up and top-down controls (e.g., inorganic nutri
ents, salinity, stratification, turbulence intensity, prey abundance for 
mixotrophic harmful taxa, grazing), thus reinforcing the need to 
improve current HAB monitoring programs. The integration of 
enhanced empirical-statistical models into hybrid modelling approaches 
may further support the implementation of HAB operational forecasting 
systems, and effective HAB management programs over complex coastal 
domains. 
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influência das estações de tratamento de águas residuais urbanas”, 
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González Vilas, L., Spyrakos, E., Torres Palenzuela, J.M., Pazos, Y., 2014. Support Vector 
Machine-based method for predicting Pseudo-nitzschia spp. blooms in coastal waters 
(Galician rias. NW Spain). Prog. Oceanogr. 124, 66–77. https://doi.org/10.1016/j. 
pocean.2014.03.003. 

Guallar, C., Delgado, M., Diogène, J., Fernández-Tejedor, M., 2016. Artificial neural 
network approach to population dynamics of harmful algal blooms in Alfacs Bay 
(NW Mediterranean): Case studies of Karlodinium and Pseudo-nitzschia. Ecol. Model. 
338, 37–50. https://doi.org/10.1016/j.ecolmodel.2016.07.009. 

Guallar, C., Cedric, B., Annie, C., 2017. Global and local factors driving the phenology of 
Alexandrium minutum (Halim) blooms and its toxicity. Harmful Algae 67, 44–60. 
https://doi.org/10.1016/j.hal.2017.05.005. 

Hallegraeff, G.M., McCausland, M.A., Brown, R.K., 1995. Early warning of toxic 
dinoflagellate blooms of Gymnodinium catenatum in southern Tasmanian waters. 
J. Plankton Res. 17, 1163–1176. https://doi.org/10.1093/plankt/17.6.1163. 

Hallegraeff, G.M., Blackburn, S.I., Doblin, M.A., Bolch, C.J.S., 2012. Global toxicology, 
ecophysiology and population relationships of the chain forming PST dinoflagellate 
Gymnodinium catenatum. Harmful Algae 14, 130–143. https://doi.org/10.1016/j. 
hal.2011.10.018. 

Hallegraeff, G.M., Anderson, D.M., Belin, C., Bottein, M.-Y.D., Bresnan, E., Chinain, M., 
Enevoldsen, H., Iwataki, M., Karlson, B., McKenzie, C.H., Sunesen, I., Pitcher, G.C., 
Provoost, P., Richardson, A., Schweibold, L., Tester, P.A., Trainer, V.L., Yñiguez, A. 
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