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Abstract: Phytoplankton are dominant primary producers and key indicators in aquatic ecosystems.
Understanding the controlling factors on the structure of phytoplankton assemblages is fundamental,
but particularly challenging at the land–ocean interface. To identify the patterns and predictors of
phytoplankton assemblage structure in the Ria Formosa coastal lagoon (south Portugal), this study
combined phytoplankton abundance along a transect between the discharge point of a wastewater
treatment plant and a lagoon inlet, over two years, with physico-chemical, hydrographic, and
meteo-oceanographic variables. Our study identified 147 operational taxonomic units (OTUs), and
planktonic diatoms (60–74%) and cryptophyceans (17–25%) dominated the phytoplankton in terms
of abundance. Despite strong lagoon hydrodynamics, and the lack of spatial differences in the
phytoplankton abundance and most diversity metrics, the multivariate analysis revealed differences
in the assemblage structure between stations (p < 0.001) and seasons (p < 0.01). Indicator analysis
identified cryptophyceans as lagoon generalists, and 11 station-specific specialist OTUs, including
Kryptoperidinium foliaceum and Oscillatoriales (innermost stations) and potentially toxigenic species
(Pseudo-nitzschia and Dinophysis; outer lagoon station, p < 0.05). Water temperature, pH, and nutrients
emerged as the variables that best explained the changes in the phytoplankton assemblage structure
(p < 0.001). Our findings provide insight into the relevance of local anthropogenic and natural forcings
on the phytoplankton assemblage structure and can be used to support the management of RF and
other coastal lagoons.

Keywords: phytoplankton assemblage structure; diversity; indicator species analysis; cryptophyceans;
diatoms; Ria Formosa; wastewater treatment plant; inorganic nutrients; water temperature

1. Introduction

Phytoplankton are the dominant primary producers in marine ecosystems, responsible
for nearly half of Earth’s net primary production [1], and are key regulators of ecosystem
functioning, the ocean’s biological carbon pump, and the global climate [2]. Overall, as the
base of marine food webs, phytoplankton directly and/or indirectly support the biological
productivity of most marine consumers, including biological resources. However, phyto-
plankton integrate different functional types and species, with variable functional traits and
niche preferences (reviewed in [3,4]), including those responsible for harmful algal blooms
(see review by [5]). Thus, changes in phytoplankton abundance and assemblage structure
can have notable impacts on biogeochemical processes and food web dynamics [6–8]. Due
to their rapid response to environmental variability, phytoplankton are also considered
relevant indicators of environmental status and change [9,10], and are a valuable tool for
marine ecosystem management [11,12]. Hence, understanding the environmental determi-
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nants that shape phytoplankton dynamics and assemblage structure is fundamental not
only for ecological studies but also for environmental management programs [13].

Coastal lagoons are shallow, semi-confined transitional ecosystems, located at the
interface between the land and the ocean, occupying approximately 13% of the world’s
coastline. Coastal lagoons represent one of the most productive ecosystems on Earth [14],
and provide a wide range of ecosystem services with high ecological and economic value
(see [15,16]). However, their proximity to terrestrial ecosystems, reduced depth, and limited
exchange with the ocean, make coastal lagoons particularly vulnerable to local anthro-
pogenic stressors and climate change pressures [14,16,17]. Negative direct anthropogenic
impacts on coastal lagoons, in some cases exacerbated by climate change, include eutrophi-
cation and harmful algal blooms (HABs). These impacts have been reported worldwide,
for lagoons along the coasts of Africa (e.g., [18]), Asia (e.g., [19,20]), Australia [21], Europe
(e.g., [22–24]), North America [25–28], and South America (e.g., [29]). Coastal lagoons,
as important areas for the production and harvesting of wild and farmed shellfish and
finfish species, are highly vulnerable to the adverse effects of HABs on biological resources,
human health, and ecosystem functioning and services (e.g., [15,30]).

Phytoplankton variability and assemblage structure are modulated by the interplay of
bottom-up and top-down controls. The former include resources (e.g., light and inorganic
nutrients) and other abiotic variables (e.g., temperature, salinity, turbulence) that shape
instantaneous growth rates, while the latter involve mortality (e.g., grazing and lysis) and
transport-related advective processes (see [13,31]). In coastal lagoons, the combination of
local and regional anthropogenic and natural forcings, land–ocean connectivity, strong
benthic–pelagic coupling, relative confinement, complex hydrodynamics, and high habitat
diversity increases the intricacy of the forces acting on phytoplankton assemblages [16,32].
This intrinsic complexity of coastal lagoons promotes variable patterns of phytoplankton
change over time [33–35] and high spatial heterogeneity, both across [36–38] and within
lagoons [10,21,39–41].

The Ria Formosa coastal lagoon (RF; south Portugal) is a shallow multi-inlet mesotidal
system located along the south coast of Portugal. The eastern sector of RF is influenced
by the Gilão River, the main permanent freshwater input into the lagoon, and the outer
lagoon areas, near the inlets, are affected by regular upwelling events in the adjacent
coastal ocean [42–44]. This productive ecosystem accounts for about 90% of the Portuguese
shellfish production and has high ecological and socio-economic importance (e.g., [15]).
However, RF is exposed to various anthropogenic stressors [45,46], including discharges
from wastewater treatment plants [30,47,48], and is located in an area particularly vulnera-
ble to climate change [49]. Previous studies of phytoplankton in the RF lagoon, focusing
on the western sector of the lagoon, have addressed the spatial–temporal dynamics of
chlorophyll-a (e.g., [42,50,51]), assemblage structure [30,52–56], production [57,58], specific
HAB-forming taxa [59–61], and the effects of physico-chemical variables (temperature,
light, CO2, nutrients, ultraviolet radiation) on phytoplankton growth and composition
(e.g., [62–67]). However, no information on phytoplankton is currently available for the
eastern sector of the lagoon, which is more affected by freshwater discharges [47] and
where water quality is worst [46,51].

In this context, our study aims to assess the spatial–temporal variability patterns of
phytoplankton assemblages in the eastern sector of the RF lagoon, covering three sites
exposed to different anthropogenic and oceanic influences. The phytoplankton abundance
and composition, along with concurrent hydrological, meteorological, oceanographic, and
physicochemical data, were assessed monthly, over a 2-year period (2018–2020). This
dataset was used to address the following specific objectives and questions: (i) How do
phytoplankton abundance, composition, diversity, and assemblage structure vary along an
environmental transect between an area affected by effluents from a wastewater treatment
plant (WWTP) and the vicinity of a lagoon inlet? (ii) What are the differences in the intra-
annual variability patterns of the phytoplankton between sites? and (iii) What are the
physico-chemical conditions most closely associated with the spatial–temporal variability
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in the phytoplankton assemblage structure? Based on previous studies (e.g., [3,30,56,68]),
we hypothesized that the phytoplankton assemblage structure varied between sites, with
a higher prevalence of chlorophytes and lower taxonomic diversity at the site closest to
the WWTP. We also expected to find strong intra-annual patterns, but variable between
sites, that could be interpreted in terms of the underlying environmental conditions. At
the site closest to the lagoon inlet, diatoms were expected to be favored under upwelling
conditions, and dinoflagellates under upwelling relaxation or downwelling conditions.
Our study contributed to a more comprehensive understanding of the phytoplankton
dynamics in the RF lagoon, particularly in its eastern sector, and provided insights into
the relationships between local anthropogenic and natural forces and the phytoplankton
assemblage structure in confined coastal ecosystems.

2. Materials and Methods
2.1. Study Area

Ria Formosa (RF) is a shallow coastal lagoon system (mean depth: 2 m) that extends
along the south coast of Portugal, east and west of Cape Santa Maria (CSM), separated
from the Atlantic Ocean by a barrier island system, but connected with the ocean through
six inlets (Figure 1). RF is exposed to a semi-diurnal mesotidal regime, with a large fraction
of the lagoon water volume (ca. 50–75%) exchanged with the ocean on a daily basis, and
the water column is well-mixed, with no significant thermal or haline stratification [69].
However, water residence time is incremented, by more than two weeks, at inner lagoon
areas [48,69]. The lagoon is mostly euryhaline, and the main permanent freshwater source
is the Gilão River (mean annual discharge: 2.44 m3 s−1; see [70]), which mainly affects
the eastern sector of the lagoon [46,47,51]. The adjacent coastal area is affected by regular
upwelling events, associated with strong westerly winds, which are more frequent during
the spring–summer period, and the effects of which can extend up to ca. 6 km upstream of
the lagoon inlets [43]. Despite its transitional nature, the RF lagoon has been classified under
the Water Framework Directive as ‘sheltered coastal waters’ rather than ‘transitional waters’,
due to the lack of salinity gradients [46]. This ecosystem is subjected to a Mediterranean
climate, with hot, dry summers, and mild winters, and located in a region extremely
vulnerable to climate change [49].
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Figure 1. Map of (A) the Ria Formosa coastal lagoon and adjacent coastal area, and (B) approximate
location of the three sampling stations and main freshwater sources. Stations (ALM 250, ALM 750,
and ALM 1750) are identified by white circles, with numbers representing the distance (in metres)
from the discharge point of the Almargem wastewater treatment plant, which is represented by a
yellow triangle. In panel (A), the green diamond represents the approximate position of the site used
for the calculation of the wind-based upwelling index, and the white dashed polygon represents the
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coastal area used to derive sea surface temperature and chlorophyll-a concentration. 30L/02 and
30L/02H depict the location of the water quality and hydrometric stations, respectively. Red stars
represent approximate positions of the stations used for the analysis of toxigenic phytoplankton,
integrated in classified lagoonal (TAV) and coastal shellfish production areas (L8 and L9) monitored
by the Portuguese Institute of the Sea and Atmosphere.

The study area, located in the eastern sector of the lagoon, is influenced by a nat-
ural freshwater source, the non-permanent Almargem stream (mean annual discharge:
0.11 m3 s−1; see [70]), as well as exchange with the adjacent ocean through the Tavira inlet
(Figure 1B). In addition, the study area is affected by one of the four main WWTPs discharg-
ing into the lagoon, the Almargem (ALM) WWTP, located on the left bank of the Almargem
stream, next to the city of Tavira (see Figure 1B). Wastewater treatment includes primary
physical treatment, followed by secondary biological treatment using activated sludge, and,
finally, ultraviolet disinfection [71], and effluents are discharged into the Almargem stream
(see Figure 1). In the study area, shellfish farming grounds, mainly for oysters (Crassostrea
spp.) and clams (Ruditapes decussatus), are located west of the lower Gilão estuary.

2.2. Sampling Strategy

Water sampling was conducted along a longitudinal transect of the effluent dispersion
from the ALM WWTP. Water physico-chemical variables, chlorophyll-a (Chl-a) concen-
tration, and phytoplankton abundance and species composition were analyzed at three
stations located at 250 m (ALM 250), 750 m (ALM 750), and 1750 m (ALM 1750) from the
WWTP discharge point (Figure 1B). Water physico-chemical variables and chlorophyll-a
concentration were also measured at three additional stations located at 500 m, 1000 m,
and 1500 m from the ALM WWTP discharge point (Figure 1). The furthest station from the
discharge point (ALM 1750) is located at ca. 1.5 km from the Tavira inlet. The three stations
used in our study were selected based on previous studies in Ria Formosa, which reported
the WWTP influence up to 750 m from the discharge points, followed by reference lagoon
conditions for the furthest stations [30,47,56]. The distance between stations increased
from those closer to the discharge point (500 m, ALM 250–ALM 750) to the outer stations
(1000 m, ALM 750–ALM 1750) due to the occurrence of stronger water quality gradients
in areas closer to the WWTP discharge points [30,47,56]. Thus, ALM 250 and ALM 750
were selected to represent different areas of influence of the WWTP, while ALM 1750 was
selected as representative of the reference conditions for the outer lagoon main channels,
capable of capturing the influence of adjacent coastal waters.

Sampling was undertaken monthly, over a 2-year period (September 2018–September
2020), during neap low tide. This tidal stage is referred to as representative of the poorest
water quality in the RF lagoon, due to minimal tidal flushing and longer water residence
time, allowing for a better evaluation of the effects of the WWTP effluent discharge (see [30]).
No information is available for four months, due to logistic issues (January 2019, December
2019) or pandemic restrictions (February 2020, April 2020), thus under-representing these
specific months and associated seasons. Water physico-chemical variables were measured
in situ, and surface water samples (ca. 20–30 cm) were collected for the analysis of dissolved
inorganic macro-nutrients, suspended solids, chlorophyll-a (Chl-a), and phytoplankton
abundance and species composition.

2.3. Physico-Chemical, Meteorological, and Hydrographic Variables

Water temperature, salinity, dissolved oxygen, and pH were measured in situ using
a YSI EXO2 multi-parameter probe (YSI Xylem Inc., Yellow Springs, OH, USA), with sen-
sor specifications as described in [44]. For nutrient analysis, water samples were filtered
through 0.45 µm membrane filters, and frozen at−20 ◦C until analysis. Ammonium, nitrate,
nitrite, phosphate, and silicate concentrations were analyzed using spectrophotometric
methods and calibration curves, with an Evolution 200 Thermo Scientific spectrophotome-
ter (Thermo Fisher Scientific, Lisboa, Portugal), according to [72]. The Marine Nutrient
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Standards Kit (OSIL, Havant, UK) was used as reference material to ensure accuracy;
precision ranged from ca. 1% for silicate, nitrite, and phosphate, to 2% for nitrate and
ammonium. The detection limits were 0.1 µM for nitrate and ammonium, 0.05 µM for
silicate, 0.03 µM for phosphate, and 0.02 µM for nitrite.

Daily rainfall precipitation (mm), measured at the closest land-based meteorological
station to the study area (Station 2, Tavira; latitude: 37◦06′53.9′′; longitude: 07◦39′20.7′′),
was extracted from Direção Regional de Agricultura e Pescas do Algarve (DRAPALG;
Faro, Portugal; [73]). Water quality data for the Almargem stream, measured at Curral
Boieiros water quality station (30L/02; Tavira, Portugal; see Figure 1A), was retrieved
from the Portuguese Environmental Agency (APA) public database, when available [74].
No information on natural freshwater discharges into the eastern sector of the RF lagoon
(Gilão River and Almargem stream) was available for the entire study period (September
2018–September 2020), thus limiting our evaluation of the relative importance of natural
freshwater sources of nutrients. Daily Almargem stream discharge, measured at Curral
de Boieiros hydrometric station (30L/02H; see Figure 1A) during the period July 2019–
September 2020, was retrieved from the APA public database [74]. Further attempts
to derive freshwater discharge for the entire study period, from area-specific empirical
relationships between freshwater discharge, precipitation (hydrometric stations: Curral de
Boieiros and Bodega; see [42]), and aquifer piezometric levels were unsuccessful. Thus, the
Guadiana river discharge, measured daily at Pulo do Lobo hydrometric station (27L/01H;
Mértola, Portugal), retrieved from the APA public database [74], was used as a proxy for the
potential freshwater influence on the study area. Mean monthly data on the WWTP effluent
discharge rate, total nitrogen load, and total phosphorus load during the study period were
provided by the water supply company, Águas do Algarve (AdA; Faro, Portugal).

2.4. Oceanographic Setting at the Adjacent Coastal Area

Due to the lack of in situ observations, satellite remote sensing was used to characterize
general oceanographic conditions in the adjacent coastal waters during the study period.
This dataset complements the lagoon in situ measurements and was used to evaluate the
potential stimulatory effects of upwelling events on phytoplankton, more expectable at
the outer lagoon station. Level 3, 8-day composites of sea surface temperature (SST) data
were retrieved from MODerate resolution Imaging Spectroradiometer, onboard the Aqua
satellite (MODISA), available from NASA’s Oceancolor database [75]. SST data, at 4 km
resolution, were limited to nighttime passes, to avoid diurnal solar heating effects [76], and
to high quality data (AVHRR quality flags 6 and 7, and MODISA quality flag 0). SST data
were averaged over a coastal area off Tavira inlet, covering domains east and west of the
inlet (Figure 1A).

Upwelling intensity was estimated using a wind-based index, the cross-shore Ekman
transport (CSET), which represents the magnitude of the offshore component of Ekman
transport, comparable to the amount of water upwelled from the base of the Ekman
layer [77]. Daily sea surface zonal (U) and meridional (V) wind fields, at 0.25◦ spatial
resolution, were obtained from the Blended Sea Winds (BSW) dataset, available at NCEI-
NOAA [78]. BSW is based on a combination of multiple scatterometers, standardized
across platforms, resulting in high-quality ocean wind vectors [79]. CSET was computed
for a single site, located ~11 km off the southern coast of Portugal (see Figure 1A), and
values represent the average of a 0.75◦ × 0.75◦ box centred on the target location. As the
southern Portuguese coast is zonally (west–east) oriented, CSET was estimated from the
meridional component of the Ekman transport, induced by the zonal component of wind
stress (for details see [80]). Negative values of the upwelling index indicate offshore Ekman
transport and upwelling-favourable periods, whereas positive values represent onshore
transport and downwelling-favourable periods.
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2.5. Phytoplankton Data
2.5.1. Chlorophyll-a Concentration

Lagoon water samples for the analysis of Chl-a concentration, used as a proxy for
total phytoplankton biomass, were filtered through GF/F glass fibre filters (nominal pore
size = 0.7 µm) and frozen at −20 ◦C until analysis. Pigments were extracted, overnight,
in cold 90% acetone and analyzed spectrophotometrically [81].

Satellite remote sensing was used to characterize Chl-a variability patterns in the
adjacent coastal area, during the study period. Level 3, 8-day composites of surface Chl-a,
at 4 km resolution, were retrieved from the European Space Agency (ESA)’s Ocean Colour
Climate Change Initiative Group, OC-CCI [82]. This product combines information from
multiple sensors (Sea-viewing Wide Field of View Sensor, MODISA, Medium Resolution
Imaging Spectrometer, and Visible Infrared Imaging Radiometer Suite), allowing for in-
creased spatial–temporal resolution [83]. Chl-a data were averaged over a coastal area off
the Tavira inlet, covering domains east and west of the inlet (see Figure 1A), but avoiding
optically complex near-shore water masses (see [84]). However, the use of remote sens-
ing and a 4 km spatial resolution limited Chl-a analysis to the upper ocean surface, and
precluded the observation of smaller-scale distribution patterns.

2.5.2. Phytoplankton Abundance and Composition

Water samples for phytoplankton abundance and species composition were preserved
in Lugol’s solution immediately after collection, settled in sedimentation chambers (10 mL,
25 mL, and 50 mL), and observed using inversion microscopy (Zeiss Axio Observer A1;
ZEISS, Lisboa, Portugal), according to [85]. The analysis comprised only plastidic cells,
either strictly autotrophic or mixotrophic taxa, including microphytoplankton (>20 µm)
and morphologically conspicuous nanophytoplankton (ca. 2–20 µm). A minimum of
400 cells were enumerated per sample and, assuming a random distribution of cells in the
chamber, the counting precision was 10% [86]. Thus, this study only included the Utermöhl
fraction of phytoplankton, which is an underestimate of total phytoplankton abundance,
considering the high contribution of picophytoplankton in the RF lagoon (cyanobacteria
and eukaryotes <2 µm; [54,63–65]).

Phytoplankton cells were identified to the lowest taxonomic level possible, typically
genus and species, using morphological characteristics and taxonomic reference literature
for marine [87–89] and freshwater phytoplankton [90,91]. Taxa difficult to discriminate
at the species or genus level using inverted microscopy were aggregated into multi-taxa,
broader taxonomic units (e.g., Pseudo-nitzschia seriata-group; athecate dinoflagellates; cryp-
tophyceans; Heterocapsa/Azadinium; Pleurosigma/Gyrosigma; unidentified nanoflagellates),
in some cases separated into different size classes. Taxonomic and nomenclatural in-
formation was updated according to the AlgaeBase database [92]. The classification of
phytoplankton taxa as potentially harmful was based on the IOC-UNESCO Taxonomic
Reference List of Harmful Micro Algae [93], AlgaeBase [92], and other references [5,89].

Our phytoplankton dataset was complemented with information on the abundance
of two Pseudo-nitzschia groups (delicatissima and seriata) and Dynophysis spp., potentially
toxigenic taxa frequently reported along the southern Portuguese coast, and responsible
for the amnesic and diarrhetic shellfish poisoning syndromes (ASP and DSP, respectively)
in humans [94]. Abundances of HAB taxa, measured approximately weekly, in classified
lagoonal (‘Tavira’) and coastal (L8 and L9) shellfish production areas (see Figure 1A)
were retrieved from the Portuguese Institute of the Sea and Atmosphere (IPMA) public
database [95]. HAB abundances reported in this database as below the limit of detection
(LOD) or not detected (ND) were considered as zero. The number of samples available for
ASP- and DSP-producers were 99, 26, and 105 at Tavira, L8, and L9 shellfish production
areas, respectively. For further details on the use of the IPMA database, see [94].
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2.6. Data and Statistical Analysis

Basic assumptions for parametric analyses, including data normality and variance
homogeneity, were tested using the Shapiro–Wilk and Fligner-Killeen tests, respectively,
and non-parametric methods were used as appropriate. All statistical analyses were
considered at a 0.05 significance level. Statistical analysis and data visualization were
performed using R version 4.0.3 [96] and specific R packages.

2.6.1. Univariate Analysis of Phytoplankton and Environmental Data

Different phytoplankton groups, identified to the lowest taxonomic level possible but
at different taxonomic levels, were treated as operational taxonomic units (OTUs). All OTUs
were later binned into broader taxonomic groups, including functional types (planktonic
diatoms and benthic diatoms) or specific phyla. For each sample, the phytoplankton
assemblage structure was characterized using several univariate descriptors, including
abundance (expressed as cells per litre), and alpha diversity metrics. These included the
observed OTU richness, estimated OTU richness based on Chao1 diversity estimator [97],
Hulburt’s dominance index (see [9]), Shannon–Wiener diversity index, and Pielou evenness
index [98], and were calculated using the R packages vegan (v2.6.2; [99]) and BiodiversityR
(v2.14.4; [100]).

Differences in phytoplankton diversity metrics between lagoon stations and seasons
were tested using the KruskalWallis test, a one-way analysis of variance by ranks, followed
by Dunn’s post-hoc test. Differences in physico-chemical variables, Chl-a concentration,
and phytoplankton abundances between lagoon sampling stations or shellfish production
areas were tested using Durbin’s rank test, a Friedman-type test for balanced incomplete
block designs, followed by multiple pairwise comparisons of rank sums using the post-hoc
Durbin test [101].

2.6.2. Multivariate Analysis of Phytoplankton and Environmental Data

The multivariate analysis included the use of two ordination techniques, and an
exploratory and an interpretative technique. All physico-chemical environmental data
(water temperature, salinity, dissolved oxygen, pH, suspended solids, and ammonium,
nitrate, nitrite, phosphate, and silicate) were converted to z-scores, i.e., standardized to zero
mean and unit variance, to eliminate scale dependence in subsequent analyses (e.g., [102]).
For phytoplankton, OTUs detected in less than 5% of the samples were excluded from all
multivariate analyses, to reduce the influence of rare taxa (e.g., [103]), and the Bray–Curtis
dissimilarity measure was used to compute phytoplankton distance matrices. Multivariate
analyses were computed using the following R packages: vegan (v2.6.2; [99]), goeveg
(v0.5.1; [104]), pairwiseAdonis (v0.4; [105]), and indicspecies (v1.7.12; [106]).

Non-metric multidimensional scaling (NMDS), an exploratory unconstrained ordina-
tion analysis, was used to identify spatial–temporal patterns in phytoplankton assemblage
structure. NMDS is commonly considered as the most robust unconstrained ordination
method in community ecology, showing a good performance on non-normal discontin-
uous data [107,108]. Phytoplankton abundance data were log(x + 1) transformed prior
to analysis, to account for non-normal data distribution and reduce the disproportionate
influence of dominant OTUs (e.g., [103]). The analyses were run several times, to obtain the
best NMDS ordination. The goodness of fit of NMDS ordinations was assessed using the
stress value, and the lowest stress value possible was selected, considering a 0.2 threshold
value [103,109]. The number of NMDS axes was defined using stress plot analyses, and a
Shepard diagram was used to assess the representativeness of the best ordination.

Differences in the structure of phytoplankton assemblages between study sites
and seasons were tested using permutational multivariate analysis of variance
(PERMANOVA; [110]), based on a Bray–Curtis similarity matrix. Study site (3 levels)
and season (4 levels) were used as fixed factors. A conventional division of seasons was
considered: winter (January–March), spring (April–June), summer (July–September), and
autumn (October–December). Differences between seasons, randomly nested in site, were
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also tested. Significant effects were tested using post hoc pairwise comparisons with
PERMANOVA F-statistic and 999 permutations, using the R pairwiseAdonis function ‘pair-
wise.adonis’. Similarity Percentage Analysis (SIMPER) was used to assess the percentage
contribution of each OTU to the average dissimilarity between factor levels [111], based on
the R vegan function ‘simper’, allowing for the identification of potentially discriminat-
ing OTUs.

Indicator species analysis was also used to identify potential indicator OTUs that
could typify specific sampling stations or seasons (e.g., [10,41]). This analysis was based
on the Indicator Value (IV) index [106,112], computed by the R indicspecies function
‘multipatt’. The higher the mean abundance and relative frequency of occurrence of each
OTU, the higher the IV. OTUs with IV >30% and p-value < 0.05 were considered as reliable
indicators [10]. The significance of the indicator values for each OTU was tested using a
Monte Carlo permutation test, with 999 random permutations. The classification of OTUs
into generalists and specialists, at the station or season level, was based on the criteria
defined by [41,113]. OTUs with IV >30%, similar for all stations or seasons were considered
generalists. OTUs with IV >30% for at least one station or season, but statistically different
between them, were considered specialists. When permutation-based p-values were not
available, OTUs with IV >30% were not classified as indicators [106].

The R vegan function ‘envfit’ was applied to determine which individual environ-
mental variables best explained spatial–temporal patterns in phytoplankton assemblage
structure detected in the NMDS ordination. The variance explained (r2) by regressing each
environmental variable onto the phytoplankton ordination axis and its p-values were used
to assess the significance of these relationships [99]. Biota-Environment Stepwise Analysis
(BIOENV) was also used to determine which combination of environmental variables
best explained the phytoplankton assemblage patterns, based on the R vegan function
‘bioenv’ [114]). Significance was measured by the value of the Spearman correlation coeffi-
cient (rS), and associated p-value, using the Mantel test (R vegan function ‘mantel’).

In addition, Canonical Correspondence Analysis (CCA), an interpretative constrained
ordination analysis, was used to assess the relationships between abiotic environmental
variables and specific phytoplankton OTUs. CCA assumes a unimodal relationship between
species and environmental variables, and allows for the study of long environmental
gradients, creating the best synthetic environmental gradients that maximally separate
species niches (see reviews [107,115]). Abundance data of phytoplankton OTUs detected in
more than 95% of the samples were square root transformed, prior to analysis. A stepwise
procedure, starting with a model including all environmental variables, was used to select
only those that significantly contributed to the CCA model. Collinear environmental
variables, with variance inflation factors (VIF) higher than 10, were excluded using the
R ‘vif.cca’ function. Monte Carlo permutation tests (999 permutations) were used to
assess the significance of each variable and CCA axis [116]. The location of each species
in respect to the environmental vectors is usually considered as indicative of the niche
optima conditions. However, this interpretation should be considered cautiously due to
the underlying assumptions (species distribution under environmental control, unimodal
distribution for each variable, implying relatively long gradients; see [108]).

3. Results
3.1. Abiotic Environmental Setting

This study evaluated a series of abiotic environmental variables representative of the
external natural and anthropogenic forcings acting on the RF lagoon, including meteorolog-
ical, hydrological (precipitation, Guadiana River discharge, WWTP effluent discharge) and
oceanographic variables (SST and CSET), as well as the physico-chemical conditions of the
lagoon water. The basic statistical information for these variables (e.g., mean, standard de-
viation, minimum and maximum values) and differences between stations are summarised
in the Supplementary Materials (Tables S1 and S2).
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3.1.1. External Forcings: Meteorological, Hydrological, and Oceanographic Variables

During the study period (September 2018–September 2020), daily rainfall precipitation
averaged 0.9 ± 3.3 mm, with high precipitation events (20–30 mm) occurring during the
autumn–winter period (e.g., November 2018, December 2019) and spring 2020 (Figure S1).
Higher Guadiana River discharge was generally associated with stronger rainfall events,
namely in December 2019 and in January and April 2020, indicating a potentially greater
influence of natural freshwater sources in the study area (Figure S1). The daily discharge
of the Almargem stream, measured 4.7 km upstream of the WWTP discharge point only
during the period July 2019–September 2020, averaged 0.00025 m3 s−1 (i.e., 21.5 m3 d−1;
see Table S1), and was above zero on only three days (15–17 April 2020, 0.01–0.05 m3 s−1,
3-day period average: 3456 m3 d−1). The statistical information (mean ± SD) of the water
quality of the Almargem stream, available only for the period 1994–2018 (n = 28–78),
were the following: dissolved oxygen saturation: 95.7 ± 12.74%; nitrate: 37.8 ± 43.93 µM;
ammonium: 1.44 ± 1.78 µM; phosphate: 0.38 ± 0.24 µM; and total suspended solids:
10.36 ± 43.84 mg L−1.

The effluent discharge rate of the ALM WWTP averaged ca. 4093 m3 day−1, with a
mean total nitrogen load two times higher than the total phosphorus load (Table S1). The
mean effluent discharge was ca. 2-fold lower than the historical discharge of the Almargem
stream (9863 m3 day−1, [117]), but almost 200 times higher than the mean stream discharge
measured at Curral de Boieiros hydrometric station during the period July 2019–September
2020 (ca. 22 m3 day−1).

Over the adjacent coastal waters, the SST showed minimum values during December-
February, and the maxima during July–September (Figure S2A). The upwelling intensity,
estimated using the wind-based index CSET, averaged−97.4± 962.4 m3 s−1 km−1 coastline.
Upwelling-favourable conditions were detected more regularly during the spring–summer
period, namely, in 2019, but were also observed during other periods, such as January 2019
and October–December 2019 (Table S1 and Figure S2A).

3.1.2. Physico-Chemical Conditions in the Ria Formosa Lagoon

Water temperature, salinity, dissolved oxygen, and total suspended solids averaged
21.4 ◦C, 31.9, 9.4 mg O2 L−1 (129.6% O2 saturation), and 10.3 mg L−1, respectively (Table S2).
The mean concentrations of dissolved macronutrients were as follows: 6.2 µM N-NO3

−

(nitrate), 14.4 µM N-NH4
+ (ammonium), 6.6 µM P-PO4

3− (phosphate), and 22.5 µM Si-
SiO4

4− (silicate) (Table S2). Salinity progressively increased along the longitudinal transect
from the WWTP discharge point, while nutrient concentrations decreased. Compared to
other stations, the mean concentration of dissolved oxygen was higher at ALM 250, and
total suspended solids at ALM 250 and ALM 750 (see Table S2).

Most physico-chemical variables showed clear intra-annual variability patterns, which
were stronger at stations closer to the WWTP discharge point (Figure 2). Water tempera-
ture and salinity exhibited lower values in winter and higher values from summer to late
autumn, at all stations and for both years (Figure 2A,B). Atypical salinity minima values
(ca. 9 and 20 at ALM 250 and ALM 750, respectively) were detected in spring 2020, during
a period of high rainfall and freshwater discharge, coinciding with the maxima silicate
concentrations for these two stations (ca. 65 µM and 100 µM; Figure 2A,H). Dissolved
oxygen saturation showed higher values during summer (up to ca. 300%), namely at ALM
250 and ALM 750 (Figure 2C). Intra-annual variability patterns of the nutrient concentra-
tions differed between the sampling stations and years (Figure 2E–H). At ALM 250 and
ALM 750, the ammonium, nitrate, and phosphate concentrations were generally higher in
autumn 2018 (after intense rainfall period; Figure S1), and late summer, namely, during
2019 (Figure 2E–G). At ALM 1750, except for phosphate, nutrients mostly showed higher
concentrations between winter and early spring, with steep declines thereafter and minima
in summer. Episodes of high ammonium and nitrate concentrations were also detected in
August 2019 and November 2019, respectively (Figure 2E–H).
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3.2. Phytoplankton Assemblage Structure

The basic statistical information on the phytoplankton metrics (Chl-a, abundance, and
diversity) for the three sampling stations is summarized in Table 1. Considering only mor-
phologically distinct nanoplankton and microplankton cells, a total of 147 phytoplankton
OTUs were observed (including species and broader taxonomic units), of which 57 OTUs
were present in all stations (see Table S3). A total of 47 OTUs (32%) were present at only
one station, 10 OTUs at ALM 250, 7 OTUs at ALM 750, and 30 OTUs at ALM 1750. OTUs
included 27 benthic taxa (dominated by diatoms), 11 OTUs generally associated with
freshwater systems (dominated by chlorophytes), and several potentially harmful taxa (e.g.,
Dinophysis acuminata complex, Pseudo-nitzschia spp., Kryptoperidinium foliaceum, Heterosigma
akashiwo) (see Table S3).
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Table 1. Statistical information, including mean, standard deviation (SD), minimum (Min) and
maximum (Max) values, number of observations (N), for chlorophyll-a concentration, the abundance
of specific phytoplankton operational taxonomic units (OTUs), and diversity metrics, for the three
lagoon stations (ALM 250, ALM 750, and ALM 1750). The mean annual relative contribution (%) of
different phytoplankton groups to ‘total’ abundance, at each station, is also included (in brackets,
after mean ± SD). Significant differences between stations (DbS) are also included. Asterisk symbols:
*, **, and *** indicate p-values < 0.05, <0.01, and <0.001, respectively. bd: below detection limit; na:
not available; ns: not significant.

Variable Station (ALM) Mean ± SD [% Contr.] Min–Max N DbS
Chlorophyll-a concentration and phytoplankton abundance

Chlorophyll-a
(µg L−1)

250 8.5 ± 25.4 0.5–115.2 20
250 > 1750 **

and 750 > 1750 *
750 9.0 ± 28.6 0.4–126.5 19

1750 1.5 ± 1.1 0.2–4.5 19

Total Abundance
(×103 cells L−1)

250 8.131 ± 21.826 0.147–98.733 20
ns750 4.767 ± 8.805 0.132–38.151 19

1750 2.148 ± 2.180 0.130–7.600 19

Planktonic Diatoms
(×103 cells L−1)

250 5.052 ± 17.522 [73.7] bd–78.432 20
ns750 2.626 ± 7.718 [63.6] bd–33.580 19

1750 1.19 ± 1.87 [60.4] bd–5.922 19

Pseudo-nitzschia spp.
(×103 cells L−1)

250 0.011 ± 0.026 [0.2] bd–0.089 20 250 < 1750 ***
and 750 < 1750 *
and 250 < 750 *

750 0.056 ± 0.182 [1.3] bd–0.801 19
1750 0.173 ± 0.416 [7.7] bd–1.782 19

Cryptophyceans
(×103 cells L−1)

250 1.092 ± 1.281 [16.8] 0.069–4.566 20
ns750 0.978 ± 1.033 [24.5] 0.032–4.04 19

1750 0.579 ± 0.678 [25.1] 0.016–3.049 19

Plastidic Dinoflagellates
(×103 cells L−1)

250 0.184 ± 0.286 [2.7] 0.008–1.132 20
ns750 0.152 ± 0.254 [3.7] 0.004–0.981 19

1750 0.057 ± 0.090 [2.7] 0.0002–0.376 19

Kryptoperidinium foliaceum
(×103 cells L−1)

250 0.075 ± 0.136 [1.1] bd–0.410 20
250 > 1750 *** and

750 > 1750 ***
750 0.089 ± 0.187 [2.1] bd–0.711 19

1750 0.0002 ± 0.001 [0.01] bd–0.005 19

Benthic Diatoms
(×103 cells L−1)

250 0.18 ± 0.26 [2.7] 0.003–0.92 20
ns750 0.12 ± 0.15 [2.8] 0.009–0.39 19

1750 0.06 ± 0.07 [3.5] 0.002–0.260 19

Cyanobacteria
(×103 cells L−1)

250 0.197 ± 0.24 [2.8] bd–0.8190 20
ns750 0.081 ± 0.1384 [1.9] bd–0.5341 19

1750 0.0078 ± 0.0167 [0.5] bd–0.0585 19
Phytoplankton diversity metrics

Estimated species richness
(Observed Species richness)

250 136.2 (93) na 21
na750 132.7 (90) na 20

1750 152.6 (120) na 21

Average observed species
richness

250 19.9 ± 6.4 8–34 21
250 < 1750 ** and

750 < 1750 *
750 20.7 ± 6.1 10–32 20

1750 27.1 ± 8.9 11–41 21

Species dominance
(Hulburt index)

250 69.3 ± 14.7 39.9–95.5 21
ns750 66.2 ± 13.7 40.1–92.3 20

1750 63.6 ± 14.0 37.3–90.3 21

Species diversity
(Shannon–Wiener index)

250 1.6 ± 0.4 0.6–2.2 21
ns750 1.6 ± 0.4 0.6–24 20

1750 1.7 ± 0.4 0.8–2.5 21

Species evenness
(Pielou index)

250 0.5 ± 0.2 0.2–0.8 21
ns750 0.5 ± 0.1 0.2–0.8 20

1750 0.5 ± 0.1 0.2–0.8 21
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Overall, the 147 OTUs detected were assigned to the following nine phyla: 68 Het-
erokontophyta (including 67 diatoms and 1 silicoflagellate), 52 Dinoflagellata, 10 Chloro-
phyta, 7 Cyanobacteriota, 3 Euglenophyta, 3 Ochrophyta, 2 Cryptista, 1 Charophyta, and
1 Haptophyta. Diatoms and dinoflagellates thus represented ca. 46% and 34% of the total
OTU richness (see Table S3). Considering each sampling station individually, the observed
OTU richness (90–120, see Table S3) was higher at ALM 1750, and lower than the estimated
richness (Chao1: 132.7–152.6; see Table 1).

3.2.1. Phytoplankton Biomass, Abundance, and Diversity

Chl-a concentration (0.2–126.5 µg L−1), used as a proxy for the phytoplankton biomass,
was, on average, ca. 6-fold lower at ALM 1750 compared to other stations (Table 1). In terms
of abundance, the phytoplankton assemblages were globally dominated by planktonic
diatoms (2976.5 ± 10,801.6 cells L−1) and cryptophyceans (899.8 ± 1011.3 cells L−1), with
minor contributions from plastidic dinoflagellates (131.5± 222.8 cells L−1), benthic diatoms
(126.5 ± 181.3 cells L−1), and cyanobacteria (92.7 ± 173.9 cells L−1). Considering each
sampling station individually, planktonic diatoms, cryptophyceans, plastidic dinoflagel-
lates, benthic diatoms, and cyanobacteria represented, on average, 60–74%, 17–25%, 3–4%,
3–4%, and 1–3% of ‘total’ phytoplankton abundance, respectively (Table 1). Although
the mean abundances of the whole phytoplankton assemblage or the main functional
groups decreased from ALM 250 to ALM 1750, no significant differences were detected
between the stations. However, differences between the stations were observed for specific
groups, including potentially harmful taxa. Kryptoperidinium foliaceum was more abun-
dant in the innermost lagoon stations, closer to the WWTP discharge point (ALM 250
and ALM 750, p < 0.001). For Pseudo-nitzschia spp., the abundance increased progressively
from ALM 250 to ALM 1750, closer to the Tavira inlet (p < 0.05; Table 1). For the latter
(ASP-producers), significantly higher abundances were observed in the lagoonal (‘Tavira’,
p < 0.001) and coastal shellfish production areas (L8 and L9, p < 0.001) in respect to ALM
stations (see Figure S3). Higher abundances of Dinophysis spp. (DSP producer) were also
observed in coastal shellfish production areas in respect to the lagoonal stations (p < 0.001;
see Figure S3).

In terms of the diversity metrics that aggregate abundance and composition, the
phytoplankton dominance (δ), diversity (H′), and evenness (J′) ranged between 37.3 and
95.5%, 0.6–2.5, and 0.2–0.8, respectively. No differences between stations were detected for
the diversity metrics, except for the mean OTU richness, which was higher at ALM 1750
compared to the other stations (p < 0.05; Table 1).

Regarding the temporal variability, Chl-a concentration showed similar intra-annual
patterns at all stations, with lower values detected during the autumn–winter period,
and higher values during summer, for both years. In July 2019, the notoriously high
Chl-a values detected at the ALM 250 and ALM 750 stations (115.2–126.5 µg L−1; see
Figure 3A) coincided with extreme silicate minima (0.4–0.5 µM) and oxygen saturation
maxima (300.0–363.9%; Figure 2C,H). In the adjacent coastal region, strongly connected
with ALM 1750, the Chl-a increases started earlier (November) for both years, reaching peak
values during winter, which were anticipated and more intense in 2020 (Figure S2B), after
strong autumn upwelling activity (Figure S2A). Relative increases were also observed in
late spring/summer, which were more sustained in 2019, under a stronger, more persistent
summer upwelling intensity (see Figure S2A,B).
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Figure 3. Monthly variability of phytoplankton biomass and abundance of representative functional
groups of phytoplankton or taxa for the different lagoon stations (ALM 250, ALM 750, and ALM 1750),
during the study period. (A) Chlorophyll-a (Chl-a) concentration (proxy for phytoplankton biomass);
and abundance of (B) planktonic diatoms; (C) Cryptophyceans; (D) benthic diatoms; (E) Plastidic
dinoflagellates; and (F) Pseudo-nitzschia spp. Numbers associated with Chl-a peaks correspond to
extreme out-of-scale observations, colored according to the station where the peak was observed. For
some variables, note differences in scale between ALM 1750 and other sampling stations.

Planktonic diatoms paralleled the Chl-a variability patterns at all stations, with the
maxima abundance in summer, namely, in July 2019, at the stations ALM 250 and ALM
750 (Figure 3B). The other major functional groups, cryptophyceans, benthic diatoms,
and plastidic dinoflagellates, and the potentially harmful Pseudo-nitzschia spp. generally
showed higher abundances during the spring–summer period, for both years (Figure 3C,D),
but the increase in the cryptophyceans abundance started in spring, earlier than that of
diatoms (Figure 3B,C). Considering the phytoplankton diversity metrics, no differences
in the average OTU richness, diversity, and dominance indices were detected between
seasons. However, the evenness index was lower in summer compared to the other seasons
(p < 0.05; see Table S4).

3.2.2. Phytoplankton Assemblage Structure and Main Taxa Contributing to Dissimilarity

The distance matrices used to explore the spatial–temporal patterns in the phytoplank-
ton assemblage structure were composed of 62 samples (3 sampling sites × 21 sampling
dates) and 81 OTUs (detected in more than 5% of the samples, out of the 147 OTUs). The
NMDS analyses resulted in a four-dimensional ordination with a stress value of 0.14, and
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the ordination plot arranged the samples according to the site and season (Figure 4). The
location of samples from the stations ALM 250 and ALM 1750 were mostly concentrated
in the left and right plot areas, respectively. Furthermore, the summer samples were
mostly plotted in the lower right plot area, and the winter samples in the upper plot area
(Figure 4). These patterns were further supported by the PERMANOVA analysis, which
revealed highly significant differences in the structure of the phytoplankton assemblages
between the stations and seasons (p < 0.001). Pairwise comparisons showed significant
differences between ALM 1750 and the other stations, stronger for the station closest to
the WWTP discharge point (ALM 250, p < 0.001), and similar phytoplankton assemblage
structures at the two innermost stations, ALM 250 and ALM 750 (Table S5). Significant dif-
ferences were also detected between all seasons, being weaker between autumn and winter
(p < 0.01, Table S5).
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SIMPER analysis ranked the phytoplankton OTUs according to their contribution
to the overall dissimilarity in the assemblage structure between stations and seasons. In
terms of the spatial variability, the average dissimilarity between ALM 1750 and the other
two stations varied between 58 and 59% (Tables S6 and S7) and was explained by a large
number of discriminating OTUs with low individual contributions to the overall dissim-
ilarity (≤5%). A total of 27 OTUs accounted for 70% of the cumulative dissimilarity, all
of which were present at all stations but at different abundances (Tables S6 and S7). The
most influential discriminating OTUs (individual contributions >3%) included Chaetoceros
spp., Pseudo-nitzschia delicatissima group, unidentified chlorophytes (more abundant at
station ALM 1750), Thalassiosira sp. (more abundant at station ALM 750), Kryptoperidinium
foliaceum, cryptophyceans <10 µm, unidentified Oscillatoriales, Eutreptiella sp. (more abun-
dant at stations ALM 250 and ALM 750), and benthic pennate diatoms <10 µm (more
abundant at station ALM 250). Considering seasonal variability (54–66% dissimilarity),
higher dissimilarities were detected for winter compared to spring (61%) and summer
(66%) assemblages (Tables S8–S13). A total of 31 OTUs accounted for 70% of the cumula-
tive dissimilarity. The most influential OTUs included the nine OTUs referred to above,
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plus unidentified Gymnodiniales <20 µm, pennate diatoms >10 µm, unidentified coccol-
ithophores, Cylindrotheca closterium, Sundstroemia setigera/S. pungens, Cyclotella sp. and
Skeletonema sp. (Tables S8–S13). Most of the OTUs were generally more abundant dur-
ing summer, in respect with the other seasons, but some of the OTUs showed higher
abundances during other seasons (Tables S8–S13).

Indicator species analysis, applied to 81 phytoplankton OTUs, highlighted a total
of 29 OTUs with IV >30%, potentially of value as indicators. These included only one
generalist OTU, cryptophyceans <10 µm (IV >30% for all stations), and 19 specialist OTUs,
with 8 season specialists and 11 station specialists (Tables 2 and 3). Most specialists
(13 OTUs) were present at all stations but at different abundances (Table S3). The station
specialists included unidentified Oscillatoriales (ALM 250), Kryptoperidinium foliaceum
(ALM 250 and ALM 750), and a group of eight dinoflagellates and one diatom for ALM
1750. At the latter station, the specialist OTUs included Scrippsiella spp., Prorocentrum micans,
Heterocapsa spp., Dinophysis acuminata complex, Prorocentrum spp., Tripos fusus, Prorocentrum
scutellum, Prorocentrum triestinum, and Pseudo-nitzschia seriata complex (Table 2).

Table 2. List of phytoplankton operational taxonomic units (OTUs), and corresponding taxonomic
divisions, that emerged as indicators of the structure of phytoplankton assemblages in the lagoon, in
the whole study area (generalists) or at specific sampling stations (specialists). Sampling stations:
ALM 250, ALM 750, and ALM 1750. Indicator OTUs, with indicator value index (IV) above 30%, are
listed in alphabetical order. Generalist (p-value > 0.05) and specialist OTU indicators (p-value < 0.05)
are highlighted in bold. Asterisk symbols * and ** indicate p-value < 0.05 and ≤0.01, respectively.
ns: not significant. Symbols next to each taxa represent different phytoplankton groups, including
diatoms or specific phyla: H—Chlorophyta; +—Cryptista; �—Cyanobacteriota; ∆—Diatoms; #—
Dinoflagellata; ˆ—Euglenophyta; •—Haptophyta.

Phytoplankton OTUs
IV (%)

p-Val.
250 750 1750

Chaetoceros spp. ∆ 14.2 22.5 36.8
Unidentified Chlorophyte 1 H 27.9 25.7 33.6

Unidentified Coccolithophores • 31.6 29.1 17.8
Unidentified Cryptophyceae >10 µm + 28.3 33.4 31.8
Unidentified Cryptophyceae <10 µm + 33.3 31.4 30.4 ns

Dinophysis acuminata complex # 0 0 38.1 **
Eutreptiella spp. ˆ 25.8 34.3 15.7

Unidentified Gymnodiniales <20 µm # 36.6 25.6 19.4
Heterocapsa spp. # 5.2 2.0 40.2 *

Kryptoperidinium foliaceum # 47.4 41.1 0.5 **
Unidentified Oscillatoriales � 31.0 22.4 2.4 **

Unidentified Pennales >10 µm ∆ 34.9 30.4 23.6
Prorocentrum cf. scutellum # 0.1 0 37.1 **

Prorocentrum micans # 0.8 0.2 52.4 **
Prorocentrum spp. # 0.1 0 37.7 **

Prorocentrum triestinum # 0 0.02 33.2 **
Pseudo-nitzschia delicatissima group ∆ 7.8 21.1 35.3

Pseudo-nitzschia seriata group ∆ 0.9 6.9 48.1 **
Scrippsiella spp. # 1.7 2.2 55.8 **

Tripos fusus # 0.1 0 37.2 **
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Table 3. List of phytoplankton operational taxonomic units (OTUs), and corresponding taxonomic
divisions, that emerged as indicators of the structure of phytoplankton assemblages in the lagoon,
at specific seasons. Indicator OTUs (all specialists), with indicator value index (IV) above 30%
(p-value < 0.05), are listed in alphabetical order, and highlighted in bold. Asterisk symbols * and
** indicate p-value < 0.05 and ≤0.01, respectively. ns: not significant. Symbols next to each taxa
represent different phytoplankton groups, including diatoms or specific phyla: •—Charophyta;
H—Chlorophyta; +—Cryptista; ∆—Diatoms; #—Dinoflagellata; and ˆ—Euglenophyta.

Phytoplankton OTUs
IV (%)

p-Val.
Autumn Winter Spring Summer

Akashiwo cf. sanguinea # 33.1 0 0 1.0 **
Chaetoceros spp. ∆ 6.5 3.6 30.4 39.1 **

Unidentified Chlorophyte 1 H 21.9 6.2 20.8 41.8
Closterium sp. • 0 41.7 0 0 **

Unidentified Cryptophyceae <10 µm + 21.1 13.5 29.5 31.6
Cylindrotheca closterium ∆ 7.8 21.4 18.4 36.1

Eutreptiella spp. ˆ 37.1 2.9 14.4 27.8 **
Unidentified Gymnodiniales <20 µm # 13.9 6.7 38.4 26.3

Kryptoperidinium foliaceum # 7.9 13.9 45.7 8.7
Navicula spp. ∆ 1.1 9.2 30.3 5.6 ns

Unidentified Pennales >10 µm ∆ 11.2 16.8 35.2 27.6
Unidentified Pennales <10 µm ∆ 2.9 9.3 15.7 40.8 **

Pseudo-nitzschia delicatissima group ∆ 14.1 1.4 7.0 48.7 *
Sundstroemia setigera/S. pungens ∆ 1.0 0.2 0 65.8 **

Thalassiosira sp. ∆ 0.2 1.7 1.1 50.2 **
Unidentified thecate dinoflagellates >20 µm # 0.4 2.3 30.5 11.2 ns

3.3. Linkages between Phytoplankton Assemblage Structure and Abiotic Environmental Variables

The spatial–temporal patterns in the structure of phytoplankton assemblages during
our study, identified by NMDS analysis, were significantly correlated with changes in some
abiotic environmental variables. The R ‘envfit’ function identified seven highly significant
variables, superimposed on the NMDS ordination plot (see Figure 4): water temperature
(p < 0.01), salinity (p < 0.001), and concentrations of nitrate, silicate, phosphate, ammonium,
and nitrite (p < 0.01). According to the BIOENV analysis, water temperature, the most
significant variable identified by the ‘envfit’ function, and nitrate concentration represented
the combination of abiotic environmental variables that best explained the changes in the
phytoplankton assemblage structure (rS = 0.38, p = 0.01).

CCA analysis showed that four abiotic environmental variables, the water temperature,
pH, and nitrate and silicate concentrations, significantly explained the total variance in the
phytoplankton assemblage structure (23% of total variance explained, F = 4.2, and p = 0.001;
Figure 5). Except for pH, these also emerged as influential abiotic variables in the ‘envfit’
and BIOENV analysis. The eigenvalues for the first two canonical axes (CCA 1: 0.379; and
CCA 2: 0.165) explained 78% of the constrained variance in the phytoplankton structure
(phytoplankton–environment relationship) with the CCA 1 and CCA 2 accounting for
54% and 24%, respectively. The first axis was positively correlated with pH (canonical
coefficient, r = 0.71), nitrate (r = 0.41), and temperature (r = 0.17), and negatively with
silicate (r = −0.24). The second axis was positively related with temperature (r = 1.00),
and negatively related with silicate (r = −0.47) and nitrate (r = −0.29). Overall, the CCA
analysis extracted two synthetic environmental gradients: a strong gradient, characterized
by increases in pH, nitrate, and temperature, with concomitant decreases in silicate, and a
secondary gradient characterized by increases in temperature with concurrent decreases in
the silicate and nitrate concentrations. The projection of the samples onto the CCA plot
showed that seasonal changes in the phytoplankton assemblages occurred, predominantly,
along the second environmental gradient (summer and winter located at the lower and
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upper plot areas, respectively), while changes during summer were additionally associated
with the first environmental gradient (see Figure 5A).
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units, OTUs (as abbreviations or open circles, see panels (B–E)) in the lagoon. Abbreviations and
circles representing each OTU are color coded according to the functional group or taxonomic unit in
which they are integrated. Only dominant OTUs, considering mean abundance, are represented; from
those, less abundant OTUs are displayed as circles. Vectors (arrows) represent statistically significant
(p < 0.05) environmental variables, and the origin (0,0) indicates the mean of each variable. Abiotic
environmental variables: water temperature (T), pH, and concentration of nitrate (NO3) and silicate
(SiO4). OTU abbreviations organized by alphabetical order: Amp_Het: unidentified Amphidomat-
aceae/Heterocapsa sp.; As: Akashiwo cf. sanguinea; Cc: Cylindrotheca closterium; Cda: Chaetoceros danicus;
Cha: Chaetoceros spp.; Clo: Closterium sp.; Cry_less_10: unidentified Cryptophyceaeans <10 µm;
Cyc: Cyclotella sp.; Ent: Entomoneis sp.; Gdig: Gonyaulax digitalis; Gui: Guinardia spp.; Gym_less_20:
unidentified Gymnodiniales <20 µm; Ha: cf. Heterosigma akashiwo; Hr: Heterocapsa rotundata; Kfol:
Kryptoperidinium foliaceum; Ld: Leptocylindrus danicus; Lep: Leptocylindrus sp.; Lp: Lingulodinium
polyedra; Mer: Merismopedia spp.; Mon: Monoraphidium sp.; Mp: cf. Margalefidinium polykrikoides;
Nav: Navicula spp.; Nit: Nitzschia spp.; Nr: Nitzschia reversa; Osc: Oscillatoria spp./Planktothrix spp.;
Ple: Pleurosigma spp./Gyrosigma spp.; Sc: Skeletonema costatum; Ske: Skeletonema sp.; The_less_20:
unidentified thecate dinoflagellates <20 µm; unChl_1: unidentified Chlorophyte I; unCya: uniden-
tified Cyanophyceae; unDin_less_20: unidentified dinoflagellates <20 µm; unOsc: unidentified
Oscillatoriales. Note the difference in scale between panel A and other panels.
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The projection of the phytoplankton taxa onto the first and second CCA axes re-
vealed the distribution of the major OTUs along these environmental gradients. OTUs
near (distant) on the plot are expected to have similar (dissimilar) distributions, with the
samples near the OTU symbols tending to have higher abundances than the samples far
from the OTUs (Figure 5A versus Figure 5B–E). For planktonic diatoms, a dominant phy-
toplankton group, some species were associated with lower than average temperatures
and higher nitrate and/or silicate concentrations (e.g., Skeletonema costatum, Chaetoceros
danicus, Leptocylindrus sp., Guinardia delicatula) while others were apparently favoured by
higher temperatures and lower nitrate and/or silicate concentrations (e.g., Leptocylindrus
danicus, Guinardia sp., Chaetoceros sp., Hemiaulus sp., Cyclotella sp.), mostly associated with
the summer samples (Figure 5B,C). Cyclotella was also associated with very high pH values,
compared to other OTUs (Figure 5B,C). Benthic diatoms were mostly associated with above
average nitrate and silicate concentrations, low temperature, and average to low pH (e.g.,
Entomoneis sp., Navicula spp., Nitzschia sp., Pleurosigma/Gyrosigma). However, Nitzschia
reversa was apparently favoured by higher pH and temperature, and Cylindrotheca closterium
by quasi-average conditions (Figure 5B,C). Unidentified cryptophyceans (<10 µm) were
associated with a slightly lower than average temperature and pH, and slightly higher nu-
trient concentrations (Figure 5B). For plastidic dinoflagellates (Figure 5B,D), some species
were associated with above average temperatures, lower nitrate concentration, and a
low to average pH and silicate concentration (e.g., Heterocapsa rotundata, Margalefidinium
polykrikoides, Gonyaulax digitalis, Lingulodinium polyedra). Others, namely, Akashiwo cf.
sanguinea and Kryptoperidinium foliaceum, were apparently favoured by a below-average
temperature and pH, and higher nitrate and silicate concentrations (Figure 5B,D). For
cyanobacteria, unidentified Oscillatoriales were associated with a below average temper-
ature and pH and slightly higher nutrient concentrations (Figure 5E). Merismopedia spp.
appeared to be favored by an above average pH, temperature, and nitrate concentration,
and Oscillatoria/Planktothrix by a higher nitrate concentration but a lower temperature
(Figure 5E). The raphidophycean Heterosigma akashiwo, the dictyophycean Dictyocha sp.,
and the freshwater desmid (zygnematophycean) Closterium sp., were associated with a
below average temperature and pH, and higher nutrient concentrations, especially for the
last two OTUs (Figure 5B). Monoraphidium sp., a freshwater chlorophyte, was apparently
favored by an above average temperature and pH, average nitrate, and below average
silicate concentrations (Figure 5B).

4. Discussion

This study represents the first analysis of the phytoplankton assemblage structure for
the RF eastern sector, the lagoon area more influenced by freshwater and with a lower water
quality [46,51]. Our methodological approach used in situ observations and satellite remote
sensing to retrieve information on multiple abiotic variables, indicative of natural processes
and anthropogenic pressures, and phytoplankton data in the RF lagoon and adjacent coastal
waters. This dataset was explored using univariate and multivariate statistical techniques,
providing a holistic perspective on the spatial–temporal patterns of the phytoplankton
assemblage structure and underlying environmental predictors. This strategy has never
been applied for the RF lagoon, and is not frequently used for other lagoon systems. The
phytoplankton biomass and assemblage structure exhibited significant spatial differences
along the 1.5 km environmental gradient between a WWTP discharge point and an outer
lagoon location, in the vicinity of an inlet, as well as pronounced intra-annual variability
patterns, as previously hypothesized. However, the main taxa contributing to the spa-
tial heterogeneity and the group-specific temporal patterns, discussed below, were not
consistent with our specific working hypotheses.

4.1. Abiotic Environmental Setting

Our study evaluated a longitudinal transect exposed to different anthropogenic and
oceanic influences. Overall, the progressive increase in nutrient concentrations and de-
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crease in salinity from the outermost station (ALM 1750) to the innermost station (ALM 250)
reflected the influence of the WWTP effluent discharges, as reported for lagoons ([117])
and other coastal systems receiving wastewater discharges (see [30]). In the RF lagoon,
the intensity and spatial extent of the wastewater influence are controlled by the effluent
discharge rates and loads, but are strongly shaped by the local hydrodynamics and tidal
stage [30,48]. The relatively restricted hydrodynamics over the two innermost stations [48],
together with sampling during neap low tides (see [30]), can explain this water quality
gradient. The distribution of the microbial indicators of faecal contamination assessed
concurrently with our study also showed a reduction along the 1.5 km longitudinal transect,
with a strong dilution effect during high tide [118]. However, regardless of the WWTP
influence, increased agricultural nutrient runoff, confinement, shallowness, sediment resus-
pension, and biological activity could partially justify the higher nutrient concentrations in
the inner compared to outer coastal lagoon areas (e.g., [42,46]).

In addition to the local anthropogenic freshwater source (WWTP’s effluent), the study
area is also affected by the Almargem stream. Yet, considering the high-quality water
status reported for this stream (unpolluted–slightly polluted; [119]), and the water quality
data and low average discharge during the study period (likely underestimated), the
influence of this non-permanent stream was probably minimal compared to that of the
WWTP. However, a more sustained perception of the relevance of the Almargem stream
as a nutrient source would require the improved availability of freshwater discharge, a
variable that should be included in future studies. The influence of natural freshwater
sources was evident during the period April–May 2020, when strong persistent rainfall and
an episodic increase in the Almargem stream discharge were associated with the lowest
salinity (9) and highest silicate concentration (100 µM) detected throughout the study. The
influence of natural freshwater sources, probably minimized during our study, under low
mean annual precipitation (ca. 330 mm, i.e., 65% of the region climatological average,
see [30]), could be probably incremented under increased rainfall patterns [42,46,120].

At the furthest station from the WWTP discharge point (ALM 1750), the water physico-
chemical conditions were close to those generally reported for the main channels of the
RF lagoon, under less anthropogenic influence [30,42,51]. Despite its exposure to oceanic
influence [48], the increased and sustained coastal upwelling activity detected during the
spring–summer period, as usually reported for the southern Portuguese coast (e.g., [94]),
and in autumn 2019, did not show clear effects on the abiotic variables at ALM 1750.

4.2. Composition of Phytoplankton Assemblages

The use of inverted microscopy precluded the analysis of picophytoplankton and
morphologically inconspicuous nanophytoplankton, resulting in an underestimation of
the total phytoplankton abundance. Picophytoplankton is a key functional group in
lagoonal systems, usually promoted by regenerated nutrients and dissolved organic matter,
and sometimes associated with harmful, ecosystem-disruptive blooms (e.g., [24,27,121]).
Indeed, in the western sector of the RF lagoon, Synechococcus-like picocyanobacteria and
picoeukaryotes numerically dominate phytoplankton [54,67], but represent a more modest
contribution to the total phytoplankton biomass (ca. 7–14%; [54]), as reported for other
coastal lagoons (e.g., [122]).

During our study, the phytoplankton abundance was dominated by two functional
groups, small chain-forming euplanktonic diatoms and cryptophyceans (average contri-
butions: 60–74% and 17–25%, respectively), also reported as the dominant nano- and mi-
crophytoplankton groups in the western RF lagoon [30,53–55] and other lagoonal systems
worldwide [10,37,41,122,123]. Numerically dominant planktonic diatoms (were ubiquitous
opportunistic marine taxa (Cyclotella, Chaetoceros spp., Thalassiosira sp., Skeletonema spp. and
Pseudo-nitzschia delicatissima group), considered r-ecological strategists, were favored by
strong vertical mixing and high nutrient availability (e.g., [3]). Further, the high mean Si:N
ratios in the RF lagoon (2.3 ± 3.3 and 3.8 ± 6.4 at ALM 250 and ALM 750, respectively),
and the short water residence times in the RF lagoon, that favor faster-growing diatoms
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(e.g., [39]), may also explain the prevalence of these diatoms in the RF lagoon. In the case
of cryptophyceans, identified as the only generalist OTU in the study area, functional
traits such as highly efficient green light-harvesting phycobiliproteins, the ability to use
dissolved organic carbon or live prey as a supplement to photosynthesis (see [124,125]), and
dimorphic sexual life cycles [126], may explain their persistence and success under variable
environmental conditions, including low light and nutrients. The dominant phytoplankton
groups, small diatoms and cryptophyceans, could thus be considered C- and R-strategists,
adapted to high nutrient and variable light availability (sensu [127]).

Although with a lower average contribution (3–4%), the presence of benthic/
tychoplanktonic pennate diatoms (26 OTUs, ca. 18% of OTU richness), resuspended from
the lagoon sediments (e.g., Cylindrotheca closterium species complex, Navicula), indicated
the intense benthic–pelagic coupling within the RF lagoon, as reported for this [128] and
commonly to other coastal lagoons (e.g., [25,41,129–131]). The small average contribution
of plastidic dinoflagellates (3–4%) likely reflected their generally low tolerance to high
turbulence [132], and high ammonium concentrations [133], especially at the innermost
stations. The dominant OTUs included Type I and Type II small dinoflagellate morpho-
types (Kryptoperidinium foliaceum, unidentified gymnodinoids, Heterocapsa, and Scrippsiella),
adapted to relatively high turbulence and nutrient availability. These forms are favored in
shallow, well-mixed, nearshore systems (see [134]), including estuarine and coastal lagoon
systems (e.g., [133,135]).

Larger planktonic diatoms (Sundstroemia setigera/S. pungens, Pseudo-nitzschia seriata
group, Guinardia delicatula, G. striata, G. flaccida, Proboscia alata), mostly k-ecologically
selected forms with improved buoyancy regulation and nutrient storage [127,136], and
dinoflagellates (see below), R- and S-strategists favored under resource-limiting conditions
(sensu [127]), were minor contributors to phytoplankton abundance. The low contribu-
tions of these groups have also been reported for lagoonal systems with low freshwater
inputs (e.g., [18,41,129,137]) or short residence times [39], conditions prevalent in the RF
lagoon. The low average contributions of cyanobacteria, chlorophytes, and euglenophytes,
phytoplankton indicator groups of increased freshwater influence in coastal lagoon sys-
tems [19,26,29,41], globally reflected the euryhaline nature of the RF lagoon.

4.3. Spatial–Temporal Variability in Phytoplankton Biomass and Abundance

The mean phytoplankton biomass, inferred from Chl-a concentration, was ca. 6-fold
higher at the two innermost stations (8.5–9.0 µg L−1) compared to ALM 1750 (1.5 µg L−1).
At the outer station, the values were within the range of previous reports, whereas the mean
values at the innermost stations were clearly higher than those typically reported for inner
RF lagoon locations, including urban-impacted areas (see [42,51,58]). Notably, these high
mean values were strongly driven by episodic summer blooms, and the Chl-a exceeded
the reference Chl-a value for southern Portuguese coastal lagoons (5.3 µg L−1; [59]) in only
13% of the samples. High Chl-a values near the WWTP discharge points were also referred
for the western RF lagoon (up to 352.4 µg L−1; [30,47,56]) and other lagoon systems [138].

The higher Chl-a at the innermost stations can be explained by higher nutrient concen-
trations, also associated with WWTP discharges, higher mean light intensity in the turbid
but shallower water column [139], lower advective losses at these stations compared to
the outer station, and even direct importation of phytoplankton from the WWTP effluent
or Almargem stream. At ALM 1750, the intense exchange with coastal waters, with the
Chl-a generally below 1 µg L−1, further contributed to the dilution of the phytoplankton
biomass. These factors can also explain the generally higher, but not statistically different,
abundances of most phytoplankton functional groups at the two innermost stations. A
higher phytoplankton biomass, abundance, and/or production in the innermost lagoon
regions have been reported for the RF western sector [42,58] and other coastal lagoonal
systems, and are usually attributed to bottom-up controls, tidal flushing [18,26,41,140–142],
and riverine flushing [142]. However, relative phytoplankton declines in inner lagoon areas
have been also referred to as a result of light limitation [143] and intensified grazing by
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planktonic and benthic filter feeders [129,144,145]. These conditions also act as environmen-
tal filters (sensu [146]) that modulate the effects of nutrient loading on the phytoplankton
biomass and HABs [147,148]. Furthermore, the importation of phytoplankton biomass
into coastal lagoons during bloom events in adjacent coastal waters, which is more likely
for lagoons adjacent to upwelling coasts (e.g., [149]), may episodically switch the spatial
gradients between the inner and outer lagoon regions in the RF [43,61] and other lagoon
systems [13,39,150].

The unimodal annual cycles detected for both Chl-a and most phytoplankton func-
tional groups, with late spring to summer maxima, probably reflected the higher light
availability and temperature during this period. Recently, warming has been proposed
as a significant disturbance factor that disrupts predator–prey interactions, and triggers
phytoplankton blooms in shallow coastal waters [122]. Despite the large variability in
annual cycles in nearshore ecosystems [33], unimodal cycles with spring–summer maxima
have been frequently reported for shallow confined systems with relatively high nutrient
availability throughout the year (see [35,151]), including the western RF [42,55,58], and
other coastal lagoons worldwide [13,29,37,132,141,152]. However, earlier or later blooms
have been also reported for these ecosystems, associated with phytoplankton stimulation by
rainfall events and riverine nutrient runoff (e.g., [129,153]) and/or strong grazing pressure
by benthic filter feeders [13,154] and mesozooplankton [37].

The relative increases in cryptophyceans during spring followed by planktonic di-
atoms in summer, detected at all stations, together with the picophytoplankton maxima,
represent the annual phytoplankton succession pattern previously reported for the western
sector of the RF lagoon, unaffected by WWTP discharges [30,54,67]. The biomass of crypto-
phytes is top-down controlled by microzooplankton grazing, whereas diatoms appear to
be controlled by metazooplankton and/or benthic filter feeders (see [54,66]). The in situ
growth rates of cryptophyceans and diatoms in the RF lagoon are limited by light avail-
ability and/or temperature during the autumn–winter period (see [54,64,66]). However,
nitrogen and/or phosphorus limitation has also been observed during the autumn–summer
period, especially for diatoms [63–65,67], although not with sufficient severity to cause
a reduction in Chl-a and diatoms during summer. The classical diatom–dinoflagellate
succession, reported for some lagoons (e.g., [117,155,156]), was not observed in the RF
lagoon, probably due to high vertical mixing and relatively high nutrient availability
(see Section 4.2).

Due to its close hydrodynamic connectivity with the ocean, we expected to detect the
influence of upwelling patterns and phytoplankton dynamics from the adjacent ocean at
station ALM 1750 [80,84,94]. Differences in upwelling patterns during the study period
apparently shaped phytoplankton variability in the coastal area, promoting a secondary
summer bloom in 2019, and an earlier intense late winter bloom in 2020 (see Figure S2).
However, although the influence of coastal upwelling events can extend up to ca. 6 km
upstream of the RF lagoon inlets, due to the importation of nutrients and/or phytoplankton
into the lagoon [43,54,63], no clear evidence of upwelling activity was detected at ALM
1750. The dominant diatoms during the summer blooms at ALM 1750 (Chaetoceros spp.,
Thalassiosira sp., Leptocylindrus danicus, Pseudo-nitzschia spp.), different to those dominating
these events at the innermost stations (Cyclotella), are common bloom-forming taxa [35], but
also typical of the early upwelling stages [157]. Although the influence of upwelling cannot
be completely disregarded to explain the summer diatom blooms at ALM 1750, detecting
the effects of coastal upwelling events in the RF lagoon would require a higher-frequency
sampling strategy (e.g., [43,143]).

4.4. Spatial–Temporal Variability in the Structure of Phytoplankton Assemblages

Despite strong hydrodynamic connectivity between the RF lagoon and the adjacent
ocean, which tends to promote passive species dispersal (‘mass effect’) with respect to
species sorting [41,158], and similarity between stations for most biodiversity metrics and
the abundance of major phytoplankton groups, the heterogeneity in the environmental
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conditions along the 1.5 km longitudinal transect led to the differentiation in phytoplankton
assemblage structure. Several lines of evidence, including NMDS, PERMANOVA, SYMPER,
and indicator species analyses, revealed a dissimilarity in the structure of phytoplankton
assemblages between the two innermost stations (ALM 250–ALM 750) and the outermost
station (ALM 1750). At ALM 1750, a higher proportion of station-exclusive OTUs (25%)
compared to the innermost stations (8–11%), dominated by dinoflagellates, and significantly
higher mean OTU richness generally reflected the greater influence of oceanic conditions.
Higher phytoplankton diversity or species richness in outer lagoon areas [19,41], and
spatial differences in the structure of phytoplankton assemblages have also been reported
for both microtidal lagoons with moderate dispersal rates (e.g., [41,159]), and mesotidal
lagoons [160]. However, spatially homogeneous phytoplankton assemblages have been
also observed in Mediterranean microtidal lagoons [132,141], and small and/or strongly
flushed lagoon systems (e.g., [36,131]), including the western sector of the RF lagoon [55].

Contrary to our specific hypothesis, no significant differences in the phytoplankton
alpha diversity were detected between stations, and chlorophytes were not apparently
promoted under the increased influence of the WWTP discharge. Lower diversity or species
richness have been reported for lagoonal areas near wastewater discharges (e.g., [130]),
including in the western sector of the RF lagoon [30]. In our study, the similar phyto-
plankton alpha diversity across stations may be related with the importation of freshwater
species, and the less pronounced influence of the WWTP effluent. Chlorophytes, with
high maximum growth rates and high affinity to ammonium uptake [161], are usually
adapted to brackish hypereutrophic lagoons, in some cases impacted by wastewater dis-
charges [162–164]. Recent studies in the western RF lagoon identified freshwater chloro-
phytes, specifically the organic pollution-tolerant genus Scenedesmus, as indicators of the
influence of discharges from WWTPs, with a clear effluent footprint up to 750 m from the
discharge points [30,56]. Compared to these studies, the non-significant contribution of
chlorophytes could be related to the lower discharge rate of the ALM WWTP [56] and/or
the stronger flushing at our study area, supported by higher salinity (usually >25) near the
WWTP discharge point [30]. Yet, although at low mean abundances (<0.02%), the presence
of several freshwater genera only at the innermost stations (ALM 250-ALM 750), includ-
ing filamentous benthic cyanobacteria (Komvophoron and Phormidium; [165]), chlorophytes
(Closteriopsis, Pediastrum and Scenedesmus), and the desmid zygnematophycean Closterium,
indicated a higher freshwater influence at these stations, from the Almargem stream and/or
the ALM WWTP.

The most influential discriminating phytoplankton OTUs representing the two inner-
most stations included unidentified Oscillatoriales and Eutreptiella (generally associated
with freshwater influence; [19]), cryptophyceans <10 µm, benthic diatoms <10 µm (indica-
tive of higher resuspension at shallow stations), and Kryptoperidinium foliaceum. Crypto-
phyceans are considered a typical lagoonal group, usually more abundant in the inner RF
areas, during low tide [54]. Kryptoperidinium foliaceum, a euryhaline harmful dinoflagel-
late associated with dense blooms in lagoonal and estuarine systems (e.g., [36,135,166]),
appears to be favored in intermediate areas of the western sector of the RF lagoon (see [30]).
Interestingly, Kryptoperidinium foliaceum (ALM 250 and ALM 750) and unidentified Os-
cillatoriales (ALM 250) also emerged as the only inner lagoon specialist OTUs from the
indicator species analysis (p < 0.01), reinforcing their value as environmental indicators.
Some indicator OTUs reported as lagoon specialists in Venice Lagoon [41] were identified
as RF lagoon generalists (cryptophyceans <10 µm), and season-specific specialists (benthic
pennate diatoms). Numerically dominant centric diatoms (e.g., Cyclotella, Thalassiosira,
Leptocylindrus danicus), also reported as Venice lagoon specialists [41], were associated with
episodic intense blooms and, therefore, not classified as indicator species in our study.
Overall, our results show that the use of chlorophytes as quality elements in multi-metric
indices of wastewater influence, as proposed by [30], cannot be generalized to the entire RF
lagoon system.
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The most influential discriminating phytoplankton OTUs representative of the outer
station (ALM 1750) were ubiquitous marine diatoms, Chaetoceros sp., and the Pseudo-
nitzschia delicatissima group. In addition, Pseudo-nitzschia seriata group and eight dinoflagel-
late groups emerged as indicator, station specialist OTUs. These included a combination of
Type II (Prorocentrum spp., P. micans, P. triestinum, P. scutellum, Scrippsiella, and Heterocapsa)
and Type III (Tripos fusus) dinoflagellate lifeforms, common in coastal and shelf waters
with high to medium nutrient availability, and Type VII (Dinophysis acuminata complex),
a transitional lifeform along the onshore–offshore mixing nutrient gradient [134]. Active
motility, allelopathic interactions, and mixotrophy probably explain the relevance of these
OTUs as indicators under a higher oceanic influence (see reviews by [4,167]), close to
the lagoon inlets. The emergence of potentially toxigenic taxa, including ASP producers
(Pseudo-nitzschia spp.) and DSP producers (Dinophysis spp.) as outer lagoon specialists
emphasizes their potential importation into the RF lagoon from adjacent coastal waters,
as also reported for other coastal lagoons [39,168]. Thus, most HAB events in the RF
lagoon [59,61] should not be attributed to local anthropogenic pressures (e.g., WWTPs),
but to broader-scale coastal processes (see [94]), which should be considered for ecosystem
management [158].

During our study, the phytoplankton assemblage structure exhibited significant sea-
sonal differences, across all seasons, but was maximized between winter and summer,
periods with contrasting conditions for most of the abiotic variables evaluated. Signifi-
cant seasonal changes in assemblage structure have also been reported for the western
sector of the RF lagoon [53,55], and other temperate [41,131,156] and tropical lagoonal
systems [19,137,169]. Although the majority of the discriminating OTUs and/or indicator
season specialists were associated with the spring–summer period, probably due to a higher
temperature and light intensity (see Section 4.3), some OTUs emerged as autumn–winter
representatives, possibly reflecting different environmental preferences and/or a variable
balance between bottom-up and top-down controls (e.g., [13]; see Section 4.5).

4.5. Linkages between the Structure of Phytoplankton Assemblages and Environmental Variables

The use of different multivariate analyses identified a set of abiotic variables that
best explained the spatial–temporal variability patterns in the structure of phytoplankton
assemblages in the RF lagoon. Water temperature and nitrate concentration were identified
by all statistical approaches, whereas other variables emerged from a single statistical
approach (e.g., pH and silicate concentration, CCA). These, and other variables indirectly
related to the availability of phytoplankton resources, such as wind speed, rainfall, river
discharge, and water column stability and salinity, have been identified as influential in
structuring phytoplankton assemblages in coastal lagoonal systems from different spatial
domains (see Table 4). The relationships between environmental variables and the phyto-
plankton assemblage structure are usually interpreted using a biased bottom-up approach.
Yet, since each environmental variable can affect phytoplankton in multiple, sometimes
opposing ways, acting on both growth and mortality rates (e.g., water temperature [66,122];
river discharge [29,103]; rainfall [170]; flushing time [171]), their interpretation requires a
cautious, integrative approach.
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Table 4. Summary of environmental variables that best describe variability in the structure of
phytoplankton assemblages in coastal lagoon systems, and associated methods and references.
Coastal lagoons are organized into different marine domains (I–IV). For each domain, the lagoons are
listed alphabetically and, for each lagoon, according to the reference publication date. Multivariate
statistical methods used to identify influential variables: Principal Component Analysis (PCA),
Redundancy Analysis (RDA), Non-metric Multidimensional Scaling with environmental fitting
(NMDS-envfit), BIOENV test, Canonical Correlation Analysis (CCoA), Canonical Correspondence
Analysis (CCA), Generalized Additive Models (GAMs), and Hierarchical Modelling of Species
Communities (HMSC). Abbreviations used for environmental variables—Chla: chlorophyll-a; DIN:
total dissolved inorganic nitrogen (ammonium, nitrite, nitrate); DIN/P: ratio of total dissolved
inorganic nitrogen to total dissolved inorganic phosphorus; DO: dissolved oxygen; Kd: light extinction
coefficient; N: total nitrogen; NH3: ammonia; NH4: ammonium; NO2: nitrite; NO3: nitrate; P: total
dissolved inorganic phosphorus; S: salinity; Si: dissolved inorganic silica; Si/N: ratio of dissolved
inorganic silica to total nitrogen; Si/P: ratio of dissolved inorganic silica to total dissolved inorganic
phosphorus; T: water temperature; and UI: upwelling index.

Lagoonal System (Country) Environmental Variables Methods Reference
I—Mediterranean Sea

Cabras (Italy) DIN, DIN/P, P, S CCA [172]
P, S RDA [173]

Calich, Santa Giusta and Corru S’Ittiri (Italy) DIN, P, S, Secchi depth, Si, T RDA [174]
Diana and Urbino (France) Rainfall, S, T, turbidity CCA [156]

Mar Menor (Spain) Chla, Secchi depth, turbidity PCA [175]
NO3, S, Si, T CCA [24]

Chla, DIN, DIN/P, Kd, P, Si, Si/P, T NMDS-envfit [141]
Thau (France) NO3, P, wind PCA [122]

Depth, light, pressure, S, Si, T, turbidity,
wind NMDS-envfit [152]

Ulu, Uzun, Tatlı, Gıcı, Liman, Cernek, and
Karaboğaz (Turkey) Light, NO3, pH, P, S, Si, T RDA [176]

Venice (Italy) T NMDS, CCA [177]
II—Atlantic Ocean

Florida Bay (USA) Light, T, waves NMDS, CCA [169]

Patos lagoon estuary (Brazil) Freshwater discharge, NH4, P, S, Secchi
depth, T CCA [29]

Chla, DIN, P, S, Si, T CCA [163]

Rodrigo de Freitas (Brazil) NH4, NO3, P, pH, precipitation, S, Secchi
depth, Si, T, water stability CCA [170]

Sontecomapan (Mexico) pH, S, Si, T CCA [178]

Tampa Bay (USA) N, DIN/DIP, P, pH, S, Si, Si/N, T,
visibility

PCA, NMDS,
CCA [179]

Wadden Sea (Denmark, Germany and The
Netherlands) DIN, DIN/P, P PCA [180]

Ria Formosa (Portugal) T, pH, NO3, Si NMDS-envfit,
BIOENV, CCA This study

III—Pacific Ocean
Bahia Magdalena (Mexico) Chla, DO, NH3, NO2, NO3, P, S, Si, T, UI CCoA, GAMs [160]

Carretas-Pereyra and
Chantuto-Panzacola (Mexico) NH4, NO2, S, Si, T PCA, CCA [137]

IV—Indian Ocean

Chilika (India) DO, light, N, P, pH, S, Si, T, transparency,
turbidity NMDS, CCA [159]

DIN, DO, pH, S, T, transparency GAMs, HMSC [19]

Coorong (South Australia) DIN/P, DO, freshwater discharge, N,
NH3, S, T, turbidity RDA, BIOENV [21]
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The two synthetic environmental gradients (canonical axes 1 and 2) that best explained
the spatial–temporal patterns in the phytoplankton assemblage structure in our study
reflect the influence of anthropogenic forcing (as putative drivers of nitrate concentration
and pH) and natural forcing, including biogeochemical processes and meteo-oceanographic
processes (as drivers of water temperature, nitrate, silicate, and pH). Phytoplankton OTUs
responded differently to these environmental gradients, likely reflecting their specific
physiological and ecological requirements (e.g., [7]). For example, compared to other
cyanobacteria, Oscillatoria/Planktothrix were associated with high nutrient concentrations,
as reported for other coastal lagoons [172]. The freshwater desmid Closterium appeared to
be favored by very low temperatures and pH, probably due to its acidophilic character [181].
Cryptophyceans <10 µm were associated with quasi-average environmental conditions, but
due to their persistence throughout the study period, this clearly reflected the centroid of a
broad ecological niche [108]. Interestingly, diatoms showed a high within-group variability,
reflecting variable ecological niches: benthic diatoms were mostly associated with high
nitrate and silicate availability, as expected for indicators of sediment resuspension [128];
some planktonic species, associated with high temperature and low nutrient concentra-
tions, mostly integrated summer bloom assemblages at the innermost (Cyclotella) and outer
stations (Leptocylindrus danicus, Chaetoceros); and other planktonic species were apparently
favored under contrasting conditions (Skeletonema costatum, Chaetoceros danicus). Despite
its broad environmental tolerance, S. costatum is usually reported as a common compo-
nent during winter and/or spring blooms in coastal systems, including coastal lagoons
(e.g., [156,182]). This ecological niche is usually interpreted as the successful outcome of
competitive interactions under bottom-up controls [129]. However, in the RF lagoon, the
high in situ growth rate of this diatom species, together with its low average contribution
to phytoplankton abundance, clearly demonstrates the need to include top-down controls
when interpreting the dynamics of phytoplankton assemblages [54].

The associations between abiotic variables and the phytoplankton assemblage struc-
ture that emerged in our study should be interpreted as indicative/predictive of the environ-
mental conditions (ecological niches) associated with the presence of specific phytoplankton
OTUs, and not as inherently implying causality [107], or representing (mechanistic) en-
vironmental drivers (see [94]). In our study, for example, the strong association between
high pH values and some summer samples at the innermost stations (see canonical axis 1)
probably reflected the consequence of the intense photosynthetic uptake of CO2 and rel-
ative diurnal water basification during summer blooms, and not an effect of pH on the
phytoplankton growth rate (e.g., [19]). Conversely, considering the experimentally deter-
mined effects of changes in temperature and nutrient availability on the phytoplankton
growth rate in the RF lagoon [65–67], associations with these abiotic variables may imply a
higher degree of causality. Regardless of their causes, the significant associations detected
between phytoplankton assemblage structure, temperature, and nutrient concentrations
may have practical implications for environmental management in this and other confined
coastal systems affected by WWTP disposal. These relationships may also be useful to
predict the effects of environmental variability in the RF lagoon. Considering the effects
of warming on picophytoplankton in the RF lagoon [54,66], the influence of freshwater
inputs on nutrient availability in the RF [42,47,120], and the effects of nutrient reduction
on phytoplankton composition (e.g., [22,183]), the anticipated warming and rainfall reduc-
tion over southern Europe (see [184]), exacerbated in shallow confined lagoonal systems,
may have profound effects on phytoplankton assemblages. These conditions have been
reported to favor smaller and mixotrophic phytoplankton groups, eventually HAB-forming
taxa, intensified microbial interactions, and less efficient food webs in coastal lagoonal
systems [129,152,185]. However, other putative parallel environmental changes, such as
extreme climatic events, sea level rise, increasing human population density, WWTP dis-
charges [184,186], and WWTP efficiency, shifts in the sources of freshwater used for human
consumption (surface, groundwater, and marine), and changes in shellfish production, may
offset this scenario.
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In our study, both the BIOENV and CCA analyses explained a relatively small pro-
portion of the variance in the structure of phytoplankton assemblage patterns, suggesting
that variables not measured in this study are likely to have a significant impact. Although
these results are an inherent feature of complex ecological data [115], the inclusion of
other abiotic (e.g., mean light intensity in the mixed layer, turbulence, current speed) and
biotic environmental variables (e.g., prey used by mixotrophic taxa, phytoplankton grazers,
viruses, eukaryotic parasites) may reduce the unexplained variance. Further studies should
also include all phytoplankton size classes (pico- to microphytoplankton), a high sampling
spatiotemporal resolution [170], and molecular approaches that can unravel intra-specific
polymorphism, complex life cycles [126], and cryptic species [177,187]. In addition, the
integration of descriptive field studies and empirically derived associations between phyto-
plankton and environmental variables, ideally based on long time series, with dedicated
manipulative experimental approaches, is required to disentangle the connections between
specific environmental variables and the phytoplankton assemblage structure.

5. Conclusions

Our study represents the first evaluation of the phytoplankton assemblage structure
in the eastern sector of the RF coastal lagoon, along an environmental gradient associated
with anthropogenic (WWTP discharge) and natural forcings. Of the 147 OTUs detected,
diatoms (67 OTUs) and dinoflagellates (52 OTUs) were the major contributors to the
species richness, but the phytoplankton abundance was dominated by planktonic diatoms
(60–74%) and cryptophyceans (17–25%). Most phytoplankton functional groups exhibited
unimodal annual cycles, with late spring–summer maxima, probably reflecting higher light
intensity and/or temperature. Yet, the amplitude of the annual variability was higher
at the innermost stations, probably a result of increased nutrient concentrations (driven
by WWTP discharges) and light intensity, and lower advective losses. Contrary to our
hypothesis, the influence of upwelling on phytoplankton was not clearly discernible at the
outermost station, probably due to the relatively low sampling frequency with respect to
the upwelling variability patterns.

Despite the strong lagoon hydrodynamics, and the lack of spatial differences in the
mean abundance of phytoplankton functional groups and most alpha diversity metrics
(except for higher mean species richness at the outer station), significant differences in the
assemblage structure were detected between the two innermost stations and the outermost
station, as well as between seasons. Indicator species analysis identified cryptophyceans as
lagoon generalists, along with 8 season-specific specialist and 11 station-specific specialist
OTUs. Kryptoperidinium foliaceum and unidentified Oscillatoriales were identified as inner
lagoon specialist OTUs, but chlorophytes were not relevant indicators of the influence of
WWTP discharges, as previously expected. Potentially toxigenic species, including Pseudo-
nitzschia spp. and Dinophysis spp., emerged as outer lagoon specialist OTUs, reflecting their
potential importation into the lagoon from adjacent coastal waters. Water temperature,
pH, silicate, and nitrate concentrations emerged as the variables that best explained the
variability in the phytoplankton assemblage structure, although not inherently implying
causality. However, phytoplankton OTUs responded differently to these environmental
gradients, likely due to specific physiological requirements. Future studies should include
all phytoplankton size classes, molecular methods for identification, a higher sampling
spatio-temporal resolution, and other abiotic and biotic controls to enable the detection
of species-specific predictors. This study contributed to a better understanding of the
spatio-temporal variability in the phytoplankton assemblage structure and underlying
environmental controls and predictors, including local anthropogenic and natural forcings,
and can support the design of effective management programs for the RF lagoon and other
confined coastal systems.
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and Guadiana River discharge; Figure S2: Weekly mean time series of cross-shore Ekman transport,
sea surface temperature, and chlorophyll-a concentration in adjacent coastal waters; Figure S3:
Distribution of the abundance of Pseudo-nitzschia spp. and Dinophysis spp. in the Ria Formosa
lagoon and classified shellfish production areas; Table S1: Statistical information for meteorological,
hydrological, and oceanographic variables; Table S2: Statistical information for water physical–
chemical variables in the Ria Formosa lagoon; Table S3: List of phytoplankton operational taxonomic
units identified; Table S4: Statistical information for phytoplankton diversity metrics in the Ria
Formosa lagoon; Table S5: Summary of PERMANOVA results; Table S6: Summary of the results of
similarity percentage analysis applied to ALM 250 and ALM 750 lagoon sampling stations; Table S7:
Summary of the results of similarity percentage analysis applied to ALM 750 and ALM 1750 lagoon
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