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The seasonal and spatial variability of surface phytoplankton assemblages and
associated environmental niches regarding major nutrients, physical
(temperature and salinity), and optical characteristics (inherent and apparent
optical properties) were investigated in an anthropized subarctic coastal bay, in
the Gulf of St. Lawrence: the Bay of Sept-iles (BSI), Québec, Canada. Seven
major phytoplankton assemblages were identified by applying a combined
Principal Component Analysis and Hierarchical Cluster Analysis procedures,
using pigment concentrations and <20 pm autotrophic cell abundances as
inputs. The resulting phytoplankton groups from BSI (n = 7) were more diverse
than at a station monitored in a central portion of the St. Lawrence Estuary (n =
2). The temporal distribution of the phytoplankton assemblages of BSI reflected
the major seasonal (spring to fall) signal of a nearshore subarctic environment.
Before the freshet, spring bloom was dominated by large (microphytoplankton)
cells (diatoms), and the succession followed a shift towards nanophytoplankton
and picophytoplankton cells throughout summer and fall. Most of the
phytoplankton assemblages occupied significantly different environmental
niches. Taking temperature and the bio-optical properties (ultimately, the
remote sensing reflectance) as inputs, a framework to classify five major
groups of phytoplankton in the BSI area is validated. The demonstrated
possibility to retrieve major phytoplankton assemblages has implications for
applying remote sensing imagery to monitoring programs.
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bio-optics, phytoplankton assemblages, phytoplankton phenology, remote sensing,
nutrients, CDOM, HPLC, flow cytometry

01 frontiersin.org


https://www.frontiersin.org/articles/10.3389/fmars.2022.1001098/full
https://www.frontiersin.org/articles/10.3389/fmars.2022.1001098/full
https://www.frontiersin.org/articles/10.3389/fmars.2022.1001098/full
https://www.frontiersin.org/articles/10.3389/fmars.2022.1001098/full
https://www.frontiersin.org/articles/10.3389/fmars.2022.1001098/full
https://www.frontiersin.org/articles/10.3389/fmars.2022.1001098/full
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fmars.2022.1001098&domain=pdf&date_stamp=2022-11-11
mailto:araujocas81@gmail.com
https://doi.org/10.3389/fmars.2022.1001098
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/marine-science#editorial-board
https://www.frontiersin.org/marine-science#editorial-board
https://doi.org/10.3389/fmars.2022.1001098
https://www.frontiersin.org/journals/marine-science

Araujo et al.

1 Introduction

Coastal and nearshore transitional zones host diverse
productive ecosystems and are commonly associated with high
biodiversity. While energy sources and trophic linkages are
complex (Lindeman, 1942; McMahon et al, 2021), primary
production by phytoplankton is an important component of
such ecosystems (Cloern et al., 2014; Winder et al., 2017). The
variability of composition, biomass and production of
phytoplankton communities will have a wide range of spatial
and temporal scales, with temperate and polar coastal regions
presenting a markedly complex seasonal pattern (Cloern and
Jassby, 2008; Carstensen et al., 2015).

Phytoplankton assemblages are of particular interest for
biogeochemical models, as they are intrinsically related to
ecological processes (Le Quere et al., 2005). Ocean color products
derived from Earth Observation platforms can provide information
about phytoplankton assemblages composition or their ecological
roles (IOCCG, 2014). However, from the remote sensing perspective,
the optical complexity of coastal and nearshore waters, and the
general greater contribution of the chromophoric dissolved organic
matter (CDOM) and particles other than phytoplankton to the bulk
optical variability often hinders the ability to extract quantitative (and
qualitative) information about phytoplankton in these environments
(Sathyendranath et al., 1989).

Notwithstanding, trait-based concepts can be successfully
used to explain the distribution of major phytoplankton
assemblages along environmental gradients (Litchman et al,
2010; Roselli and Litchman, 2017). This approach may include
diverse strategies of nutrient utilization (Litchman et al., 2007)
that are modulated by temperature and light constraints
(Edwards et al., 2016). Specifically, because various
phytoplankton assemblages have different light requirements,
the spectral quality of the light environment (or optical niches)
will have consequences on shaping their composition (Stomp
et al., 2007; Hintz et al.,, 2021).

In this study, we hypothesize that the composition of major
phytoplankton assemblages in a nearshore coastal area will
covary with temperature and the bulk optical properties of the
environment. To test this hypothesis, the seasonal and spatial
variability of the phytoplankton assemblages were investigated
in a subarctic coastal bay (the Bay of Sept-les, Québec, Canada).
The main objective was to identify the major assemblages and
their respective environmental niches, in respect to nutrient
concentrations, physical parameters (temperature and salinity),
and bio-optical properties. We evaluated and demonstrated the
potential of using sea surface temperature (SST, °C) and the
remote sensing reflectance (Rys(4), sr™!, where A indicates light
wavelength), at selected wavelengths, to discriminate the major
classes of phytoplankton assemblages found in the study area.
SST and R,(A) are quantities that can be estimated by
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operational satellite sensors (see reviews of Minnett et al,
2019; and Werdell et al., 2018; respectively).

Understanding and predicting the effects of environmental
change on natural communities and its consequences for
ecosystem functioning is a major goal in ecology (Roselli and
Litchman, 2017). In the context of climate change affecting
coastal ecosystems (Harley et al., 2006), and particularly in
Arctic and subarctic regions (Wassmann et al., 2011), the
development of efficient tools to study and monitor
phytoplankton assemblages is urgent. Furthermore, being
subject of alteration of anthropogenic origin, problems related
to phytoplankton such as eutrophication and harmful algal
blooms in coastal zones are of major concern (Cloern, 2001;
Glibert et al., 2005).

2 Methods
2.1 Study area and sampling design

The study area comprises the region around and within the
Bay of Sept-iles (BSI), in the north shore of the Gulf of St.
Lawrence (GSL), Canada (Figure 1). The BSI is a semi-enclosed
bay with a relatively narrow (~5 km) connection to the gulf and
sheltered by the Sept-1les archipelago. The bay has approximately
100 km* and a great proportion of it (~40%) is occupied by
intertidal zones and depths shallower than 2 m. BSI has a
mesotidal regime (with an average amplitude of 2 m), which
varies in semidiurnal cycles, while its circulation patterns is also
influenced by the inflow of four small rivers (Shaw, 2019). The
Moisie River outlet (annual average discharge of ~490 m® s™),
located ~20 km east of the bay, can also influence the nearshore
waters of the region (Normandeau et al, 2013; Aratjo and
Belanger, 2022). Besides, the BSI is considered as one of the
coastal areas of the GSL likely to be most influenced by human
activities, with the presence of harbors, major industrial ports and
fisheries (Dreujou et al., 2021). Moreover, the BSI is a known
region of occurrence of the toxic dinoflagellate Alexandrium
tamarense in summer months, which was found to be linked to
the Moisie River runoft (Weise et al., 2002).

The dataset used in this study consist of in situ profiles and
discrete surface water samples collected on an array of stations,
within the scope of the interdisciplinary project Canadian
Healthy Oceans Network (CHONe2; see Ferrario et al., 2022,
for further details about the project). More details about the
sampling strategy and methods are found in Aratjo and
Belanger (2022). The dataset provided a unique opportunity to
investigate the spatial — order of 10° to 10" km - and seasonal
variability of phytoplankton and bio-optical conditions of the
nearshore environment of BSI (Figure 1; Table 1). The stations
(Figure 1C) were sampled during seven field campaigns from
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FIGURE 1

Background image: Landsat 8 OLI true-color composition from 7 July 2017.
USGS LaRSC surface reflectance product

(A) The Estuary and Gulf of St. Lawrence in the North America context, and (B) study area sampling locations: the Bay of Septfiles and the AZMP
buoy. (C) Spatial distribution and number of revisits of the sampling stations in the Bay of Sept-lles.

late spring to early fall 2017 (BSI-1 to BSI-7, from early May to
October), and one time in 2019 (BSI-8, early June). For
comparison purposes, we also included a station in the middle
of the St. Lawrence Estuary (the AZMP - Atlantic Zone
Monitoring Program - buoy location, at Rimouski (RIKI)
station, Figure 1B), visited on eleven occasions from July to
October 2015 (described in Bélanger et al., 2017).

The discrete surface water samples were collected with a
Niskin bottle (or bucket) and were kept cool in dark conditions
until further laboratory procedures, which were made each day
immediately after the cruise and consisted mainly of filtration
operations. Optical and biogeochemical parameters obtained
using in situ vertical profiles were matched to the closest
measure of the depth of the discrete water sampling. A total of
108 samples was considered in this study (Table 1).
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2.2 Phytoplankton assemblages

Phytoplankton assemblages were identified using a
combined Principal Component Analysis (PCA) and
Hierarchical Cluster Analysis (HCA) procedures, using
pigment concentrations and cell abundances grouped in size
classes as primary inputs.

Phytoplankton pigments were determined using High
Performance Liquid Chromatography (HPLC), following the
procedure described by Zapata et al. (2000). Briefly, water
samples were filtered through 25 mm (or 47 mm) GF/F glass
fiber filters, flash frozen in liquid nitrogen, and stored in
cryogenic vials at -80°C until further analysis. The pigment
extraction was made using methanol, followed by sonication and
centrifugation procedures, before placing the samples in the
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TABLE 1 Summary of the sampling strategy: Dates and number of
water samples.

Number of
samples (n)

Key to field campaign location and survey:
Period of sampling

AZMP: from 23 July to 24 October 2015 11
BSI-1: early May (4 and 5) 2017 13
BSI-2: mid-May (21 and 22) 2017 13
BSI-3: early June (6 and 7) 2017 14
BSI-4: mid-June (22 and 23) 2017 10
BSI-5: July (18) 2017 5

BSI-6: September (6) 2017 6

BSI-7: October (7) 2017 6

BSI-8: June (1, 2, 4 and 5) 2019 30
Total 108

AZMP is the acronym for the Atlantic Zone Monitoring Program buoy location, and BSI
is for the Bay of Sept-iles.

HPLC analyzer (Agilent Technologies 1200 series). Detection
and quantification of the pigments were estimated as described
in Bidigare et al. (2005).

A total of twenty accessory pigments were considered in the
analysis: chlorophylls & (Chlb), ¢;, ¢; and ¢;, Mg 2,4 divinyl
pheoporphyrin as monomethyl ester (MgDVP), peridinin (Peri),
19’-butanoyloxyfucoxanthin (But), fucoxanthin (Fuco), neoxanthin,
prasinoxanthin, violaxanthin, 19’-hexanoyloxyfucoxanthin (Hex),
diadinoxanthin, alloxanthin (Allo), diatoxanthin, zeaxanthin (Zea),
lutein, crocoxanthin, o and B-carotene. Total chlorophyll-a (Chla)
was considered as the sum of monovinyl chlorophyll-a,
chlorophyllids and the allomeric and epimeric forms of
chlorophyll-a.

Autotrophic cells (i.e., phycoerythrin- and phycocyanin-
containing cyanobacteria and autotrophic eukaryotes)
abundances (in cells mL™") were measured by flow cytometry.
Duplicate 4 mL samples were placed in cryovials and fixed with
glutaraldehyde Grade I (Sigma; 0.1% final concentration) in the
dark at room temperature for 15 min, flash-frozen in liquid
nitrogen, and then stored at -80°C until analysis. The analysis
was made using a CytoFLEX flow cytometer (Beckman Coulter)
fitted with a blue (488 nm) and a red laser (638 nm). The
forward scatter, side scatter, orange fluorescence from
phycoerythrin (582/42 nm BP) and red fluorescence from
chlorophyll (690/50 nm BP) were measured using the blue
laser. The red laser was used to excite the red fluorescence of
phycocyanin (660/20 nm BP). Polystyrene microspheres of 2 um
diameter (Fluoresbrite YG, Polysciences) were added to each
sample as an internal standard. Pico- (<2 pum) and nano-
autotrophs (2-20 pm) were discriminated based on a forward
scatter calibration using algal cultures. Since the abundance of
phycocyanin-containing cyanobacteria was generally low (i.e.,
<100 cells mL™), they were not included in the analysis.

Prior to applying the PCA/HCA algorithms, each pigment
was normalized by Chla and, together with cell abundances
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(pico- and nano-autotrophs), were standardized (z-scores),
given the different nature (units) of inputs. The normalized
and standardized data were then submitted to the PCA and the
number of Principal Components (PCs) that explained most of
the variability (> 80%) were selected to proceed to the HCA.

The HCA method classifies objects (i.e., phytoplankton
pigments and size-class abundances) into groups (or clusters)
that are similar. In this study, the clustering approach using
Ward’s minimum variance method (Ward, 1963) and paired
Euclidean linkage distances was applied (as in Neukermans et al.,
2016; and Reynolds and Stramski, 2019). The output of the HCA
is a dendrogram in which the user defines a linkage distance
cutoff value, which, in turn, will determine the number of
clusters. For the optimal linkage distance value retrieval, we
used the iterative L method procedure (Salvador and Chan,
2004; Neukermans et al., 2016). We also report the cophenetic
correlation (Sokal and Rohlf, 1962), as a measure of how
accurately a dendrogram maintains the pairwise distance
between data objects.

2.2.1 Size-classes contribution to biomass

The fractional contribution of different size classes of
phytoplankton to Chla - f,., (picophytoplankton, mean
diameter [D] < 2 pum); fuano (nanophytoplankton, D = 2 to 20
pum); and fiicro (microphytoplankton, D > 20 um) - was
examined using two different approaches. The first approach
(as in Uitz et al,, 2006) uses the weighted contributions of seven
diagnostic pigments concentrations (Fuco, Peri, Allo, But, Hex,
Zea, and Chlb) to determine fpli{c%LC, AIPLC, and fHPIC

micro *

For
comparison, a second approach used picophytoplankton cell
abundances (cells mL™") obtained from flow cytometry analysis.
It includes eukaryotes and cyanobacteria cell abundances (Agux
and Ay, respectively), with Chla cell quotas taken for the
prasinophyte Micromonas pusilla (Que, equal to 2x107°
ug Chl cell’’; Montagnes et al, 1994) and the cyanobacteria
Synechococcus sp. (Qyyn, equal to 1x10™ g Chl cell'; Morel
et al., 1993), respectively. Thus, the fractional contribution of
picophytoplankton, pFifo, was determined by fPFicCO = 10°[(Aeuk X
Quiic) + (Agy X Qgyp)]/Chla.

2.2.2 Taxonomic analysis by light microscopy

Phytoplankton cell identification was performed on selected
samples (n = 16) to the lower rank possible (groups, genus, and
species). Samples were preserved in acidic Lugol’s solution and kept
in the dark at 4°C until analysis. The counting of cells >2 um was
performed using an inverted microscope (Zeiss Axiovert 10)
following the Uterm6hl method with settling columns of 25 mL
(Lund etal., 1958). A minimum of 400 cells were counted over at least
three transects of 20 mm. Autotrophic phytoplankton were
distributed in 10 taxonomic groups plus a group of unidentified
flagellates. Unidentified cells accounted for an average of 20% of total
cells abundance and, of those, ~60% were smaller than 5 pm.
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2.3 Major nutrients and physical
parameters

Concentrations of nitrite (NO53), nitrate (NO3) + NO3,
phosphate (PO3"), and silicate (Si(OH)j~) were determined
using a colorimetric method with an Autoanalyzer 3 (Bran +
Luebbe), as described in Bluteau et al. (2021). Prior to analytical
procedures, water samples were filtered through 25 mm GF/F
filters in acid-washed syringes and Swinnex. Concentrations of
NOj3 were determined by difference.

High-precision salinity (+ 0.0003, in practical salinity units,
PSU) was measured on discrete water samples using a calibrated
Portasal salinometer (model 8410A, Guildline Instruments,
Smiths Falls, ON). In situ vertical profiles of temperature and
conductivity were taken using a calibrated CTD probe (SBE19,
Sea-Bird Scientific, Bellevue, WA).

2.4 Inherent and apparent optical
properties

The spectral backscattering and absorption coefficients (by,(A)
and a()), respectively, in m™") are inherent optical properties
(IOPs) that are related to the remote-sensing reflectance (Rs(A)),
an apparent optical property, by the means of R,s(A)  by(A)/a())
(Morel and Prieur, 1977). Hence, the characterization of the IOPs
is a primary requirement for discriminating phytoplankton
assemblages when considering optical approaches (Reynolds
and Stramski, 2019).

The total absorption coefficient, a()), is decomposed by the
additive contributions of pure water itself (a,,(A)), chromophoric
dissolved organic matter (acqom(})), non-algal particles (a,qp(A)),
and phytoplankton (a,ny(A)) (Eq. 1). Similarly, by(A) is
decomposed in backscattering of pure water (by(A)) and
particulate matter by,(X)) (Eq. 2).

a(l) = aw(l) + acdom(/’l’) + anap(l) + aphy(ﬂ') (1)

bp(A) = bow(4) + bpp(4) (2)

The determination of the above IOPs for the present dataset is
described in Aratijo and Belanger (2022). Briefly, acgom(A)s @nap(A),
and a,p (L) were determined using a benchtop PerkinElmer
Lambda-850 spectrophotometer, equipped with an integrating
sphere (used for particles only). The in situ by, was determined at
six wavelengths using a HydroScat-6P (HS6) backscattering meter
(HOBI Labs Inc., Bellevue, WA), and was corrected for salinity
variations and loss due to attenuation along the pathlength. The
spectral dependency of by, was modelled (non-least-squares
algorithm) using a power-law function, as byp(A) = byy(Ro) [MAo]",
where 7 is a dimensionless parameter describing the spectral
dependency of by, relative to a reference wavelength (Ay; defined
as equal to 550 nm in this study). Low residual differences (means <
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5%) between measured and modelled values of by, assured the
validity of this equation on describing its spectral shape in the study
area (Araujo and Belanger, 2022). Seawater absorption and
backscattering coefficients were retrieved from tabulated values
available in the literature (Morel, 1974; Zhang et al, 2009;
IOCCG, 2018).

The R,((A) was derived from in situ radiometric
measurements using a Compact Optical Profiling System
(C-OPS; Biospherical Instruments Inc., San Diego, CA),
and followed the procedures described in Belanger et al.
(2017) and Mabit et al. (2022). Briefly, the system was
equipped with sensors that measured the above-water
downwelling irradiance, Eq(A, 0%), and the upwelling radiance
from vertical profiles in the water column, L.(A, z). The
processing schema included the extrapolation of L,(A, z) to
assess the water-leaving radiance, L,,(A, 0%). The R, (A) is then
calculated using R.s(A) = Ly, (A, 07)/E4(A, 0"). C-OPS radiometry
data are collected at 19 wavelengths, thus, R, (1) was
interpolated using a piecewise cubic polynomial function to
obtain 1-nm resolution, while preserving its spectral shape
(Reynolds and Stramski, 2019).

2.5 Statistical analysis

Descriptive statistics (mean and standard deviation) and one-
way Analysis of Variance (ANOVA) were used to quantitatively
compare the populations identified by the clusters obtained by
the PCA/HCA procedures. Data were confirmed to exhibit
normal distributions using the Lilliefors (or Kolmogorov-
Smirnov) test prior to all ANOVAs, and differences between
pairs of means (pairwise comparisons) were assessed using the
Tukey Honest Significant Difference (Tukey’s HSD) criterion
post-hoc test. In the following, when a population of data presents
significant difference, it means that ANOVA presented a p-value
less than 5% of significance level (p < 0.05). Additionally, when
individual groups (clusters) are compared to others (pairwise
comparisons), the Tukey’s HSD criterion is used. All data
manipulations and statistics were done using MATLAB
(MathWorks) software.

3 Results

3.1 Clusters of phytoplankton
assemblages

The normalized and standardized phytoplankton pigments
concentrations (n = 20) and pico- and nano-autotrophic cell
abundances (eukaryotic and cyanobacteria; n = 4) were
submitted to the Principal Component Analysis (PCA), and
the seven first principal components explained 80.3% of the
variance in the data set. In sequence, the projections of the
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original data on the principal component vector space (scores)
were computed and the seven first columns were used as input in
the Hierarchical Cluster Analysis (HCA). Figure 2 shows the
dendrogram as obtained by HCA, as well as the procedure used
to determine the linkage distance and subsequent number of
clusters (L method; Salvador and Chan, 2004).

The inset of Figure 2A shows the reductional approach
necessary to obtain a lower number of groups, consisting of
applying the L method to a limited range of possible clusters
(Salvador and Chan, 2004; Neukermans et al., 2016). This
approach revealed to be more adequate to our analysis, since
the obtained linkage distance cutoft (Figure 2B) divided the
dataset in seven groups, containing between 8 and 26 samples, in
each individual cluster. The cophenetic correlation value for the
HCA was 0.62, comparable to other reported values in the
literature (e.g., Neukermans et al., 2016).

The variability of selected inputs is shown in Figure 3, whereas
the mean and standard deviation of all 24 inputs are presented in
Table S1 (Supplementary Material). Only the pigment 19’
butanoyloxyfucoxanthin (But) did not present significant
difference considering the seven classes of phytoplankton
assemblages (one-way ANOVA, p > 0.05). The analysis of cell
abundances and pigments to Chla ratios within the groups
revealed a complex co-occurrence of diverse phytoplankton
groups, as the assignment of taxonomic classes from pigment
signatures is not always a straight-forward task (Roy et al., 1996).
Despite these inherent limitations, we assessed characteristics of
each group that could be used to distinguish them from the others.
For such analysis, we used available information compiled in the
literature that links phytoplankton pigments to taxonomic classes
(e.g., Roy et al., 1996; Gibb et al., 2000; Kramer and Siegel, 2019).

10.3389/fmars.2022.1001098

The relative distribution of phytoplankton groups identified
by light microscopy (LM) are presented in Figure S1
(Supplementary Material). The correspondence between the
seven clusters and the taxonomic analysis by LM was not
straight-forward. First, LM resolution limits the identification
of cells smaller than 3 pm. Second, the strong coloration of the
acidic Lugol’s solution used the preserve the samples make it
difficult to distinguish autotrophic from heterotrophic cells using
LM (see Tremblay et al. 2009). On the contrary, HPLC pigment
concentrations and flow cytometry measurements both account
for autotrophic cells smaller than 3 um. Moreover, a high number
of unidentified cells (average 20%) and, specifically, unidentified
flagellates (between 25 and 50%, Figure S1) were assigned by the
LM technique. Nevertheless, LM analysis revealed the presence of
important species that helped in the interpretation of the
composition of the phytoplankton assemblages.

The first cluster (purple) presented the highest means (and
significantly higher than almost all other groups) picoeukaryotes
cell counts and Chla-normalized pigment concentrations of
neoxanthin, prasinoxanthin, violaxanthin, and Chl b.
Moreover, there were significantly higher means (although not
the highest) concentrations of nanoeukaryotes, Chl ¢;, B-
carotene and Perid. From these characteristics, we related this
group to the presence of prasinophytes (possibly Micromonas
sp.) and dinoflagellates (hereafter referred to as PraD). From the
LM analysis, the prasinophyte Pyramimonas sp. was
representative for the group PraD.

The second cluster (red) presented the highest means of
nanoeukaryotes, Perid, Hex, and diadinoxanthin, while
picoeukaryotes, Chl ¢; and c,, prasinoxanthin and (-carotene
were also significantly higher than other groups (but not the
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FIGURE 2

(A) Linkage distance as a function of the number of clusters obtained from the dendrogram (shown in (B)). The L-method (Salvador and Chan,
2004) is first applied considering all dataset (n =108), and then to a restricted range for the number of clusters (inset). The resulting “knee”
corresponds to a linkage distance cutoff of 11.9, which divides the input dataset in seven clusters. (B) Dendrogram obtained from the
Hierarchical Cluster Analysis. The dashed line corresponds to the linkage distance cutoff, and the number above each cluster shows the
corresponding number of samples. The clusters are denoted by PraD (purple), PryD (red), Cy (blue), Dia (yellow), Cry (orange), CryP (teal) and

Chlo (green).
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highest). We related this group to a relative dominance of
prymnesiophytes and dinoflagellates (PryD). The LM analysis
confirmed the presence and a relatively high abundance of the
prymnesiophyte Chrysocromulina spp. in this group. The
dinoflagellates Gymnodinum spp. and Heterocapsa rotundata
were always representative in samples of groups PraD and PryD,
while the toxic A. tamarense was also identified in these groups.
Interestingly, the maximum concentration of A. tamarense
(2920 cells L") was observed in an anomalous sample (PryD-
B, Figure S1) with a very high concentration of the diatom
Skeletonema costatum.

The third cluster (blue) presented the highest means of pico-
and nano-phycoerythrin-containing cyanobacteria, Zea, Chl cs,
and [-carotene, but also higher picoeukaryotes, neoxanthin,
prasinoxanthin and Chl b. Thus, this group was related to a
marked characteristic of occurrence of cyanobacteria (Cy),
possibly Synechococcus sp. While presenting relatively high
Fucoxanthin to Chla, the LM revealed in this group high
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abundances of the diatoms Lennoxia faveolata, Leptocylindrus
minimus, Skeletonema costatum, Thalassiosira conferta, and
Chaetoceros spp., but also the dinoflagellate H. rotundata.

The fourth (yellow) and most numerous cluster (n = 26)
presented the highest means of Fuco, Chl ¢; and c¢,, and was
attributed to a dominance of diatoms (Dia). Cells enumerated by
LM analysis revealed high abundances of the genus Chaetoceros
(C. debilis, C. convolutes, C. gelidus, and Chaetoceros spp.) and the
species Thalassiosira nordenskioeldii. Furthermore, the taxonomic
groups identification of samples from group Dia revealed higher
dominance of diatoms in relation to others (>50%, Figure S1),
as expected.

The fifth (orange) and sixth (teal) clusters both presented the
highest means of Allo and crocoxanthin, but the former had the
highest means of oi-carotene, while the latter had the highest means
of MgDVP. We attributed these groups to be related to a marked
presence of cryptophytes, but the sixth group had some important
contribution from prasinophytes. Therefore, these groups were
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denoted as Cry and CryP, respectively, with Hemiselmis virescens
and Plagioselmis prolonga var. nordica being representative species.
Moreover, these two groups were the most similar based on the
dendrogram (Figure 2B). Finally, the seventh (green) cluster
presented the highest mean of lutein, but also significantly higher
concentrations of Zea than other groups (except Cy). We attributed
this group to a relatively greater contribution of chlorophytes (Chlo)
to the phytoplankton assemblages.

The numerical abundance of micro-, nano-, and pico-
phytoplankton size-classes were examined in Figure S2. First,
nanophytoplankton abundances obtained from flow cytometric
measurements were compared to those obtained by light
microscopy (LM), including unidentified cells (Figure S2A).
Both measurements are comparable in terms of absolute
values, but LM systematically underestimates the number of
cells, comparatively, indicating a limitation of the former
method to adequately account for this size class. Furthermore,
a comparison of distribution of the three size-classes abundances
(Figure S2B, with microphytoplankton abundances retrieved
from the LM analysis) revealed a strong numerical dominance
of picophytoplankton in all samples, except five samples where
picophytoplankton represented ~50% of total cell abundance.

The fractional contribution of phytoplankton size classes to Chla
(fpico» fnano» a0d finicro) are shown in Figure 4. The two methods used to
estimate fpico (fpﬁg and prchLc) were compared (Figure 4A) and
presented a coefficient of determination (R of 0.35. In general, the

correspondences between the two methods presented different
FC
pico
underestimating fic, in comparison to fpli{cf,LC, especially for the

patterns when considering the different groups, with

groups Dia, Cry, CryP, and Chlo, which were restricted to the
lower range of variability (<25%). Nevertheless, the groups with
higher values offj,ico, PraD and Cy, were noticeable in both methods.

Although the Uitz et al. (2006) method (used to determine f <)
was developed using global relationships and may have constraints on
applying to a coastal/nearshore dataset, as the one presented in this
study, we investigated the size fractioned contributions of
phytoplankton in the ternary diagram presented in Figure 4B. The
different clustering groups presented distinguishable patterns of
distribution. Most samples presented fIF.C higher than 50%, with
the most noticeable contribution of this fraction for Dia. Specifically,
the groups PraD and Cy presented a dispersion from f1PLC towards
P}iICI(J,LC, while this dispersion for the groups CryP, PryD, and,
particularly for Cry, were towards f£II''C.Overall, the phytoplankton
communities were well discriminated by the PCA/HCA procedures.
Despite the picophytoplankton numerical dominance, the total
biomass was dominated by microphytoplankton, with some
variations within clusters.

3.2 Seasonal and spatial variability

The Chla biomass, the seasonal succession, and spatial
variabilities within phytoplankton clusters are shown in
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Figure 5. In Bay of Sept-Iles (BSI), Chla medians were always
between 1 and 3 mg m™ for all groups, except for Chlo whose
median is 0.66 mg m™ (Figure 5A). No group is significantly
different from the others, but PryD and Dia presented higher
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means of Chla. In comparison, only two groups were present at
AZMP (Dia and PraD) in the middle of the Lower St. Lawrence
Estuary, during the period from July to October 2015, and Chla
values were generally higher than in BSI, with values ranging
from 1.02 to 11.43 mg m™ (Figure 5B).

10.3389/fmars.2022.1001098

The seasonal evolution of the phytoplankton clusters of BSI
are shown in Figure 5C, where the bars represent the relative
contribution of each group during each campaign. Firstly, in
early May 2017 (BSI-1) only the group Dia was found in BSI
surface waters. About two weeks later (BSI-2), the group Dia was
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FIGURE 5

Temporal and spatial variability of the phytoplankton clusters. (A) Boxplots showing the variability of Chla for each cluster, for the Bay of Sept-
iles (BSI). (B) Bars showing the temporal variability of Chla in the AZMP buoy station (DOY = Day of Year). The color of the bars corresponds to
the class of phytoplankton clusters. (C) Relative distribution of phytoplankton clusters for AZMP and for the temporal series in BSI (BSI-1 to 8;
Table 1). (D—H) Spatial distribution for each campaign that presented noticeable variability of phytoplankton clusters.
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replaced mainly by the groups Cry, CryP, and Chlo.
Interestingly, the dominance of groups CryP and Chlo (but
also some samples from Dia) was also observed in the field
campaign of early June 2019 (BSI-8). In June 2017 (BSI-3 and 4)
only groups PraD and PryD were found in BSI, followed in July
(BSI-5) by the occurrence of PryD, Dia, and Cy. Finally, only
group Cy was found in fall (BSI-6 and 7).

Although BSI-1, 6, and 7 were characterized by a single
group, the other field campaigns presented heterogeneity
regarding the phytoplankton assemblages, and their spatial
distribution is shown in Figures 5D-H. The dominant groups
in BSI-2, Cry and CryP, were generally found inside and outside
the bay, respectively (Figure 5D). This spatial separation was
even clearer in BSI-3 for the groups PraD (inside) and PryD
(outside the bay). In BSI-5, the sample correspondent to Cy is in
a station outside the bay. In the 2019 campaign (BSI-8), beside
the dominance of CryP, the group Chlo was distributed in the
riverine (freshwater) plumes, while two Dia samples were
distributed in-between the islands east of the bay. These
results evidence the seasonal succession of phytoplankton
assemblages, but reveal that the spatial variability, at this scale,
is also important.

3.3 Major nutrients and
physical environment

The relationships between major nutrient concentrations,
associated to each phytoplankton assemblage, are shown in
Figures 6A, B, and the physical environment, as determined by
temperature and salinity, are shown in Figure 6C. The mean and
standard deviation of each variable for the Bay of Sept-iles (BSI)
of Figure 6 (plus nitrite and nutrient concentrations ratios) are
summarized in Table 2. Samples from the Lower St. Lawrence
Estuary (AZMP, squares in Figure 6) were differentiated from
those of BSI. In addition, other samples from BSI were
considered as outliers. First, two samples from the group Dia,
in the campaign BSI-8 (Figure 5H), had environmental (and
optical) characteristics typical of those from the group Chlo.
This might be related to lateral advection of phytoplankton cells.
Secondly, few samples from groups Chlo (2) and CryP (1) were
found to have anomalous values of physical and optical (not
shown) variables. These samples were obtained in turbulent
hydrodynamic conditions close to riverine discharges. Water
sampling might not reflect the same conditions as the data
acquired by the in situ instrumentation (CTD, HS6, C-OPS). In
the following, these outliers are not considered.

The nutrients and physical environment at the Lower St.
Lawrence Estuary station (AZMP) are markedly different from
those of BSI, when considering the same phytoplankton groups
of these two locations. Nitrate and phosphate concentrations
values were higher for AZMP (Figure 6B), while silicate
concentrations were similar (Figure 6A). However, if only the
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group Dia is considered, silicate concentrations were also higher
at AZMP (except for one sample). Interestingly, the Dia samples
from AZMP were also associated with higher temperatures
(mean of 8.2°C) than the ones from BSI (mean of 2.7°C), but
with slightly lower salinities (means of 27.6 and 29.1, for AZMP
and BSI, respectively) (Figure 6C).

All nutrient concentrations, nutrient ratios, and physical
parameters were significantly different for the seven phytoplankton
clusters (one-way ANOVA, p < 0.05). Samples from BSI-4, BSI-5,
and BSI-6 (stars in Figure 6) field campaigns (Figure 5C, from mid-
June to early September 2017) presented undetectable nitrate
concentration (~0 uM). Thus, depleted nitrate conditions were
noticeable for samples of groups PraD, PryD and Cy (right side of
Figures 6A, B). Although we do not differentiate these samples from
others of the same group in Table 2, silicate concentrations values for
these population of samples were generally lower for PraD and PryD
(comparing to the same groups in BSI-3), and higher for Cy
(comparing to the same group in BSI-7). Notwithstanding,
phosphate concentrations values (in the nitrate-depleted
conditions) were comparable with others for PraD and PryD, and
slightly lower for Cy. A single sample from group Cy (BSI-6)
presented a nitrate concentration much higher than the detection
limit (~0.36 uM), and it corresponded to the station farthest from
the shore.

The nitrate concentrations associated to the different groups
in BSI, as analyzed by pairwise comparisons (Tukey’s HSD
criterion), revealed that Chlo has higher concentration than all
other groups, while CryP was higher than PraD, PryD, Cy, and
Dia. Nitrite concentrations was higher in Cy than all other
groups (except Chlo), while Dia has significantly lower
concentrations than all other groups.

In non-depleted [NO;] conditions, silicate concentrations
(Figure 6A; Table 2) in groups PraD, PryD, and Cy presented
very low variability. In Dia, silicate concentrations were significantly
lower than all other groups (except Cy). Two groups, PraD and
PryD, presented significantly lower values of phosphate
concentrations (Figure 6B; Table 2) than others (Cy, Cry, CryP,
and Chlo). Moreover, [PO3~] in Chlo was significantly higher than
Dia (besides Prad and PryD).

Nutrient ratios are commonly used to assess elemental
limitation for phytoplankton production. The nitrate (plus nitrite)
to silicate and the nitrate (plus nitrite) to phosphate ratios
(dimensionless) are presented in Table 2. The [NO3] + [NO3] : |
Si(OH)}"] means were lower for groups PraD and PryD and
highest for group Chlo. Nevertheless, Chlo also presented higher
[NO3] + [NO3] : [PO]] means than all other groups (minus
PryD), while Dia was significantly lower than Chlo and PryD.

The groups PraD, PryD, and Cy were found in warmer waters
than the other groups (Figure 6C; Table 2). Conversely, the group Dia
presented significantly lower temperatures when compared to all
other groups. Dia and Cy (specifically the blue circles in Figure 6)
were found in saltier waters (>28), while group Chlo presented
significantly lower salinities than all other groups but PraD. Also
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station (AZMP) are presented by squares, and outliers from the Bay of Sept-lles (BSI) are presented by diamonds. The gray-shaded area

corresponds to undetectable nitrate levels (~0 pM).

noticeable is the narrow range of temperature (~8 °C) and salinity
(~30) of some samples of group Cy, which were collected on BSI-7
(October 2017, Figure 5C). The groups associated with the presence
of cryptophytes, Cry and CryP, and Chlo, presented low variability of
temperatures (small standard deviation, Table 2).

The separation of group Cy between campaigns BSI-5 and 6
(stars in Figure 6) and BSI-7 were done because of the different
environmental conditions in which the two sets of samples were
found (e.g., nitrate depletion, temperature, salinity). The set of
samples of group Cy in BSI-5 and 6 presented more similar
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environmental conditions to those of groups PraD and PryD.
Optical conditions of group Cy from BSI-5 and 6 were also
closely related to these groups (not shown). Therefore, in the
following presentation of results only the set of BSI-7 are
considered for the group Cy.

3.4 Optical characterization

The total and component-specific spectral absorption and
backscattering coefficients are presented in Figure 7. For each
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TABLE 2 Mean and (plus or minus) standard deviation of nutrient concentrations and physical parameters for each of the seven clusters of
phytoplankton (PraD, PryD, Cy, Dia, Cry, CryP, and Chlo), for the Bay of Sept-lles (BSI) region.

Environmental variable PraD PryD Cy Dia Cry CryP Chlo
Nitrate, [NO3] (uM) 0.22 +0.32 0.49 + 0.58 0.51 £ 0.56 0.16 + 0.32 1.38 + 0.67 1.54 £ 0.18 2.64 + 1.07
Nitrite, [NO;] (M) 0.10 + 0.04 0.09 + 0.03 0.17 + 0.05 0.03 + 0.04* 0.09 + 0.02 0.08 + 0.04 0.12 + 0.04
Silicate!, [Si(OH)Y] (uM) 12.89 £ 5.93 18.01 £ 9.18 7.63 + 349 244 +3.88* 12.57 + 1.84 11.97 + 4.07 16.28 £7.28
Phosphate, [PO3"] (uM) 0.07 + 0.04* 0.07 + 0.02* 0.27 + 0.13 0.14 + 0.06 0.28 + 0.05 0.32 £ 0.07 0.23 + 0.08
[NOj3] + [NO3] : [Si(OH)Y] (dim.) 0.02 + 0.02 0.04 + 0.04 0.12 +0.12 0.15 +0.16 0.12 + 0.05 0.14 £ 0.09 0.23 +0.22
[NO3] +[NO3] : [PO}] (dim.) 4.87 £ 5.02 7.27 £ 6.50 2.00 + 1.13 121 £ 1.30 521 +1.89 4.84 +2.57 13.07 + 6.60
Salinity” (PSU) 2111 + 4.14 2243 + 4.08 27.81 + 2.53 29.11 + 1.94 24.11 + 1.63 24.13 +3.82 16.82 + 3.62*
Temperature' (°C) 10.85 + 2.44 12.20 + 1.17 10.09 + 2.00 272 + 1.50* 5.76 +0.74 6.24 +0.72 6.55 + 0.57

All variables presented significantly difference (one-way ANOVA, p < 0.05). Bold values indicate groups that were significantly higher (Tukey’s HSD criterion) than at least four or more
other groups. Conversely, the asterisk (*) indicate when a group of samples were significantly lower than at least four or more other groups.
"Smirnov-Kolmogorov test rejects the null hypothesis at the 5% significance level, but Lilliefors test does not.

graph (A-F), each phytoplankton group curve is represented by
the sample having the highest counts of median values,
calculated for unitary wavelength within the visible spectral
range (400 to 700 nm). Descriptive statistics and tests for
some optical properties shown in Figures 7, 8 are presented in
Table 3, for selected wavelengths, in the perspective of satellite
remote sensing applications.

For most phytoplankton assemblages, CDOM absorption
coefficient (a.qom, Figure 7A) was approximately one order of

magnitude higher than the other absorption components at
wavelengths shorter than 500 nm. As expected, the group
Chlo, found in fresher waters (Table 2) presented significantly
higher a.4om(465) than other groups, minus PraD and CryP
(Table 3). In contrast, groups more related to marine end-
member waters (with saltier characteristics), such as Dia and
Cy, presented lower values of d.gom(A).

The non-algal particles absorption spectra (anqp, Figure 7B)
were much lower than a.4om, but had similar relative magnitudes

A B
6 0.12
0.6
0.1
T 4 < < 0.081
£ ‘e 0.4 =
€ a = 0.06
2 o £
(Bo 2 © 0.2 @ 0.04 -
SO\ - 0.02
Ot T 1 rrr oo 0 LI B B B B B B B B B B | 0 LI B B B B B B B B
400 500 600 700 400 500 600 700 400 500 600 700
D E F
6
0.04 - 0.04 -
4 — 0_03_/ ~ 0.03__/
IE é E
e goo IS ——— | 0021
2- Q [ = \
0014 ] 0.014
0 4+ U S e = 0.00 4T
400 500 600 700 400 500 600 700 400 500 600 700

Wavelength [nm]

FIGURE 7

Wavelength [nm]

Wavelength [nm]

Inherent optical properties spectra: absorption coefficients of (A) chromophoric dissolved organic matter (a.qom); (B) non-algal particles (anap); and
(C) phytoplankton (ayny); (D) total absorption coefficient (a); (E) particulate backscattering (byp); and (F) total backscattering coefficient (by). For each
graph, the different lines represent the median spectra for each cluster of phytoplankton groups, and the color code is the same as in Figure 2.
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when considering individual groups of phytoplankton, suggesting
a co-variation between these two optical components. For
example, d,,,(465) in group Chlo was significantly higher than
all others, while Dia and Cy values were significantly lower than
for PraD and Cry.

The phytoplankton absorption coefficient spectra (appy,
Figure 7C) was also much lower than @cgom or angp, and, thus,
its influence in the total absorption coefficient (a , Figure 7D) is
minimal (see also Aratijo and Belanger, 2022). For example, the
fractional contribution of apy, to the non-water absorption
coefficient (= dcdom + @nap + dphy) Was maximal in the blue
peak of appy(~465 nm), but higher mean values reached only 6.2
and 5.4% for groups Dia and Cy. Nevertheless, significantly
higher values of a,1,,(465) and aph,(665) were found for group
PryD, which also presented higher Chla values (Figure 5A).

As expected, the a()) reflects the additive effects of agom and
Anap» especially in the blue and green regions of the spectrum, while
in the red the pure water absorption (a,,) dominates the
absorption budget.

The particulate (b,,) and total (by) backscattering
coefficients are shown in Figures 7E, F. Most phytoplankton
groups presented similar spectral characteristics of by, (and by),
but group Chlo was higher than others at all wavelength ranges.
Interestingly, the spectral variability of by, from group Chlo
presented an odd behavior compared to the others, with
increasing values with increasing wavelength. This group has
significantly higher values of the spectral slope (y) of by,
resulting in significantly higher by,,(655) (Table 3).
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The spectra of backscattering to total absorption coefficient
ratio (by/a) and the remote sensing reflectance (R,) are shown in
Figure 8, for each phytoplankton assemblage. As for individual
IOPs (Figure 7) the by/a and R, shown for each group
corresponds to the mode (spectral domain) of median values
for individual wavelengths. Although similarities are expected
when comparing these two variables, it is important to note that
inelastic scattering by water molecules (Raman) and by CDOM
and phytoplankton pigments (fluorescence) are not considered
in by/a. Furthermore, the approach we used does not consider
changes in IOPs along the water column, that could result in
changes in the light field in highly stratified waters (particularly
in Ly, and consequently in R). Notwithstanding, this latter
situation is likely to happen under some circumstances in our
study area (Aratjo and Belanger, 2022).

Most phytoplankton groups presented similar shape and
magnitudes of the by/a spectra, observed in all wavelength
ranges. The two exceptions were for groups Dia and Chlo that
peaked in green (~560 nm) and red (~640 nm) regions,
respectively. The combination of lower a and at-average b,
values give significant higher values of by/a in the blue (465)
and green (566) regions for group Dia (Table 3). Similarly, the
significantly higher values of b,/a (665) for the group Chlo is
explained by the high by, in the red region associated with this
group, which is found in waters heavily influenced by
terrigenous inputs.

Dissimilarities between by,/a and R, were observable mainly
in the red spectral range (>620 nm) and are mostly due to
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Spectra of (A) the ratio of total backscattering to total absorption coefficients (bn/a), and (B) the measured remote sensing reflectance (R,s). The
vertical gray dashed lines on (B) indicates the original spectral bands of the C-OPS instrument used to derive R,s. For each graph, the different lines
represent the median spectra for each cluster of phytoplankton groups, and the color code is the same as in Figure 2.
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TABLE 3 Mean and (plus or minus) standard deviation of temperature, inherent optical properties (including ratios), and remote sensing

reflectance, at selected wavelengths, for each of the seven clusters of phytoplankton (PraD, PryD, Cy, Dia, Cry, CryP, and Chlo).

Optical parameters PraD PryD Cy (BSI-7)
Gedom(465) (m™) 1.45 + 0.76 1.05 + 0.49 0.29 + 0.04
byp(665) (m™) 1.80 + 0.64 1.28 +0.16 1.10 + 0.43
by/a (465) (-10% dim.) 1.48 + 0.76 113 £ 0.16 3.46 + 0.77
byla (566) (-10% dim.) 4.68 + 2.09 3.63 + 0.49 7.14 + 1.98
by/a (665) (-10% dim.) 322+ 1.10 2.35 +0.21 2.31 +0.83
Res(465) (-10%, sr™) 0.67 + 0.34 0.46 + 0.18 2.04 + 0.36
Rys(566) (-10%, srh) 1.81 +0.72 1.54 +0.38 3.58 + 0.61
Res(665) (-10%, sr™) 1.34 + 0.40 125 022 1.17 + 0.26

10.3389/fmars.2022.1001098

Dia Cry CryP Chlo
0.34 £ 0.27* 1.29 +0.43 0.88 + 0.52 2.18 £ 0.71
1.67 113 1.81 +0.54 1.73 £ 0.95 3.64 + 1.64
534+ 1.71 161 +0.54 234+ 078 1.61 +0.97
10.41 + 3.16 481 + 1.64 6.03 +224 5.86 + 2.60
3.37 £ 2.00 3.30 £ 091 3.23 £ 1.59 6.81 + 1.81
2.60 + 0.93 0.74 £ 0.19 0.98 £ 0.31 0.57 047
4.67 £ 147 203 037 241+ 078 2.60 + 1.07
1.75 £ 1.01 148 +0.39 1.61 +0.85 3.12 £ 0.96

All variables presented significantly difference (one-way ANOVA, p < 0.05). Bold values indicate groups that were significantly higher (Tukey’s HSD criterion) than at least four or more

other groups. Conversely, the asterisk (*) indicate when a group of samples were significantly lower than at least four or more other groups.

inelastic scattering processes affecting R,;. However, the
characteristics of by/a spectra that are distinguishable for the
phytoplankton groups Dia and Chlo are also observed in R
(Figure 8B; Table 3).

3.5 Seasonal succession and framework
for remote sensing estimations

The variability of phytoplankton assemblages and nutrient
concentrations, physical parameters, and optical properties
revealed a clear seasonal signal, as summarized in Figure 9.
Since riverine discharges are a major controlling factor in the
optical environment in the BSI region (Aratjo and Belanger,
2022), the Moisie River discharge for years 2017, 2019, and the
climatological median (1965-2021) is depicted in Figure 9A. It is
expected to reflect the seasonality of the smaller rivers
discharging directly into the bay (i.e., rivieres Hall, des
Rapides, aux-foins, du Poste). The values of the discharge
peaks of 2017 and 2019 (~2,500 m® s™') were 60% higher than
the historical median (from 1965 to 2021).

The group Dia occurred in BSI in April - early May
(Figure 9B), before the spring freshet, and is related to the
spring bloom, a common feature at high latitude estuaries
(Carstensen et al., 2015). Lower water temperatures and the
lowest light absorption characteristics (due to lower a.gom and
Anap) are found.

Our interpretation of the spring bloom starting in the BSI
region earlier than BSI-1 campaign (early May) is supported by
samples collected in mid-April 2017 (Table S2, not used in this
study due to incomplete dataset), where biomass (Chla) and
Fucoxantin to Chla ratio were among the highest. The Dia
samples observed in campaign BSI-1 were likely related to the
end of the spring bloom, as indicated by the low nitrate and
silicate concentrations. The presence of a subsurface chlorophyll
maximum (SCM), a common feature in the Gulf of St. Lawrence
(Vandevelde et al., 1987), was observed during field campaign
BSI-1 (see Figure S3; Supplementary Material), with similar
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phytoplankton composition despite much higher Chla values
(Table S2). Silicate and phosphate concentrations were
comparable at the surface and within SCM, although SCM
nitrate levels were one order of magnitude higher than
surface samples.

The groups associated with cryptophytes, Cry and CryP,
occurred approximately in phase with the peaks of the spring
freshet (Figure 9B), and were characterized by an increase in
temperature and decreasing salinities. As expected, the freshet
increased the amount of CDOM and non-algal particles in the
water column, increasing its absorbing and backscattering
characteristics. Samples collected in the 2019 field campaign
(BSI-8), in early June, had similar characteristics to those
collected in BSI-2 (mid-May 2017), reflecting the timing of
freshet peaks in each year.

The group Chlo was also dominant during the spring freshet
and was found in the vicinity of river plumes (Figure 5H),
characterized by lower salinities. This group was characterized by
lower Chla values than others and was associated with very
turbulent conditions (field observation). The significantly higher
nitrate to phosphate ratio in this group (Table 2) reflects the
generally higher values of [NO3] in the riverine endmembers (data
not shown), in comparison to marine samples. Moreover, the
suspended sediment- and CDOM-laden waters of river plumes
waters generate the highest absorption and backscattering
coefficient values of BSI. The highest by, (and by,,) values in the
red portion of the spectrum characteristic of Chlo are explained by
higher values of the spectral slope of by, (7), which likely reflects
higher concentrations of particulate organic matter (Arajo and
Belanger, 2022).

After the spring freshet, as water temperature continue to
increase, the groups PraD and PryD occupied the BSI region,
and this lasted throughout the summer. Significant lower
phosphate concentrations were found to be associated with
these two groups (Table 2), while nitrate depletion occurred a
few days after their appearance (in-between BSI-3 and BSI-4
campaigns, Figure 9B). The nitrate-depleted conditions then
continued in summer up to early fall.
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FIGURE 9

Seasonal succession of phytoplankton assemblages in the Bay of Sept—fles (BSI). (A) Moisie River discharge for years 2017, 2019, and
climatological median (1965-2021). Source: Ministére de 'Environnement et de la Lutte contre les changements climatiques (https://www.cehgq.
gouv.qgc.ca/). (B) Phytoplankton assemblages distribution (see Table S2 in Supplementary Material for details of samples collected in April 19) and
dates of Landsat 8 overpass in BSI (shown in Figure 11); and (C) environmental conditions as showed by nutrient concentrations and physical
parameters (Temperature and Salinity, T and S) along the year 2017. The durations of the events of both occurrence of phytoplankton
assemblages and environmental conditions are extrapolated from punctual field campaigns (BSI-1 to BSI-7, refer to Table 1), represented by

vertical light gray lines.

The group dominated by PE-containing cyanobacteria, Cy,
began dominating BSI waters in early fall, although its presence
was already noted in mid-summer at the station farthest from
the shore (BSI-5, Figure 5G). In mid-fall (BSI-7) nitrate
concentrations were restored (Figure 6A and Table 2).

The shape and relative magnitudes of remote sensing
reflectance (R.(A)) reflected the importance of the bio-optical
environment for the determination of phytoplankton
assemblages in nearshore waters of BSI. Strong differences in
R, (Figure 8B; Table 3), in the blue, green, and red bands (465,
566, and 665 nm, respectively), and in SST (Figure 6C; Table 2)
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between assemblages of phytoplankton suggested the potential
of using multispectral and thermal infrared radiometer sensors
onboard Earth Observation platforms to infer about them. An
inverse framework where SST, R.(645), R.(566), and R,(665)
are used as inputs in the classification of BSI waters is therefore
proposed (Figure 10).

Firstly, the group Chlo presented the highest values of acqom
(465) and by, (665), resulting in low values of R, (465) and very
high values of R, (665) and, consequently, were found in reddish
waters. Considering this, using a simple threshold of the ratio R,
(665)/R, (465), the group Chlo can be separated from others.
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Secondly, the lowest values of dcgom and an,, for group Dia
resulted in the highest values of R, (465) and R,, (566),
comparatively to other groups. Thus, the sum of R in these
two wavelengths is used to target group Dia, and SST is also
included to better distinguish it from group Cy.

In a third step, taking advantage of different temperature
niches occupied by the phytoplankton assemblages, another
threshold is used to separate groups Cry and CryP from
groups Cy, PraD, and PryD. Finally, the lower a.4om of Cy,
and its influence on R (465), is used to separate this group from
PraD and PryD (Figure 10).

In a simple validation exercise, the presented framework was
applied to the in situ R,, and SST measurements to verify its
coherence. When compared to the original discrimination of the
seven phytoplankton assemblages (re-grouped in five, as in
Figure 10; n = 72) determined by the PCA/HCA method, the
result of this empirical inversion succeeded for 92% of the
samples. The samples where this procedure failed refer mainly
to some isolated groups in the context of other dominant groups
in the same field campaign, as for example a single PraD
(Figure 5D) and a Dia sample (Figure 5H).

To test the applicability of this framework in real imagery,
we processed two Landsat 8 images from 2017 (April 4 and May
15, stars in Figure 9B), downloaded as Level-1 Collection 2 data
and distributed by the United States Geological Survey (USGS).
The R((A) thresholds presented in Figure 10 were tested and
adjusted while contemplating the Spectral Response Function of
the Operational Land Imager (OLI) of bands 2 (blue), 3 (green),
and 4 (red). The two images were atmospherically-corrected
using the dark spectrum fitting algorithm implemented in
ACOLITE software (Vanhellemont, 2019; Vanhellemont,
2020c). For SST retrieval, the images of the Thermal Infrared
Sensor (TIRS) were processed using the Thermal Atmospheric
Correction Tool (TACT), also implemented in ACOLITE
(Vanhellemont, 2020a; Vanhellemont, 2020b).

The application of the proposed framework in the two
images (Figure 11) successfully targeted the dominance of
group Dia in early April, as both R, values in the blue and
green were higher than 0.005 sr' and SST values were the
lowest when compared to other periods. Following the freshet,
the classification of the image from mid-May also could detect
the presence of the group Cry/CryP in nearshore waters of BSI,
while the group Dia was more restricted to offshore waters.
The occurrence of group Cy at this period of the year is
probably a misclassification due to the overestimation of R, in
the blue region from the atmospheric correction procedure
(see Mabit et al., 2022). In this case, the classified group Cy
would actually represent a dominance of phytoplankton
assemblages from groups PraD and/or PryD. Overall, the
application of the framework in remote sensing imagery
showed to be suitable.
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4 Discussion

The potential for identification of major phytoplankton
assemblages from pigment concentrations and <20 um
autotrophic cell abundances, in a dynamic nearshore subarctic
environment, was evaluated. The combined PCA and HCA
techniques applied to these proxies demonstrated to be a good
indicator of distinctive communities of phytoplankton in the
studied area, and it was confirmed, to some extent, by the LM
taxonomy analysis. This dataset was comprehensive in terms of
temporal (seasonal, from mid-spring to early fall) and spatial
(order of 10° to 10! km) scales. However, winter conditions,
early phytoplankton spring bloom and pre-bloom (March-
April), and mid-summer (August) conditions were missing.

The seven clusters revealed relevant characteristics
associated to the following groups (Figure 3; Table S1):
prasinophytes and dinoflagellates (PraD); prymnesiophytes
and dinoflagellates (PryD); cyanobacteria (Cy); diatoms (Dia);
cryptophytes (Cry); cryptophytes and prasinophytes (CryP); and
chlorophytes (Chlo). These phytoplankton assemblages have
been reported elsewhere in subarctic and temperate estuaries
and coastal areas (Roy et al., 1996; Vallieres et al., 2008; Vaulot
et al., 2008; Blais et al., 2022). However, the nomenclature
adopted in this study reflects pigment ratios characteristics
used to distinguish the major phytoplankton assemblages but
are not necessarily related to higher biomass or numerical
dominance of one or another taxonomic class.

Flow cytometry and HPLC pigment analysis revealed
complementary to each other on assigning the major classes of
phytoplankton assemblages. For example, the presence of certain
pigments (e.g., prasinoxanthin, 19’-hexanoyloxyfucoxanthin)
allowed the determination of groups PraD and PryD, and they
also presented a high number of picoeukaryotes (Figure 3).
Micromonas pusilla and Chrysocromulina sp. are candidate
species to be representative of these clusters, respectively, as
they are ubiquitous in cold marine environments (see review of
Vaulot et al, 2008). In addition, the ability to count the
phycoerythrin-containing cyanobacteria using flow cytometry,
while phycoerythrin is a pigment not detected by standard
HPLC method, was an asset to identify assemblages
dominated by cyanobacteria (group Cy), which is probably
related to Synechococcus sp.

The biomass distribution along the size spectrum of
phytoplankton communities brings with them relevant ecological
information (Cloern, 2018; and references therein). The approach of
Uitz etal. (2006) partitioned the relative contribution to Chla of three
different size classes, and it showed coherency with our interpretation
of community structure of the seven identified groups. The fractional
contribution of picophytoplankton to Chla (f.,) estimated from
HPLC pigments () and from flow cytometry (fy,) were

coherent, especially for groups PraD and Cy (Figure 4A).
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|dealized framework to separate the different phytoplankton assemblages using satellite-derived sea surface temperature (SST) and remote
sensing reflectance in the blue (R,s (465)), green (R,s (566)), and red (R,s (665)) regions of the spectrum.

The overall dominance of fIIPL¢

over other fractions was
noticeable for most of the phytoplankton assemblages, and
comparable to other boreal coastal regions, such as in the
Western English Channel and North Sea (Barnes et al., 2014).
The general higher contribution of f,,;.r, is expected in areas with
relatively high biomass (Chla) and replenished nutrient
conditions (Cloern, 2018; Brewin et al., 2019). The dispersion
from fiicro (right corner of the ternary diagram shown in
Figure 4B) towards fi.no (upper corner), for Cry, Cryp, and
PryD, and towards fpc, (left corner), for PraD and Cy, agreed
with the inferred characteristics of each group.

The samples from the middle of the Lower St. Lawrence
Estuary (at PMZA station), collected from mid-summer to fall
season (Table 1), presented only two phytoplankton assemblages
(Dia and PraD), but relatively higher biomass compared to BSL
The nearshore BSI region has more variability in terms of
physical and optical conditions than the PMZA location and,
consequently, a more diverse microbial community, including
phytoplankton, is expected. Although Dia and PraD assemblages
were found in both PMZA and BSI, their nutrient and physical
environments were very distinctive (Figure 6 and Table 2). The
higher concentrations of all nutrients and salinity at PMZA are
due to upwelled waters in the Lower St. Lawrence Estuary
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(Therriault et al., 1990) while BSI is influenced by the Gulf of
St. Lawrence waters (see Koutitonsky and Bugden, 1991).

The seasonal variability of the phytoplankton assemblages is
a common feature in temperate and polar coastal waters and
estuaries (e.g., Ansotegui et al., 2003; Trefault et al., 2021). In
addition, local river discharge in these environments is a major
driver of phytoplankton composition (Domingues et al., 2005),
biomass and production, particularly during the spring freshet
(Malone et al., 1988). Overall, we found that the seasonal
succession of phytoplankton assemblages in surface waters of
BSI is intrinsically related to changes in the environmental
niches that are largely driven by bio-optical conditions and sea
surface temperature (SST).

Before the spring freshet, the group Dia fully occupied BSI
surface waters, as expected for high-latitude spring blooms
dominated by large cells (diatoms) (Tremblay et al., 2006;
Carstensen et al.,, 2015). The low nutrient concentrations
found during BSI-1 campaign suggest that phytoplankton
growth was nutrient-limited at the time. While silicate
depletion has been found to be responsible for the termination
of an Arctic diatom bloom (Krause et al.,, 2019), the fact that
silicate concentrations of ~0.2 — 1.1 uM persisted after nitrate
had reached extremely low values of <0.1 uM indicates that the
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Application of the exposed framework shown in Figure 10 in satellite images of the Operational Land Imager (OLI) and the Thermal Infrared Sensor

(TIRS) of Landsat 8. The atmospherically-corrected images of the blue, green, and red bands, the sea surface temperature, and the resulting
classification of the groups of phytoplankton assemblages are shown for two dates: April 4 and May 15, 2017. OSW, optically-shallow waters.
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latter presumably drives bloom termination in the surface waters
of BSI (Figure 6). A major shift in the coastal light environment
occurs when freshet brings massive concentration of terrigenous
optical constituents.

During higher riverine discharges, the assemblages
associated with cryptophytes (Cry and CryP) occupy the
waters of BSI. The assemblages associated with chlorophytes
(Chlo) were also found during the spring freshet and, due to the
proximity of the riverine discharges, the highest light absorption
and the most turbid conditions conferred to them less biomass
compared to other assemblages.

After freshet and with warmer SST, the assemblages
composed by dinoflagellates co-occurring with smaller
phytoplankton cells (PraD and PryD) replace groups Cry and
CryP in BSIL These assemblages were characterized by nitrate-
depleted conditions just after their first appearance in BSI-3
(Figure 9), and by lower concentration of phosphate. Nitrate-
depleted conditions were also found to be associated with
phytoplankton communities related to small prymnesiophytes
and prasinophytes in the North Atlantic and Chukchi Sea
(Sieracki et al., 1993; Hill et al., 2005). Notably, the
occurrence, or even blooms, of the toxic dinoflagellate A.
tamarense are likely associated to these two groups, as
previously reported in summer for BSI (Weise et al, 2002)
and the Lower St. Lawrence Estuary (Fauchot et al., 2008; Roy
et al., 2021).

At the end of summer and throughout fall, the assemblage
associated with a high abundance of PE-containing
cyanobacteria (Cy) dominates BSI waters. However, the
environmental niche they occupy is distinguishable from those
of PraD and PryD only by fall (BSI-7), when nitrate
concentration levels are replenished, and saltier (and less
absorbing) waters from the Gulf of St. Lawrence are found.

The seasonal variability of surface nutrients followed the
general pattern of the Gulf of St. Lawrence, especially regarding
the establishment of nitrate-depleted conditions in summer
(Tremblay et al., 2000; Blais et al.,, 2019). Nutrient
concentrations in the nearshore and coastal areas of the Bay of
Sept-les were consistently lower than those of upwelled waters
in the Lower St. Lawrence Estuary (AZMP buoy, Blais
et al,, 2019).

The ratio [NOj3] : [PO; ] was consistently lower than the
Redfield value (16:1) but showed large differences between
phytoplankton assemblages (Table 2). The lowest values
observed for this ratio here are typical of coastal areas,
including estuaries, indicating that N is generally the limiting
factor for phytoplankton growth (Howarth et al, 2021; and
references therein). Moreover, Howarth et al. (2021) also
demonstrated that, in addition to the contribution of
continental runoff to nutrient loads in coastal areas, the
adjacent ocean also strongly affects nutrient availability in
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these areas. This is consistent with the observed nitrate
concentrations in BSI during late fall.

The seasonal (spring to fall) succession of phytoplankton
assemblages in BSI region exhibit a shift from large cells, in the
spring bloom (Group Dia), to smaller ones (nano- and pico-
phytoplankton size classes) from summer to fall. This shift
started after the spring freshet, towards nanophytoplankton
(cryptophytes, groups Cry and CryP), followed by pico- and
nano-eukaryotes such as those of groups PraD and PryD,
coexisting with dinoflagellates, and finally cyanobacteria
(group Cy).

The CDOM-laden waters of BSI makes the dcgom a
determining IOP in shaping the R, , especially at shorter
wavelengths (~ <600 nm). Another characteristic of BSI waters
(and other nearshore zones of the St. Lawrence Estuary; see
Aratjo and Belanger, 2022) is the generally flatter spectral shape
of the particulate backscattering coefficient (approximately -1 <
¥<0.5) comparatively to other coastal waters (e.g., Antoine et al.,
2011). Furthermore, the mass-specific b,,(4) is very low
compared to other regions, a characteristic of the particulate
and dissolved organic-rich waters of BSI (Aratjo and Bélanger,
2022). This is also reflected in the relatively lower R (1)
particularly in the red region of the spectrum, expected for a
determined concentration of particles, when compared to other
regions (Mabit et al., 2022).

Phytoplankton absorption (a,p, ) represents a small fraction
of the total absorption budget in BSI and, consequently, R(A)
signals are more sensitive to other optically active constituents
than phytoplankton itself. This result implies that algorithms
used to discriminate major phytoplankton assemblages that rely
only on phytoplankton optical properties may have limited
applications in BSI, as it is the case for other optically complex
waters (e.g., Arctic ocean; Reynolds and Stramski, 2019).
Nevertheless, significant differences in aph, spectra between
some groups were found. Moreover, analysis of the spectral
shape of a,p,, and the Chla-specific a,p, also revealed significant
differences in the seasonal domain (Aratjo and Bélanger, 2022).
Taking these results into consideration, the phytoplankton
absorption can be an asset to assess the major phytoplankton
assemblages in BSI, as demonstrated for diverse locations by
other studies (e.g., Hoepffner and Sathyendranath, 1991;
Hoepffner and Sathyendranath, 1993; Devred et al., 2006;
Oliveira et al., 2021; Sun et al., 2022).

Recent satellite missions and respective sensors covers the
blue (~465 nm), green (~566 nm), and red (~665 nm) region of
the spectrum, and with a relevant spatial resolution (order of
~10" m) for the scale of this study (see review of Werdell et al.,
2018), allowing the retrieval of the remote sensing reflectance
(R ) in these spectral bands. Another common satellite-derived
parameter is the sea surface temperature (Minnett et al., 2019).
Temperature is a major controlling factor of phytoplankton
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phenology (e.g., Trombetta et al., 2019) and it was found to
explain well the phytoplankton primary production in the
estuary and Gulf of St. Lawrence, under low nutrient
concentration circumstances (Babin et al., 1991). The results of
the framework shown in Figure 10 and its application in remote
sensing imagery (Figure 11) demonstrated that current Earth
Observation satellites can be used to infer the general seasonal
pattern of the major phytoplankton assemblages in the
BSI region.

Although the proposed approach is empirical in nature, its
foundations remits to the general bio-optical background and
physical environment in which each assemblage is
contextualized. Operational satellite missions such as the
Landsat 8-9, carrying the Operational Land Imager (OLI) and
the Thermal Infrared Sensor (TIRS), Sentinel-2, carrying the
MultiSpectral Instrument (MSI), and Sentinel-3, carrying the
Ocean and Land Color Instrument (OLCI), are examples of
sensors that could be used to investigate the phytoplankton
assemblages in coastal zones. The suitability of this approach
was shown in two scenes collected by Landsat 8 OLI/TIRS in
spring 2017 (Figure 11). However, inherent constraints to optical
remote sensing such as persistent cloud cover over target regions
and difficulties in atmospheric correction (a necessary step to
obtain R,; from top-of-atmosphere radiances) in highly
absorbing waters, as it is the case of nearshore regions of the
estuary and Gulf of St. Lawrence (Mabit et al., 2022), will limit
their application. Another important constrain to consider is the
potential difference between temperatures used in this study,
collected by in situ thermometers, and those collected by satellite
radiometers, which are related to the sea surface skin
temperature (see Donlon et al., 2002; Minnett et al., 2011).

Our general hypothesis that the composition of major
assemblages in a coastal area will covary with temperature and
the bulk optical environment (IOPs) is confirmed. Furthermore,
the premise that the IOPs characterization is a necessary step to
investigate the phytoplankton assemblages using optical
approaches (as in Reynolds and Stramski, 2019) in a coastal
area was also confirmed. The composition of phytoplankton
assemblages likely reflected major traits that were shaped by
different environmental niches.

5 Conclusions

Given the intrinsic dynamic of coastal and estuarine areas,
phytoplankton ecology monitoring is a major challenge for
scientists and, consequently, is often overlooked by
stakeholders, managers, and policy makers. The application of
the proposed framework to retrieve major phytoplankton
assemblages using satellite imagery would favor the
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monitoring of essential biodiversity variables in coastal
ecosystems (Muller-Karger et al., 2018), deriving information
about their distribution and with potential to extend it to
functional traits. Although developed in the context of the
subarctic Bay of Sept—iles, similar approaches could be
successfully implemented in other coastal regions, especially
those that experience strong seasonal variability.

In view of ecological modelling (coupled with hydrodynamical
modelling, as for an aquatic system), the information about major
phytoplankton assemblages derived by satellite could be integrated
into a monitoring program including automated buoys to collect
high frequency meteorological and oceanographic data (Eulerian
perspective), and regular (space and time) field campaigns to
collect target biogeochemical and optical parameters.

Global warming has an important role in restructuring
major phytoplankton assemblages (Benedetti et al., 2021) and
developing new tools to systematically monitor these
microorganisms that are key to coastal ecosystems are urgent.
Moreover, bringing the scientific knowledge developed in this
study into a broader context, such as its mapping onto a Social-
Ecological-Environmental System, as presented by Ferrario et al.
(2022), would bring benefits to society.
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