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« Ogum veio da beira mar
Foi mamé&e lemanja quem mandou
Saravd Ogum de Malé no 11é

Foi mamé&e lemanja quem mandou »

Ode to Ogum, from a fragment of
Ogum de Malé, a song by Jackson do
Pandeiro, and written by Laesse Miranda
and Antbénio Nufies. Recorded at 78 RPM,
Columbia 3107, 1960, matrix number
CBO0-2295 (A-side).

In  Afro-Brazilian religious cults,
lemanja is the goddess of the seas. Ogum
Beira-mar, also a god, guards the shores and
tides, and makes the connection between land

and the kingdom of lemanja.
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FOREWORD

The development of this thesis was only possible thanks to research projects awarded
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Tles and City of Sept-Tles). Specifically, this thesis is part of the CHONe Project 2.1.2, which
major objective was “to evaluate and model how natural and anthropogenic stressors
interact to impact pelagic and benthic communities along a sub-arctic coastline and develop
bay-scale condition indicators”. Because of common objectives and the possibility to
integrate the same methodology in other areas (although the same regional context), this
thesis contributed to other two research projects: WISE-Man and RQM 1. The WISE-Man
Project (WaterSat Imaging Spectrometer Experiment [WISE] for Optically Shallow Inland
and Coastal Waters Assessment) was funded by the Canadian Space Agency through the
FAST program, Fisheries and Oceans Canada through the Coastal Environmental Baseline
Program, and Québec-Ocean. The RQM 1 (subproject “Eelgrass meadows in Québec:
Evolution and status™) was funded by the Réseau Québec Maritime. The scholarships were
provided by the Fonds de Recherche du Québec — Nature et technologies (FRQNT), through
a grant of the Merit Scholarship Program for Foreign Students (PBEEE); the Fondation de
["'UQAR, through a Research Merit Scholarship; CHONe-2; a NSERC Discovery Grant of
Simon Bélanger; RQM 1; and Québec-Océan.



This thesis is divided in five sections: a general introduction, the main body of the text
with three research articles, and a general conclusion. The general introduction situates this
thesis in an environmental science perspective and provides major guidelines to concepts that
are explored along all the sections. Major research questions and the thesis objectives are
presented in the end of the introduction. The research articles are written in journal-specific
formats and, while containing original data and analysis, they also provide future
perspectives in each domain explored in the manuscripts. The general conclusion integrates
the work developed in each research article into a broader perspective and provides ideas for
future work and research priorities. Finally, a supplementary material for each research
article (annex) and a complete list of references for all the thesis is provided after the general

conclusion.

Xiv



List of publications made during the doctorate:

Araljo CAS, Belzile C, Tremblay J-E, Bélanger S. 2022. Environmental niches and
seasonal succession of phytoplankton assemblages in a subarctic coastal bay:
Applications to remote sensing estimates. Frontiers in Marine Science, 9:1001098.
doi: 10.3389/fmars.2022.1001098

Ferrario F, Araujo CAS, Bélanger S, Bourgault D, Carriere J, Carrier-Belleau C, Dreujou
E, Johnson LE, Juniper SK, Mabit R, McKindsey CW, Ogston L, Picard MMM,
Saint-Louis R, Saulnier-Talbot E, Shaw J-L, Templeman N, Therriault TW,
Tremblay J-E, Archambault P. 2022. Holistic environmental monitoring in ports as
an opportunity to advance sustainable development, marine science and social
inclusiveness. Elementa: Science of the Anthropocene, 10:1. doi:
10.1525/elementa.2021.00061

Mabit R, Araujo CAS, Singh RK, Bélanger S. 2022. Empirical remote sensing algorithms
to retrieve SPM and CDOM in Québec coastal waters. Frontiers in Remote Sensing,
3:834908. doi: 10.3389/frsen.2022.834908

Araujo CAS, Bélanger S. 2022. Variability of bio-optical properties in nearshore waters
of the estuary and Gulf of St. Lawrence: Absorption and backscattering coefficients.
Estuarine, Coastal and Shelf  Science, 264: 107688. doi:
10.1016/j.ecss.2021.107688

Sampaio FG, Araujo CAS, Dallago BSL, Stech JL, Lorenzzetti JA, Alcéantara E,
Losekann ME, Marin DB, Ledo JAD, Bueno, GW. 2021. Unveiling low-to-high-
frequency data sampling caveats for aquaculture environmental monitoring and
management. Aquaculture Reports, 20: 100764. doi: 10.1016/j.aqrep.2021.100764

Murphy GEP, Dunic J, Adamczyk EM, Bittick SJ, C6té IM, Cristiani J, Geissinger EA,
Gregory RS, Lotze HK, O’Connor MI, Araujo CAS, Rubidge EM, Templeman
ND, Wong MC. 2021. From coast to coast to coast: Ecology and management of
seagrass ecosystems across Canada. FACETS, 6: 139-179. doi: 10.1139/facets-
2020-0020

Araujo CAS, Sampaio FG, Alcantara E, Curtarelli M, Ogashawara I, Stech J. 2017. Effect
of cold fronts on stratification and water quality of a tropical reservoir: implications
for aquaculture. Aquaculture Environment Interactions, 9: 385-403. doi:
10.3354/aei00240

XV



List of scientific communications presented during the doctorate (1% author only):

Araujo CAS. 2023. Suivi satellitaire a long terme des herbiers de zostére dans la zone
intertidale du Saint-Laurent avec Landsat. Oral presentation (presented by Simon

Bélanger) given at the Rencontre d’échanges sur la vegetation aquatic du fleuve
Saint-Laurent, organized by the MELCCFP, 12 April, Québec (Canada).

Araujo CAS. 2021. Seasonal succession and optical characterization of phytoplankton
assemblages within surface waters of a subarctic coastal bay. Oral presentation
given at a webinar for the Network on Coastal, Oceans & Lake Optics Remote
sensing (NetCOLOR), 29 September.

Araujo CAS. 2021. Light and dynamic of primary producers in coastal and nearshore
environments: a bio-optical-based assessment in the Estuary and Gulf of St.
Lawrence. Oral presentation given at the Québec-Océan Annual Scientific Meeting,
8-11 February. (Online event)

AraGjo CAS, Tremblay J-E, Bélanger S. 2020. Relationships between phytoplankton
assemblages and bio-optical variability in a coastal environment of the Gulf of St.
Lawrence. Poster presented at the Ocean Sciences Meeting, 16-21 February, San
Diego (USA), and at the Québec-Océan Annual Scientific Meeting, 9-11 March,
Beaupré (Canada).

Araujo CAS, Danhiez F-P, Bélanger S. 2019. CDOM absorption and DOC concentration
relationships in the coastal area of Sept Tles Bay: Preliminary results. Poster
presented at the Forum Québécois en Sciences de la Mer, 11-13 November,
Rimouski (Canada).

Araljo CAS, Bélanger S, Tremblay J-E, Cusson M. 2019. Light and primary producers’
dynamics in a subarctic coastal embayment: A satellite-based assessment:
Preliminary results. Oral presentation given at the International Congress on
Industrial Port Research (CIRSIP), 27-31 May, Sept-iles (Canada). (Invited
speaker)

Araujo CAS, Bélanger S, Cusson M. 2019. Eelgrass (Zostera marina, L.) distribution
variability in the St Lawrence Estuary as detected by Landsat historical images
(1985 — 2017). Oral presentation given at the Vecteur Conference, 15-17 April,
Rimouski (Canada).

Araujo CAS, Schuhmacher Z, Cusson M, Bélanger S. 2018. Eelgrass (Zostera marina,
L.) distribution variability in the Bay of Sept Tles as detected by Landsat historical
images (1985 — 2017). Poster presented at the CHONe 11 3rd Network Meeting, 29
November - 1 December, Ottawa (Canada). (Best poster award)

XVi



BIO-OPTICAL PROPERTIES AND REMOTE SENSING APPLICATIONS FOR
MAPPING THE DISTRIBUTION OF PRIMARY PRODUCERS IN NEARSHORE
AREAS OF THE ESTUARY AND GULF OF SAINT LAWRENCE

ABSTRACT

The relationship between nature and humanity is in the spotlight in the 21st century,
while the proximity of coastal zones is one of the most attractive areas in the world for human
settlements due to their unique offer of environmental (social, economical, and ecological)
goods. Notwithstanding, nearshore areas host diverse ecologically relevant and sensitive
habitats. In this context, while forming the basis of trophic chains, primary producers such
as phytoplankton and foundation species of coastal vegetated habitats constitute key
organisms of such ecosystems. Specifically in northern high latitudes, the rising temperatures
and sea-ice loss due to global warming are about twice as fast as in mid-latitudes (Arctic
amplification), with consequences for ocean, coastal and nearshore processes. Because of the
natural wide spatial and temporal variability of oceanographic and watershed processes
acting over nearshore areas, the ability to monitor and manage them often represent a
challenge for stakeholders, scientists, and decision-makers. Earth observation satellites
(EOS) present themselves as a singular tool to address spatial and temporal variabilities of
primary producers in nearshore areas. However, the possibility to retrieve biogeochemical
information of surface waters from EOS applications requires knowledge about their optical
properties. The main objectives of this thesis were to establish a baseline of knowledge about
the optical properties and develop remote sensing tools to better understand the variability of
primary producers in nearshore waters of subarctic and cold temperate environments. This
thesis is composed of three research papers using a combination of in situ (ship-based) and
satellite-based approaches to achieve these goals. The studied areas included nearshore
subregions of the estuary and Gulf of St. Lawrence (EGSL), Eastern Canada, being the
coastal areas near the Bay of Sept-Tles (BSI), the Manicouagan (MAN) Peninsula, Forestville
(FV), Rimouski bay (RIB), and L’Isle Verte bay (IVE). In the first article, BSI, MAN and
FV subregions were investigated using (distinct) in situ sampling design strategies, and all
field campaigns collected optical and biogeochemical quantities (molar and dry-mass
concentrations) to investigate their major relationships. The bio-optical properties of
nearshore waters of the north part of EGSL are under the influence of major (or local) organic
matter-rich riverine discharges. Specifically, it was shown that the absorption coefficient of
the chromophoric dissolved organic matter (CDOM) strongly dominates the absorption
budget, and that these waters have very low mass-specific backscattering coefficient. These
factors characterize a strongly light-absorbing and weakly light-scattering medium, resulting



in low reflectance values and with implications for the applications of optical remote sensing
approaches. Despite the dominance of terrigenous absorbing components, the biomass of
phytoplankton was not negligible (chlorophyll-a concentrations > 1 mg m=3). Overall, the
sampling strategy revealed a complex interplay of spatial (between and within subregions)
and temporal (seasonal, synoptic, and circadian) variabilities acting of nearshore EGSL and
influencing its optical properties. In the second article, we hypothesized that the composition
of major phytoplankton assemblages in BSI subregion will covary with temperature and the
bulk optical properties of the environment. The in situ sampling revealed a strong seasonal
(spring to autumn) pattern modulating the composition of phytoplankton assemblages, while
statistically significant differences of temperature and bio-optical properties between the
different groups were observed. 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. Whilst
confirming the hypotheses, it was also demonstrated the capability to retrieve the major
phytoplankton assemblages from EOS sensors, with possible applications to monitoring
programs. The third article used a long-term time series (~40 years) from EOS (Landsat
missions) to address the interannual and decennial variability of seagrass (eelgrass, Zostera
marina L.) meadows coverage in intertidal areas of BSI, MAN, RIB, and IVE subregions of
EGSL. From the methodological aspect, knowledge about the variabilities of optical
properties and tides were essential to optimize EOS approaches. The area of the meadows
presented a significantly increasing trend (10 to 20-fold greater than the initial surface area,
considering the period from 1984 to 2022). Particularly, in MAN and BSI subregions the
observed growing trend was towards land. Overall, this thesis focused on the retrieval of the
spatial distribution of two important primary producers (i.e., phytoplankton assemblages and
seagrass meadows) using EOS approaches in changing EGSL nearshore subregions. An
avenue of possibilities remains to be explored through incorporating EOS approaches in
nearshore EGSL zones in social-ecological systems, where the environment and its
interaction with the anthroposphere can be modeled and predicted. Nonetheless, this thesis
represents a first step towards a more representative sampling of these two important
environmental variables.

Keywords: nearshore habitats, bio-optical properties, CDOM, backscattering

coefficient, phytoplankton seasonal succession, remote sensing, eelgrass meadows, Zostera
marina, Landsat, Saint Lawrence Estuary
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RESUME

La relation entre la nature et I'humanité est une préoccupation grandissante du 21e
siécle, alors que la proximité des zones cotieres est I'une des zones les plus attractives au
monde pour les établissements humains en raison de leur offre unique de biens
environnementaux (sociaux, économiques et écologiques). En effet, les zones littorales
abritent divers habitats écologiquement pertinents et sensibles. Dans ce contexte, tout en
constituant la base des chaines trophiques, les producteurs primaires tels que le
phytoplancton et les especes fondatrices des habitats végétalisés cotiers constituent des
organismes clés de tels écosystémes. Plus précisément dans les hautes latitudes
septentrionales, la hausse des températures et la perte de glace de mer due au réchauffement
climatique sont environ deux fois plus rapides qu'aux latitudes moyennes (amplification
arctique), avec des conséquences sur les processus océaniques, cotiers et littoraux. En raison
de la grande variabilité spatiale et temporelle naturelle des processus océanographiques et
des bassins versants agissant sur les zones littorales, la capacité de les surveiller et de les
gérer représente souvent un défi pour les parties prenantes, les scientifiques et les décideurs.
Néanmoins, les satellites d'observation de la Terre (SOT) se présentent comme un outil de
choix pour aborder les variabilités spatiales et temporelles des producteurs primaires dans les
zones cotiéres. Cependant, la possibilité de récupérer des informations biogéochimiques sur
les eaux de surface a partir d'applications SOT nécessite une connaissance de leurs propriétés
optiques. Les principaux objectifs de cette these étaient d'établir une base de connaissances
sur les propriétés optiques et de développer des outils de télédétection pour mieux
comprendre la variabilit¢ des producteurs primaires dans les eaux cotieres des
environnements subarctiques et tempérés froids. Cette these est composée de trois articles de
recherche utilisant la combinaison d'approches in situ (basées sur des navires) et satellitaires
a été utilisée pour atteindre ces objectifs. Les zones étudiées comprenaient des sous-régions
littorales de I'estuaire et du Golfe du Saint-Laurent (EGSL), dans I'est du Canada, étant les
zones cotiéres proches de la Baie des Sept-Tles (BSI), Forestville (FV), la baie de Rimouski
(RIB), and la baie de L’Isle Verte (IVE). Dans le premier article, les sous-régions BSI, MAN
et FV ont été étudiées en utilisant des stratégies de conception d'échantillonnage in situ
(distinctes), et tous les échantillons incluent (1) les propriétés optiques et (2) les quantités
biogéochimiques (concentrations molaires et de masse séche) pour étudier leurs principales
relations. Les propriétés bio-optiques des eaux littorales de la partie nord de I'EGSL sont sous
I'influence de débits fluviaux majeures (ou locaux) riches en matiére organique. Plus
précisément, il a été montré que le coefficient d'absorption de la matiere organique dissoute
chromophore (MODC) domine fortement le bilan d'absorption, et que ces eaux ont un
coefficient de rétrodiffusion spécifique trés faible (par rapport a la concentration en matiére
particulaire en suspension). Ces facteurs caractérisent un milieu absorbant fortement la
lumiere et diffusant faiblement la lumiere, ce qui entraine de faibles valeurs de réflectance et



des implications pour les applications des approches de télédétection optique. Malgré la
dominance des composantes optiques d'origine terrigéne dans le bilan d'absorption, la
biomasse de phytoplancton n'est pas négligeable (concentrations en chlorophylle-a > 1 mg
m3). Dans I'ensemble, la stratégie d'échantillonnage a révélé une interaction complexe des
variabilités spatiales (entre et au sein des sous-régions) et temporelles (saisonnieres,
synoptiques et circadiennes) agissant sur I'EGSL prés du rivage et influencant ses propriétés
optiques. Dans le deuxiéme article, nous avons émis I'hypothése que la composition des
principaux assemblages de phytoplancton dans la sous-région de BSI covarie avec la
température et les propriétés optiques globales de I'environnement. La stratégie
d'échantillonnage in situ a révelé un fort cycle saisonnier (du printemps a l'automne)
modulant la composition des assemblages de phytoplancton, tandis que des différences
statistiquement significatives de température et de propriétés bio-optiques entre les différents
groupes ont été observées. Avant la crue des rivieres au printemps (mi-mai), I'efflorescence
de phytoplancton était dominée par de grandes cellules microphytoplanctoniques
(diatomées), et la succession suivait un déplacement vers des cellules de nanophytoplancton
et de picophytoplancton tout au long de I'été et de l'automne. Tout en confirmant les
hypothéses, il a également été démontré la capacité d’estimer les principaux assemblages de
phytoplancton a partir des capteurs SOT, avec des applications possibles aux programmes de
surveillance. Le troisieme article a utilisé une série temporelle a long terme (~ 40 ans) de
SOT (missions Landsat) pour aborder la variabilité interannuelle et décennale de la
couverture des herbiers marins (zostére marine, Zostera marina L.) dans les zones intertidales
de BSI, MAN, RIB and IVE sous-régions littorales de I'EGSL. D'un point de vue
méthodologique, la connaissance des variabilités des propriétés optiques et des marées était
essentielle pour une meilleure utilisation des approches SOT afin d'obtenir les meilleurs
résultats. La superficie des herbiers a présenté une tendance a l'augmentation significative
(10 a 20 fois supérieure a la superficie initiale, en considérant la période de 1984 a 2022). En
particulier, dans les sous-régions MAN et BSI, la tendance croissante observée était vers la
terre (continent). Dans I'ensemble, cette thése s'est concentrée sur I'analyse de la distribution
spatiale et temporelle de deux importants groupes de producteurs primaires (i.e., les
assemblages phytoplanctoniques et les herbiers de zostére) grace aux approches SOT dans
les sous-régions cotieres changeantes de I'EGSL. Une voie de possibilités reste a explorer en
incorporant des approches SOT dans les zones EGSL cotieres dans les systémes socio-
écologiques, ou I'environnement et son interaction avec l'anthroposphére peuvent étre
modélisés et prédits. Néanmoins, cette thése représente une premiere étape vers un
échantillonnage plus représentatif de ces deux variables environnementales importantes.

Mots clés : habitats cétiers et littoral, propriétés bio-optiques, MODC, coefficient de

rétrodiffusion, succession saisonniére du phytoplancton, télédétection, herbiers de zostére,
Zostera marina, Landsat, Estuaire du Saint Laurent
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GENERAL INTRODUCTION

ENVIRONMENTAL SCIENCES AND SYSTEMS ECOLOGY

Humanity is living in the Anthropocene era (Ellis et al., 2010; Folke et al., 2021; Lewis
and Maslin, 2015) and facing challenges such as world climate change (IPCC, 2022).
Consequently, the relationships between society and nature are in the spotlight in the twenty-
first century. Social-ecological systems (SES), which can be defined as a set of critical
resources (natural, socio-economic, and cultural) whose flow and use is regulated by a
combination of ecological and social systems (Redman et al., 2004), is an useful concept in
this context (see Folke et al., 2005; Ostrom, 2009). In turn, the so-called ecosystem-based
approach guide to best management practices and protection of the environment through the
scientific reasoning, while also considering the humans’ interaction with the natural
ecosystem with sustainability (Browman and Stergiou, 2004; Christensen et al., 1996; Leslie
and McLeod, 2007).

In the discipline of environmental sciences, the ecologist Pierre Dansereau, author of
the pioneering work “Biogeography: An ecological perspective” (Dansereau, 1957), also
attempted that the theoretical framework of systems approach developed in ecology, with the
seminal works of Arthur Tansley, Raymond Lindeman and G. Evelyn Hutchinson, among
others, should also be incorporated in the study of the interaction of human and the
environment (Audet, 2012). In fact, the ecosystem-based management is tightly related with
and has advantages when analyzed through the lens of systems ecology (Kay et al., 1999;
Van Assche et al., 2019).

Therefore, one may expect in social-ecological systems the perspectives of complexity,
evolution, self-organization, and adaptation, constant in the general system theory (for

reference, see Meadows, 2008; von Bertalanffy, 1950). Perhaps the most fundamental



concept of general systems theory is the interaction of the different elements of a simple
conceptual model (Figure 1), where the dynamic of a system can be inferred by stocks (input
and outputs) and processes. In this example, if the input is provided, and knowing the
mechanisms of the process involved in the transformation of it, it is possible to predict the
output. The idea of predictability through modeling approaches are central in general systems
theory.

Environment

\I/

/7 N\

Transfer
process

:> (Output

Figure 1. Conceptual model from general systems theory.

Particularly in environmental systems, a critical step in developing models is the
adequate sampling for inputs and outputs (this last also for verification purposes, see
Nordstrom, 2012). Ecosystems exhibit wide variability of spatial, temporal, and
organizational scales, while it is important to note that the observer imposes his perceptual
bias when investigating such systems (Levin, 1992). In summary, it is very important to
address this problematic in SES and, consequently, in ecosystem-based management

approaches.



NEARSHORE ENVIRONMENTS AND PRIMARY PRODUCERS

This thesis focuses on nearshore environments, which is an integral part of a coastal
SES. Coastal zones are one of the most attractive areas in the world for human settlements
(Small and Nicholls, 2003). This phenomenon occurs mainly due to its socioeconomic
benefits, which includes access to ocean navigation, coastal fisheries, tourism, and recreation.
Notwithstanding, anthropogenic modification of coastal and nearshore environments is
substantive and presents an increasing trend, which can have deleterious effects to human
itself (Doney, 2010; Turner et al., 1996).

Nearshore environments are naturally dynamical systems because of the simultaneous
interaction of hydrosphere, lithosphere, cryosphere (in high latitudes), and atmosphere
processes. Examples of processes acting in nearshore environments are the freshwater and
groundwater discharge (watershed processes), ocean (-or estuarine) waters exchange, tidal
and wave regime, material input (organic and inorganic), and climatic events. Thus, it is
important to consider de various spatial and temporal scales of processes in coastal SES

management (de Jonge, 2000).

A formal investigation of spatial and temporal scales acting in ocean was introduced in
the so-called Stommel Diagram (Stommel, 1963), firstly used to describe the distribution of
variabilities of the sea level. Later, the disciplines of ecology and biological oceanography
used the same graphical concept to explain other phenomena, such as the scales of variability
of phytoplankton, zooplankton, and fish populations (Vance and Doel, 2010). Figure 2 shows
an example of a biological version of the Stommel Diagram applied to the ocean, where the
variabilities of biomass (z-axis; e.g., zooplankton) are superimposed by the main sources of
oceanographic data (ships, moorings, and satellites; from Kaiser et al., 2020). It is important
to note the diversity of scales and processes (legend in Fig. 2) acting in this example, but also
the complementarity of the three different sources of data to address oceanographic
phenomena, and the singularity of the satellite approach. However, one may expect even

more complexity in nearshore environments.
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Figure 2. Example of a Stommel Diagram applied to a biological system, highlighting the
role of the most common sources of data in oceanography: ships, moorings, and satellites.
Source: Kaiser et al. (2020); Marine Ecology: Processes, Systems, and Impacts; p. 218.
Reprinted with permission by Oxford University Press.

Salt marshes, mangroves, seagrass meadows, macroalgal beds and microphytobenthic
films, besides the pelagic habitat itself, are examples of ecologically relevant habitats that
are found in nearshore environments. The ecological and economic importance of these
habitats is vast, including nursery of diverse species, primary production, nutrients cycling,
carbon storage, and coastline protection as representative examples. Notwithstanding, a high
economic value of ecosystem services is attributed to these biomes (Costanza et al., 2014).
For practical purposes, ecosystem services can be simply defined as the benefits people

obtain from ecosystems.



The synthesis of organic matter from inorganic matter by autotrophs organisms (i.e.,
primary production) constitutes the basis of trophic chains in food webs, and the most
important process is the photosynthesis. In an ecosystem, the energy sources and associated
trophic linkages that supports food webs are key to understand its structure and function
(Lindeman, 1942). In nearshore environments of high latitudes, for example, stable isotopes
analysis revealed the complex contribution of the different primary producers, but also the
relative importance of allochthonous organic matter from terrestrial sources (Corbisier et al.,
2004; McMahon et al., 2021; St. Pierre et al., 2020). In these high latitude regions, the
primary producers can include phytoplankton, macroalgae, seagrass, sea ice algae, and
microphytobenthos.

Specifically in the pelagic environment, the knowledge about the composition of
phytoplankton assemblages is of particular interest for biogeochemical models, as they are
intrinsically related to ecological processes (Le Quéré et al., 2005), and it can also be used to

access the ecosystem health (Tett et al., 2008).

Because of their characteristic of foundation species (i.e., species that play a major role
in creating and maintaining a habitat) and to constitute the base of trophic chains, the
characterization of primary producers is primarily important in nearshore environments.
Next, we examine how remote sensing, particularly in the optical domain, can address the

problem of spatial and temporal sampling in coastal and nearshore areas.

OPTICAL REMOTE SENSING OF NATURAL WATERS

Remote sensing, through Earth Observation satellites, has advantages when compared
to other approaches to sample the coastal environment, such as its acquisition repeatability
(temporal resolution), spatial coverage, and synoptic view. In particular, the retrieval of
biogeochemical information of surface waters has been developed (and are in constant

development) since the launch of the first space-based experimental sensor dedicated to



ocean color remote sensing, the Coastal Zone Color Scanner experiment (CZCS), which
operated from 1978 to 1986 (McClain, 2009). A decade after CZCS, the Sea-viewing Wide
Field-of-view Sensor (SeaWiFS) was an ocean color remote sensing mission that operated
from 1997 to 2010 and initiate the long term systematic and uninterrupted Ocean Colour
Radiometry (OCR) era. Among others, the Moderate Resolution Imaging Spectroradiometer
(MODIS), aboard Terra and Aqua satellites, are sensors still in operation (since 1999). An
emblematic modeling approach that uses ocean color remote sensing products (namely the
chlorophyll-a concentration, Chla) is the estimation of global net primary production (NPP)
by phytoplankton (e.g., Antoine et al., 1996; Behrenfeld and Falkowski, 1997; Longhurst et
al., 1995). Phytoplankton was found to account for approximate 50% of Earth NPP (Field et
al., 1998). OCR provided biogeochemical proxies of the surface ocean that has transformed

our understanding of the ocean response to climate variability (e.g., Behrenfeld et al., 2006).

Due to their coarse spatial resolutions, OCR sensors that are adequate for the global
ocean are not suitable for application in coastal and nearshore areas (see Bissett et al., 2004;
Moses et al., 2016). The ability of remote sensing products in addressing the spatial and
temporal scales of variability will be determined by their spatial and temporal specifications.
Additionally, the capability of discrimination of targets will strongly vary in function of the
spectral and radiometric resolutions of the sensor, besides the spatial resolution as well.
Targeting the Essential Biodiversity Variables (EBV; Pereira et al., 2013) monitoring across
coastal zones, Muller-Karger et al. (2018) defined what they called the H4 imaging, where
sensors characteristics of spatial, spectral, and temporal resolutions, as well as radiometric
quality, were described to better achieve this purpose. Apropos, an EBV is defined as a
measurement required for study, reporting, and management of biodiversity change, and
could be used as the basis for monitoring programs worldwide (Pereira et al., 2013).
Notwithstanding, since the beginning of the twenty-first century several ocean color sensors
onboard satellite missions have been launched and others are scheduled (IOCCG, 20233,
2023b), with technical characteristics that goes towards an ideal H4 imaging for nearshore

environments.



According to Muller-Karger et al. (2018), H4 imaging should combine the following
characteristics: (1) spatial resolution on the order of 30 to 100-m pixels or smaller; (2)
spectral resolution on the order of 5 nm in the visible and 10 nm in the short-wave infrared
spectrum (or at least two or more bands at 1,030, 1,240, 1,630, 2,125, and/or 2,260 nm) for
atmospheric correction and aquatic vegetation assessments; (3) radiometric quality with high
signal to noise ratios (SNR > 800; relative to signal levels typical of the open ocean), 14-bit
digitization, absolute radiometric calibration <2%, relative calibration of 0.2%, polarization
sensitivity <1%, high radiometric stability and linearity, and operations designed to minimize
sunglint; and (4) temporal resolution of hours to days. It is important to note that there are no
current or planned sensor that combine all these characteristics. Instead, there are sensors that
combine some of them, and the choice of using one or another will depend specifically on

the objectives of the application.

The discipline of aquatic optics (Jerlov, 1968; Kirk, 2011) establishes a formal link
between OCR and aquatic biogeochemistry. The propagation of light energy through a
medium which absorbs, scatters and contains internal sources can be fully described by the
radiative transfer equation (RTE; forward problem) [Mobley, 1994; Preisendorfer, 1976].
Two basic physical (radiometric) quantities of the light field are the radiance (L, in units of
W m?2 nm srt) and the irradiance (E, in units of W m2 nm™), and the spectral dependence
of light is represented by the wavelength (4, in nm). The most common (and desired) physical
quantity that can be obtained from (optical) remotely sensed images is the remote-sensing

reflectance (R, in units of sr't), an apparent optical property (AOP), given by:

Lw()

Rrs(l) = m )

1)

where L., (1) is the water-leaving radiance and E4(07, 1) is the downwelling irradiance (0*

indicates that it is referred to just above the water surface).



The optical characteristics of a light-transmitting medium can be specified in terms of
its inherent optical properties (IOPs), being the absorption coefficient (a, in units of m™) and
the volume scattering function (8 (1, 1), in m™ s, where 1 is the scattering angle) the main
quantities. The so-called optical closure states that, ideally, it should be possible to build a
light field model from measured values of IOPs and given boundary conditions (e.g., bottom
reflectance and sea surface state), which would precisely replicate radiometric measurements
made at the same time (e.g., Gallegos et al., 2008). Nevertheless, estimating 10Ps through
satellite approaches (using R.s(1), for example) constitute an inverse problem (from the RTE
perspective), and the possibility of multiple solutions from the same input characterize a

typical ill-posed problem (Defoin-Platel and Chami, 2007).

The spectral and spatial characteristics of the underwater light field are determined
through the numerical integration of the RTE over all depths and angles, using as inputs the
quality and geometry of the illumination conditions and [OPs. Notwithstanding,
simplifications of the RTE, or semi-analytical approaches, were proposed by several studies,
such as the ones presented by Morel and Prieur (1977), or the quasi-single scattering
approximation (QSSA, Gordon et al., 1988, 1975). For practical purposes, a simple

approximation relating 10Ps and R, can be understood as (Lo Prejato et al., 2020):

by (1)

Rys() 2D ,

()

where b, (1) is the backscattering coefficient, obtained by integrating S(y, 1) in the
backward direction (2x). The total a(1) and b, (1) can be considered as a sum of partial
contributions of the water itself, suspended particles (including phytoplankton) and the
coloured dissolved organic matter (CDOM), and these are commonly referred to as the
optically active constituents (OACs) of the aquatic medium. The partial contribution from
OAC:s to the IOPs can be related in a quantitative way, while it varies in optically different

waters (more details in the section dedicated to Article 1).



The equation 2 exhibits a general relationship between R.s(1) and IOPs in optically deep
waters, i.e., without the influence of the bottom. However, coastal and nearshore
environments where the contribution of the bottom (or benthos) affects R.s(4) signals are
known as optically shallow waters (see Albert and Mobley, 2003), and should be considered
in remote sensing approaches. Although this work acknowledges the existence of optically
shallow areas in the studied areas, its influence in R.;(4) is restricted only to very shallow
depths (maximum of ~3 m of water column, as will be shown later), and is out of the scope
of this thesis. Figure 3 shows a schematic diagram illustrating the bio-optical properties and

its link with the remote sensing approach of a nearshore environment.

Therefore, the estimation of biogeochemical-relevant information of surface waters by
optical remote sensing is possible because the OACs shapes the IOPs which, in turn, will
strongly influence the R.s(1) signals. Furthermore, the amount and quality of light that
reaches the bottom of coastal waters (benthic habitat) will also depend on IOPs, with
consequences to the photosynthesis processes of benthic primary producers. Since R(A) are
more tightly related to 10Ps than directly to OACs (see Werdell et al., 2018), the
characterization and understanding of the drivers of its variability is a primary requirement

when using remote sensing optical approaches to investigate nearshore environments.

In summary, integrating both aquatic optics and remote sensing tools to understand
light dynamics in natural waters and the distribution of benthic primary producers’ in
nearshore environments can provide valuable data that can be used to access the ecosystem

state.



Bio-optical
properties

Incident light from the sun

Figure 3. Schematic diagram illustrating the main components and relationships of bio-optical properties and remote sensing
of a costal environment.

10



AREAS OF STUDY AND PROBLEMATICS

The study areas of this thesis contemplate coastal and nearshore zones of the Estuary
and Gulf of the St. Lawrence (EGSL; Fig. 4), East Canada. The EGSL connects the Great
Lakes with the North Atlantic Ocean and encompasses one of the largest estuaries in the
world (El-Sabh and Silverberg, 1990). Propitious conditions to phytoplankton growth occurs
because of the upwelling of deep waters near the outlet of the Saguenay Fjord and because
of other physical controls such as stratification (see Therriault et al., 1990). This gives the
pelagic system of EGSL a very productive character and sustains a rich ecosystem that
includes big marine mammals (e.g., beluga, blue, fin, humpback, and minke whales). In turn,
common habitats found in nearshore zones of EGSL are seagrass meadows, macroalgal beds,
and microphytobenthic films. Seagrass meadows are particularly dominant in some intertidal
areas of EGSL (Jobin et al., 2021).

However, besides of being one of the coastal systems most studied in the world (from
the oceanographic viewpoint), there is a lack of knowledge about the variability of bio-optical
properties in nearshore areas of EGSL. This might hinder and/or add uncertainties in satellite
estimations of water quality parameters, but also information about the distribution of
submerged aquatic vegetation. Nearshore EGSL areas is expected to be influenced by river
discharges bringing large amounts of (dissolved and particulate) terrigenous matter, which,
in turn, will shape the optical properties of these environments. Consequently, common
techniques applied to retrieve information about phytoplankton assemblages in the open
ocean, where the bulk optical properties of the water generally covaries with phytoplankton,
may not be valid for such dynamical optical environments of nearshore EGSL.

11
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Figure 4. The nearshore areas of the estuary and Gulf of St. Lawrence (EGSL)
contemplated in the three research articles of this thesis. The inset shows EGSL (red box)

in the world and North America context.

In such scenario, and addressing only the overlooked nearshore zones of EGSL, the
following research questions can be posed: How bio-optical properties of nearshore areas are
compared to central parts of EGSL? What temporal scales are important in governing the
variability of bio-optical properties and the composition of phytoplankton? Is it possible to
retrieve information about different groups of phytoplankton from optical remote sensing?
How is the actual spatial distribution of the benthic primary producers in EGSL? How is the

temporal evolution of seagrass meadows?

12



By developing tools to answer these research questions, the same framework (with
adaptations) could be used to address complex spatial and temporal patterns of nearshore

environments worldwide.

THESIS OBJECTIVES AND STRUCTURE

The main objectives of this thesis were to establish a baseline of knowledge about the
variability of optical properties and develop remote sensing tools to better understand the
variability of primary producers in nearshore waters of subarctic and cold temperate
environments. The thesis is composed by three research articles and a general conclusion.
The study sites (or subregions of EGSL) and its links with the different articles are shown in
Figure 4.

To achieve the goal of this thesis, a comprehensive in situ dataset (ship-based approach)
of bio-optical properties was built in the context of different research projects. The objective
of the first article was to contribute to the knowledge on bio-optical variability in nearshore
environments of the EGSL, where local river input is likely to dominate optical variability.
A secondary objective was to investigate domain scales (spatial and temporal) that are known

to be driven by regional climatic, geomorphological, and hydrodynamical processes.

The objective of article 2 was to identify the major phytoplankton assemblages and
their respective environmental niches, in respect to nutrient concentrations, physical
parameters (temperature and salinity), and bio-optical properties. Through the hypotheses
that the composition of major phytoplankton assemblages in a nearshore coastal area will
covary with temperature and the bulk optical properties of the environment, the potential of
using sea surface temperature (SST) and R.(A1) [at selected wavelengths], retrieved from

remote sensing, was demonstrated.

Finally, the objective of article 3 was to build a long-term dataset of seagrass

distribution in ecologically significant areas of EGSL (Fig. 4) using satellite imagery. The

13



analysis of the dataset allowed to access yearly and decadal (1984-2022) changes of spatial

variability in areal cover of the seagrass meadows.

The general conclusion revisits the main findings and limitations of the research
articles of the present study, but also shed light to some gaps of knowledge and provide new

insights for future work.

From the perspective of environmental sciences and systems ecology presented in the
beginning of this chapter, this thesis aims to contribute to the knowledge of some important
“stocks” of nearshore zones of the EGSL, with potential to use them in modelling frameworks
(as in Fig. 1). The stocks include the distribution of major phytoplankton assemblages
(Article 2) and the seagrass meadows coverage (Article 3). Also, in this case, both stocks
could act either as input or output of a model. Because the two stocks explore the advantages
of spatial and temporal information that can be obtained by Earth Observation satellites, the

knowledge about aquatic optics was primarily important (Article 1).
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1.1 ABSTRACT

The inherent optical properties and the optically significant constituents in nearshore
zones of the Estuary and Gulf of St. Lawrence (EGSL), eastern Canada, were systematically
investigated. Molar and dry-mass concentrations of dissolved organic carbon (DOC),
phytoplankton pigments, and suspended particulate matter (SPM) were determined together
with the absorption coefficients of chromophoric dissolved organic matter, a.q4om,; NON-algal
particles, anap; phytoplankton, a,yy; and particulate backscattering coefficient, by,,. The
sampling design allowed analysis at different spatial scales and considered some intra-
regional differences in distinctive zones (subregions) of the EGSL’s north shore (separated
by ~ 102 km), as well as within subregions (samples separated by ~ 10° to 10 km). Temporal
analysis focused on seasonal variability (sampling time separated by ~ 10! to 102 days).
Optical indices, such as the spectral slopes of acqom and an,p, pigment ratios, mass-specific
absorption and backscattering coefficients, and particulate matter fractioning (inorganic and
organic) allowed a detailed characterization of the dissolved organic matter pool and
provided useful information about particulate matter assemblages. The acqom Was highly
correlated with DOC and was found to have a conservative mixing behavior as the dominant
process controlling its distribution, although differences among and within subregions were
noted and related to differences in local river endmembers and seasonality. The a.qom also
dominated the absorption budget, even in long wavelengths of the visible range (e.g.,
550 nm). Despite the highly light-absorptive characteristic of the waters, phytoplankton
biomass was not negligeable, as shown by mean chlorophyll-a (Chla) concentrations
generally above 1 mg m. Analysis of the spectral shape of a,p,, and pigment ratios revealed
a seasonal modulation in the composition of phytoplankton assemblages and
photoacclimation. The optical properties of particulate matter showed a very dispersed
relationship when compared to dry-mass concentration proxies in the study area, but the
extremely low SPM-specific by, values encountered were explained by the organic-rich
characteristic of the nearshore zones of the EGSL. Short-term variability (atmospheric
events) and the hydrodynamical regime also resulted in substantial variability in the optical
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properties of these areas. Overall, we provide a general parametrization for the relationships
among the investigated inherent optical properties and dry-mass concentrations, which, in
turn, will provide a baseline for tuning and developing regional remote sensing algorithms

for the retrieval of biogeochemically relevant constituents of the water.

Keywords: aquatic optics, nearshore environments, CDOM, phytoplankton, suspended

particulate matter, remote sensing
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1.2 RESUME

Les propriétés optiques intrinséques et les constituants optiquement significatifs dans
les zones littorales de I'estuaire et du Golfe du Saint-Laurent (EGSL), dans I'est du Canada,
ont été systématiquement étudiés. Les concentrations en carbone organique dissous (COD),
pigments phytoplanctoniques et matiéres particulaires en suspension (MPS) ont été
déterminées ainsi que les coefficients d'absorption de la matiére organique dissoute
chromophorique (acqom), Particules non algales (a,.p), phytoplancton (ayny), €t le
coefficient de rétrodiffusion de particules (byp). Le plan d'échantillonnage a permis une
analyse a différentes échelles spatiales et a pris en compte certaines différences intra-
régionales dans des zones distinctives (sous-régions) de la rive nord de I'EGSL (séparées par
~ 10% km), ainsi qu'au sein des sous-régions (échantillons séparés par ~ 10° a 10* km).
L'analyse temporelle s'est concentrée sur la variabilité saisonniere (temps d'échantillonnage
séparés par ~ 10' a 102 jours). Les indices optiques, tels que les pentes spectrales de a.qom
et anap, les ratios de pigments, les coefficients d'absorption et de rétrodiffusion spécifiques
a la masse et le fractionnement des particules (inorganiques et organiques) ont permis une
caractérisation détaillée de la matiére organique dissous et fourni des informations utiles sur
les assemblages de particules. Le a.qom, était fortement corrélé avec le COD et s'est averé
avoir un comportement de mélange conservatif le long d'un gradient de salinité en tant que
processus dominant contrdlant sa distribution, bien que des différences entre et au sein des
sous-régions aient été notées et liées aux différences dans les riviéres locales et la
saisonnalité. Le a.qo, @ également dominé le budget d'absorption, méme dans les longues
longueurs d'onde de la gamme du visible (par exemple, le vert a 550 nm). Malgré le caractere
trés absorbant de la lumiére des eaux, la biomasse phytoplanctonique n'est pas négligeable,
comme le montrent les concentrations moyennes de chlorophylle-a (Chla) qui sont presque
toujours supérieures @ 1 mg m=. L'analyse de la forme spectrale de Aphy €t des ratios
pigmentaires a révélé une modulation saisonniere dans la composition des assemblages
phytoplanctoniques et la photoacclimatation. Les propriétés optiques de la matiére
particulaire ont montré une relation trés dispersee par rapport aux proxys de MPS dans la
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zone d'étude, mais les valeurs extrémement faibles de by, spécifiques a MPS rencontrées ont
été expliquées par la caractéristique riche en matiere organique des zones littorales de
'EGSL. La variabilitt a court terme (événements atmosphériques) et le régime
hydrodynamique ont également entrainé une variabilité importante des propriétés optiques
de ces zones. Dans I'ensemble, nous fournissons une paramétrisation générale des relations
entre les propriétés optiques inhérentes étudiées et les concentrations de masse molaire et
seche, qui, a leur tour, fourniront une base pour le réglage et le développement d'algorithmes
de télédétection régionaux pour la récupération des constituants biogéochimiques pertinents
de I'eau.

Mots-clés : optique aquatique, milieux cotiers, CDOM, phytoplancton, particules en

suspension, télédétection
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1.3 INTRODUCTION

Coastal zones are highly productive ecosystems that provide habitat for a wide variety
of life. Because they are among the most attractive areas in the world for human settlements
(Small and Nicholls, 2003), they are subject to extensive anthropogenic modification (Brown
et al., 2017; Doney, 2010; Turner et al., 1996). Given the intrinsic dynamics of processes
acting on coastal zones, their natural variability will occur over a wide range of spatial and
temporal dimensions (de Jonge, 2000; Stommel, 1963). As is true for all ecosystems, the
scientific study of coastal and nearshore environments is biased by the scale of the
investigation, and this will have consequences on the patterns of variability observed (Levin,
1992). In this context, Earth Observation Satellite Missions (EOSM; a list of notations used
is provided in Table 1) is another way to sample coastal regions, complementing and
improving traditional monitoring strategies based on field campaigns (Dekker et al., 2018;
Klemas, 2010).

Satellite remote sensing, particularly sensors with ocean color capabilities, has
contributed substantially to our understanding of offshore marine biogeochemical cycles
since the late 1970s (I0OCCG, 2020, 2008; McClain, 2009). Recent advances by EOSM have
shown that it is also promising tool for monitoring coastal zones at unprecedent spatial and
temporal scales (Moses et al., 2016; Muller-Karger et al., 2018; Werdell et al., 2018).

In addition to the optical sensor design characteristics (see Muller-Karger et al., 2018,
for a thorough discussion on this matter), the quality of the satellite-derived biogeochemical
information will depend on the success of the method (or algorithms) used to retrieve the
optically significant constituents of seawater. The theoretical basis of these algorithms relies
on the relationships between these constituents and the inherent optical properties (IOPs)

and, subsequently, the apparent optical properties (AOPS).
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Table 1

List of acronyms and symbols, their definition, and units (if applicable)

Notation Definition Unit
AOPs Apparent Optical Properties -
BSI, MAN, FV, Subregions investigated in this study: Bay of Sept-iles,
and PMZA- Manicouagan Peninsula, Forestville, and a moored buoy -
RIKI station in the St. Lawrence Estuary, respectively
CDOM Chromophoric Dissolved Organic Matter -
DFO Fisheries and Oceans Canada
DOM Dissolved Organic Matter -
EGSL Estuary and Gulf of St. Lawrence -
EOSM Earth Observation Satellite Missions -
IOPs Inherent Optical Properties -
Bio-optical parameter
a(l) Total absorption coefficient m?
Acdom L), CDOM absorption coefficient and DOC-specific CDOM m?,
Ardom @) absorption coefficient m?tuM
Anap(4d), Non-algal particles absorption coefficient and SPM- m7,
Anap(1) specific non-algal particles absorption coefficient m2gt
ay (D) Particulate absorption coefficient (a, (1) = anap(4) + -
aphy(l))
Aphy (4), Phytoplankton absorption coefficient and Chla-specific m7,
Aphy (1) phytoplankton absorption coefficient m2mg*
a,, (1) Pure water absorption coefficient 1
b, (1) Backscattering coefficient 1
bpp (D), Particulate backscattering coefficient, SPM-specific m?,
by, (1) particulate backscattering coefficient m2g?
by (1) Backscattering coefficient of pure seawater m?
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Table 1 (cont.)

Notation Definition Unit

Chla Chlorophyll-a concentration mg m3

DOC Dissolved Organic Carbon concentration uM

PIM Particulate Inorganic Matter concentration gm?3

POM Particulate Organic Matter concentration gm?

PPC Photoprotective Carotenoids (see text for details) mg m

PSC Photosynthetic Carotenoids (see text for details) mg m

R.(1) Remote sensing reflectance srt

S “S_ize fa_ctor” parameter for phytoplankton packaging effect
(dimensionless)

Snap Spectral slope of non-algal particles absorption coefficient nm™

S, CDOM spectral slope. _Al and 2, refer to the wavelength nmL
range (see text for details)

Sr CDOM slope ratio (dimensionless) -

SPM Suspended Particulate Matter concentration gm?3

TAP Total Accessory Pigments (see text for details) mg m

B(AL) ;/ncglltéme scattering function, with v being the scattering mL s

y Spectral slope of particulate backscattering (dimensionless) -
Wavelength of light in vacuo nm

From the perspective of ocean color capabilities, the final desired parameters are
derived from remote sensing reflectance (R.s(1)), an AOP retrieved after removing the
atmospheric contribution from the top-of-atmosphere signal (Werdell et al., 2018). Rs(1) is
tightly related to 10Ps namely the spectral absorption coefficient (a(4)) and the volume

scattering function (B(y,A)), than directly to the optically significant constituents of
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seawater because of the physical nature of the inversion problem (see the review of Werdell
et al., 2018). This relationship can be approximated as R,s(1) « by (1) - a(1)~! (Lo Prejato
et al., 2020; Morel and Prieur, 1977), where the spectral backscattering coefficient (b, (1)) is
the integration of B (1, 1) in the backward direction (3 = 90 to 180°).

The total absorption, a(4), can be decomposed by the additive contributions of the
coefficients of absorption (eg. 3) of chromophoric dissolved organic matter (a.qom(4)), non-
algal particles (anap(4)), phytoplankton (apny (1)), and pure water itself (a,, (1)). Similarly,
by, (1) can be decomposed by the additive contributions of the coefficients of backscattering
(eq. 4) of particulate matter (b, (1)) and water (b, (1)).

a(d) = aw(l) + Qcdom D+ anap(ﬂ') + aphy(ﬂ') ) (3)
by (1) = byw (1) + byp(2) , (4)

Understanding the relationships between 10Ps and the optically significant constituents
of seawater remains a central field of research in satellite ocean color remote sensing. The
chemical composition of the chromophoric dissolved organic matter (CDOM) (Carder et al.,
1989), the characteristics of particles (composition, size distribution, and geometric shape)
(Stramski et al., 2004), and the nature of phytoplankton assemblages (Bricaud et al., 1995)
will result in substantial variability in IOPs compared to the molar and dry-mass
concentrations proxies of the optically significant constituents. Given the complex
interaction of biological activity, terrestrial runoff, and resuspension events that modulate
characteristics of the IOPs in coastal and nearshore zones, an assessment of these
relationships at regional and local scales is a prerequisite because of the considerable
variability that exists worldwide (e.g., Babin et al., 2003; Tzortziou et al., 2006).

The Estuary and Gulf of Saint Lawrence (EGSL) system is a prominent coastal feature
in eastern Canada and one of the world’s largest estuarine systems (EI-Sabh and Silverberg,
1990a), connecting the Great Lakes to the Atlantic Ocean. Even though several studies
examined IOP variability in the EGSL (see subsection 1.1), most focused on some aspects of
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the bio-optical state, and the methods used to retrieve the IOPs varied widely among studies.
Still, to the best of our knowledge, none of these studies focused on or sufficiently sampled
nearshore environments of the EGSL (depths shallower than 30 m), even though these

shallow regions are more susceptible to direct anthropic disturbances (Murphy et al., 2019).

The north shore of the EGSL is heavily influenced by numerous rivers that drain
relatively large boreal watersheds and carry massive amounts of terrigenous optically
significant constituents into the nearshore waters (Jaegler, 2014). Furthermore, the IOPs in
these areas will strongly impact the amount of light that reaches the benthic surface, with
consequences for the vegetated coastal habitats that are commonly found in the region (e.g.,
Murphy et al., 2021).

The objective of our study was to contribute to the knowledge on bio-optical variability
in nearshore environments of the EGSL, where local river input is likely to dominate optical
variability. Relationships between 10Ps and biogeochemical parameters were studied to
further develop algorithms to EOSM for monitoring purposes. We concentrated particularly
on comparing our results with known relationships available worldwide. A secondary
objective was to investigate domain scales (spatial and temporal) that are known to be driven

by regional climatic, geomorphological, and hydrodynamical processes.

1.3.1  Inherent optical properties in the Estuary and Gulf of St. Lawrence: an
overview

The characterization of IOPs in the EGSL was first performed in representative areas
(transects) of the main body of the EGSL during the summers of 1989 and 1990, when the
variabilities of app, (1) and acqom(4) Were investigated (Babin et al., 1995, 1993; Nieke et
al., 1997). Between 1997 and 2001, a series of field campaigns was conducted by the
Fisheries and Oceans Canada (DFO), in distinct seasonal periods for each year (covering
from spring to fall). During these campaigns, samples were collected to measure several

optical and biogeochemical parameters across the EGSL (Cizmeli, 2008). This dataset
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allowed the evaluation and development of regional remote sensing algorithms for suspended
particulate matter concentration (SPM, particularly its inorganic fraction, PIM) and Chla, and
provided information on the spatial and temporal variability of these parameters (Larouche
and Boyer-Villemaire, 2010; Yayla, 2009). The campaigns conducted in 2000 and 2001
provided a more complete set of IOPs, i.e., acgom(4), Anap(4), apny(1), and by, (1)
(Cizmeli, 2008). From this dataset, Roy et al. (2008) investigated the effect of pigment

packaging on a,, (1), and Montes-Hugo and Mohammadpour (2012) developed a model to

estimate SPM from R.;(4), while accounting for a.q,m (1) effects.

From a field campaign conducted in May 2007, which followed a transect in the main
channel of the EGSL, Xie et al. (2012) investigated the absorption budget with special
attention to a.q,m(4) and its relationship with salinity. The effects of different fractions of
particulate matter on their respective absorption coefficients (a, (1) = anap(4) + appy (1)),
and on the total scattering coefficient were investigated by Mohammadpour et al. (2017). By
combining some of the previously mentioned datasets, Montes-Hugo and Xie (2015)
developed a model to estimate ap,, (1) from R.s(4) for the Lower St. Lawrence Estuary. For
a specific region of the upper estuary, Mohammadpour et al. (2015) verified that a model to
retrieve SPM from R, (near-infrared to red ratio model) achieved better results when
partitioning the model for different classes of PIM / SPM. Finally, Bélanger et al. (2017)
presented a seasonal characterization (from late spring to fall) of ac4om(4), anap(4),
aphy(4), and by, (4) in a central portion of the St. Lawrence Estuary, although their study

focused on the radiometric quality collected by an autonomous system (moored buoy).

Although these studies contributed to a better understanding of the general bio-optical
variability in the EGSL and over an even wider context (see, for example, Bricaud et al.,
1998, 1995), they were often limited in time to few field campaigns (e.g., Mohammadpour
et al., 2017; Xie et al., 2012) or did not cover a wide spatial domain (e.g., Bélanger et al.,
2017).
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14 METHODS
1.4.1  Study area and sampling design

The present study used a comprehensive dataset of IOPs and molar and dry-mass
concentrations proxies of optically significant constituents. The dataset includes samples
collected in four geographically distinct areas of the EGSL (hereafter referred to as
subregions; Fig. 5) within the Lower St. Lawrence Estuary (from the Saguenay River to
Pointe-des-Monts) and on the north shore of the Gulf of St. Lawrence, near Sept-Tles. The
first subregion is a relatively deep station (330 m) in the middle of the Lower St. Lawrence
Estuary, where optical profiles and water samples were collected near a moored platform (the
PMZA-RIKI buoy) maintained by DFO (see Belanger et al., 2017, for more details). The
other three subregions are nearshore environments on the north shore of the EGSL, where

the spatial sampling strategy occurred in relatively shallow waters (Fig.5).

The Bay of Sept-Tles (BSI; Fig. 5b) is a relatively protected coastal embayment that
hosts diverse human activities, including an important harbor mainly dedicated to heavy
industrial activities (i.e., mining). The BSI subregion is subject to water exchange with the
Gulf of St. Lawrence, and is also influenced by small rivers and streams that flow into the
bay (Shaw, 2019). It is important to note that this subregion is also influenced by a major
river, i.e., the pristine Moisie River (average discharge of 490 m? s1), which is located just

east of the bay.
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Figure 5. (a) Map of the Estuary and Gulf of St. Lawrence (EGSL) showing the sampling
areas in the regional context; the inset shows EGSL’s general localization in the North
America context. The spatial distributions of sampling stations are shown for subregions
(b) Bay of Sept-Tles (BSI), (c) Manicouagan Peninsula (MAN), and (d) coastal Forestville
(FV)
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The second nearshore subregion is a prominent geomorphological feature (delta), the
Manicouagan Peninsula (MAN; Fig. 5¢), which is influenced by the discharge of three major
rivers: Betsiamites (discharge ~ 340 m® s), Aux-Outardes (discharge ~ 390 m? s), and
Manicouagan (discharge ~ 1000 m® s1). These three rivers have their flow regulated by
hydroelectric dams, with peak discharges in winter (Jaegler, 2014), and are known to form
distinct river plumes in the Lower St Lawrence Estuary (Fauchot et al., 2008). Most of the
above-mentioned rivers from BSI and MAN subregions were included in the sampling
strategy to assess the local endmembers (see Figs. 5b and 5c). Finally, the third subregion
corresponds to the coastal area near the city of Forestville (FV; Fig 5d). The FV subregion is
relatively more exposed to the main body of the estuary and has a more gradual bathymetry

characteristic compared to the other subregions.

The dataset consists of in situ profiles and discrete surface, subsurface, and riverine
water samples, collected within the scope of different research projects. This exceptional
dataset provided a unique opportunity to investigate different spatial and temporal
variabilities in the bio-optical conditions of the nearshore environment in the northern part
of the EGSL (Table 2).

The PMZA-RIKI station was sampled 19 times, between June and October 2015. The
largest number of samples was from the BSI subregion, where 11 field campaigns were
carried out between August 2016 and June 2019, but most samples covered the 2017 seasonal
cycle (nine field campaigns from April to October). The BSI campaigns varied from 1 to 5
days, and the number of discrete samplings ranged from 2 to 42 (average ~ 15) per campaign
at 44 stations, for a total of 170 water samples. In the MAN subregion, a single eight-day
campaign took place in August 2019, with 85 discrete samples collected over 68 stations.
Finally, the FV subregion was sampled on a one-day campaign in September 2017, and seven

discrete samples were taken from different stations along the coast.
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Table 2

Summary of the sampling strategy

Sampling Number of Period Number Number of samples
area  campaigns of stations  gyrface Subsurface  River
PMZA- June - October Not
RIKI 19 2015 1 19 0 applied
August 2016,
BSI 11 April - October 44 121 9 40
2017, June 2019
MAN 1 August 2019 68 67 15 3
FV 1 September 2017 7 7 0 0
June 2015 -
Total 32 August 2019 120 214 24 43

1.4.2  Bio-optical data

The optical and biogeochemical data used in this study were mainly collected from
discrete samples. Data were obtained either by in situ instrumentation or by laboratory
analyses of water samples. Optical parameters from in situ vertical profiles (e.g., by, (1))
were matched with discrete samples for biogeochemical or other optical parameters (e.g.,
Acgom(d), ap(2)) from the closest measured depth. The physical and biogeochemical
parameters were temperature (°C), salinity, Secchi disk depth, dissolved organic carbon
concentration (DOC), SPM, and phytoplankton pigment concentrations, including Chla. The
IOPs include acqom (4), Anap(A), apny (1), and by, (A). Water samples were mainly collected
with a Niskin bottle (or bucket) and were kept cool in a sun-protected container until further
laboratory procedures, which were done each day immediately after the field work and
consisted mainly of filtration operations. A total of 281 discrete samples were considered in

this study (Table 2), although not all parameters were available all the time for each sample,
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mainly due to logistical constraints. When appropriate, the total number of samples (n)

considered in the analysis is presented.

1421 Temperature, salinity, and molar and dry-mass concentrations

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 addition, in situ vertical profiles of temperature and
conductivity were made with a CTD probe (SBE19, Sea-Bird Scientific, Bellevue, WA).
Total and dissolved organic carbon (TOC and DOC) were determined on a high-temperature
combustion Shimadzu TOC-Vcpn carbon analyzer, following the procedures described in
Zhang and Xie (2015). DOC samples were filtered on precombusted Whatman GF/F filters
and were quality-controlled using TOC samples (non-filtered). SPM was determined with
the gravimetric method (Van der Linde, 1998), and the organic and inorganic fractions
concentrations (POM and PIM, respectively) were determined by obtaining the organic
matter lost on ignition (LOI) after combustion of the filters (Whatman GF/F) for 3 h at
500 °C.

Phytoplankton pigment concentrations were determined from filtered (Whatman GF/F)
water samples through high-performance liquid chromatography (HPLC) analysis, following
the method described in Zapata et al. (2000). Chla is the sum of monovinyl chlorophyll-a,
chlorophyllids and the allomeric and epimeric forms of chlorophyll-a. Finally, Chla was also
determined by fluorometric methods (in triplicate) following Parsons et al. (1984), and these
values were used in the absence of HPLC measurements once the two methods showed good

correlation.
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1.4.2.2 Inherent optical properties

We determined the absorption coefficients from measurements made using a benchtop
PerkinElmer Lambda-850 spectrophotometer equipped with an integrating sphere (used for
particles only). Briefly, CDOM absorbance (A(A1)) was measured with filtered water samples
(0.2 um pore size) placed in a quartz cuvette (with a length [L] of 1 or 10 cm, depending on
sample absorbance). A cuvette containing nanopure water, at the same temperature as the
samples, was used as a reference. A baseline correction was applied by considering the
average values over a 5-nm interval, centered at 685 nm (Babin et al., 2003; Matsuoka et al.,
2012). Finally, the a.qom(4) Was obtained by the relation a.qom(4) = 2.3034(1)/L.

For a,, a known volume of water was filtered through Whatman GF/F glass-fiber

filters, which retain particles larger than 0.7 um (i.e., nominal filter pore size). The filters
were placed inside the integrating sphere following the quantitative filter technique (Rottgers
and Gehnke, 2012, and references therein), and the absorbance values were subtracted from
those of the reference (blank) filters. Similarly, the an,,(4) was obtained by placing the
filters into the integrating sphere after phytoplankton pigment extraction using methanol
(Kishino et al., 1985). Absorbance measurements were also corrected for the pathlength
amplification (Stramski et al., 2015) and converted into absorption using the equation
ap_nap(l) = 2.3034(1) (Fyrea/Vol), Where E,.., (M?) is the clearance area of the filter

occupied by the particles (in the filtration process) and Vol (m®) is the volume of water
filtered. A baseline (null-point) correction was performed for a,,, measurements, assuming
that its values were equal to ay, in the near-infrared region, averaged between 745 and 755
nm (i.e., apny(NIR) =0, or a,(NIR) = an,,(NIR)). The wavelength (1) varied from 230 to
800 nm for acqom(4) and 290 to 800 nm for a,(4) and an,p(4). Finally, ay,, (1) was
determined by subtracting a,,,(4) from a, ().

The in situ by, was determined using a HydroScat-6P (HS6) backscattering meter

(HOBI Labs Inc., Bellevue, WA). The HS6 measures the volume scattering function at a
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scattering angle of 140°, B140), and it was set to measure at six wavelengths (394, 420, 470,
532, 620 and 700 nm). The by, is derived from 140, after correction for attenuation along
the detector’s viewing pathlength, using the total absorption coefficient measurements from
another in situ instrument, the a-Sphere (HOBI Labs Inc.), and for the effects of temperature
and salinity on the pure seawater scattering, following Doxaran et al. (2016) and Maffione
and Dana  (1997), as implemented in  the Riops R package
(https://github.com/belasiOl/Riops).

1.4.2.3 Bio-optical indices

Given the approximately exponential decrease in a.qom(4) With increasing
wavelength, an exponential model (eg. 5) was used to derive information about the optical
properties of CDOM (Bricaud et al., 1981; Jerlov, 1968):

Acdom(1) = Acdom (10)3_5(1_10) ) (5)

where A, is a reference wavelength (nm). The spectral slope (S, nm™) describes the
approximate exponential rate of decrease in absorption with increasing wavelengths. S can
be a proxy for the chemical and structural nature of the dissolved organic matter pool (e.g.,
molecular weight, aromaticity), providing information about its sources and transformation
(Fichot and Benner, 2012, 2011). Several wavelength ranges are described in the literature
for the determination of S (S¢z,-1,))- In this study, S was calculated within fixed ranges for
comparison with the literature: 275 to 295 and 350 to 400 nm (Helms et al., 2008), 320 to
412 nm (Danhiez et al., 2017), and 350 to 500 nm (Babin et al., 2003). The CDOM slope
ratio (Sg) was obtained by the ratio S;75_295):S(350-400) (Helms et al., 2008). Fittings were
performed either using a nonlinear least-squares Levenberg-Marquardt (NLS L-M) algorithm
(S(350-500)), Or by loglinear functions (all other S). All slopes were calculated following the

procedures according to the original work in which they were published.
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Similarly, a,,,(4) was fitted to an exponential decay function (eq. 5), and the slope of
non-algal particles S,,, was obtained by taking the wavelength range from 380 to 730 nm

but excluding the 400-480 and 620-710 nm ranges to avoid potential contamination of

residual pigment absorption from a, (Babin et al., 2003).

Besides chlorophyll-a concentration, ay,,(4) is also influenced by community size
structure and pigment composition (Lohrenz et al., 2003). We have evaluated the package
effect from phytoplankton on app, (1) using the approach of Ciotti et al. (2002). Briefly, the
aphy(A) shape is reconstructed using a linear combination of two endmember’s spectra
(Ciotti et al., 2002, their equation 3) representing the contributions of the smallest
(picophytoplankton) and largest (microphytoplankton) cell sizes. The picophytoplankton
spectrum endmember used here was provided by Ciotti and Bricaud (2006). The retrieved
parameter, S¢ (“size factor”; dimensionless), is restricted to a variation from 0 to 1, with
values tending toward 0 when large-celled phytoplankton are dominant and values tending
toward 1 when small-celled phytoplankton dominates. Nonetheless, S; can be a proxy for
either the phytoplankton cell size or changes in accessory pigment concentrations that do not
co-vary with Chla and algal size, since the blue-to-red ratio in apy,(4) tends to flatten the

spectra due to increased concentrations of the latter (Ferreira et al., 2017).

The photoacclimation state of phytoplankton, i.e., the adjustments to the structure and
function of the photosynthetic apparatus in response to changes in growth irradiance (Graff
et al., 2016), was also evaluated using pigment concentrations grouped into three classes:
photoprotective carotenoids (PPC), photosynthetic carotenoids (PSC), and total accessory
pigments (TAP). TAP was considered as the sum of all chlorophylls b and ¢, Mg 2,4 divinyl
pheoporphyrin a5 monomethyl ester, and all carotenoids (peridinin, fucoxanthin, 19'-
butanoyloxyfucoxanthin,  19'-hexanoyloxyfucoxanthin, neoxanthin, prasinoxanthin,
crocoxanthin, diadinoxanthin, diatoxanthin, violaxanthin, zeaxanthin, alloxanthin, lutein,

B, e-carotene, and f3, f-carotene).
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Since the allocation of certain pigments in one of the classes (PPC or PSC) is subject
to variations due to specific functions according to the phytoplankton group, we used the
approach proposed by Kauko et al. (2019). In short, different pigment allocations in each
class were compared, and the authors concluded that a strict approach using only pigments
involved in the xanthophyll cycle in the PPC class yielded better results when compared to
its relationship with a,p, (1). Thus, PPC includes the pigments diadinoxanthin, diatoxanthin,
violaxanthin, and zeaxanthin, while PSC includes peridinin, fucoxanthin, 19'-
butanoyloxyfucoxanthin, 19'-hexanoyloxyfucoxanthin, neoxanthin, prasinoxanthin, and

alloxanthin.
The spectral dependency of by, was modelled as a power-law function (Reynolds et
al., 2016):

Y
bop(®) = bop(h) % (1) , ©

where y is a dimensionless parameter describing the spectral dependency of by,

relative to a reference wavelength (4,). In our study, we used mostly 1, = 550 nm (as in
Reynolds et al., 2016), but also A, = 555 nm (as in Blondeau-Patissier et al., 2017).

To assure the validity of equation 6, the retrieved y and by, (550) were used to compute
the fitted (fit) by, (4), and its residual differences (in percent values), were calculated as
100 x [B{E(A) — bpp* ()] /bed* (D), as in Reynolds et al. (2016). The means and standard

deviations of the residual difference were always less than 5 and 7%, respectively,
independently of the wavelength. These relatively low values indicate that the coefficients

obtained in equation 6 - y and by, (4,) - can be used as good predictors of the spectral shape

of by, (1) in our study area.

Finally, the mass-specific IOPs for the absorption and backscattering coefficients were
calculated to establish a basis for comparison with other studies worldwide, since they have

become a necessary step in the parametrization of (semi) analytical bio-optical models at
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regional scales (Blondeau-Patissier et al., 2017; Brando et al., 2012; Le et al., 2015). The
DOC-specific CDOM absorption coefficient (alqom(4)) was obtained by the ratio
Acdom(4): DOC; the Chla-specific phytoplankton absorption coefficient (app, (1)) was

obtained by the ratio appy(A): Chla; the SPM-specific non-algal particles absorption
coefficient (apap(4)) was obtained by the ratio a,,,(4):SPM; and the SPM-specific
particulate backscattering coefficient (b, (1)) was obtained by the ratio by, (4): SPM.

1.43  Spatial and temporal analysis, ancillary data, and statistics

The first spatial analysis considered the four main subregions (Fig. 5) as different
subsets of data, to check whether they were subject to distinct oceanographic and watershed
processes (the average distance for a mean latitude/longitude for each subregion was ~ 10°
km). The second spatial analysis explored the variability found in a single field campaign for
the same subregion (the average distance between stations was ~ 10° - 10! km). In this case,
the 11 field campaigns of BSI and 1 field campaign for both MAN and FV were considered.

The temporal analysis focused on seasonal variability (~ 10 - 102 days) in each
subregion where data were available, so only data from the BSI and the PMZA-RIKI
subregions were considered. Daily and tidally induced variations were also investigated for
illustrative purposes. The bio-optical properties of a single station located in the middle of
the Bay of Sept-Tles (PT-01; Fig. 5b), which was visited several times during the first week
of June 2019, were examined in comparison with tidal fluctuations and meteorological
forcing. For this analysis, local ancillary data were used to access tidal height, air
temperature, wind velocity and direction, and precipitation. While precipitation was available
through the Environment and natural resources Canada website (www.climat.meteo.gc.ca),
all the others were obtained from the St. Lawrence Global Observatory (SLGO) website

(www.ogsl.ca/en).
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Descriptive statistics (minimum, maximum, mean, standard deviation) and one-way
ANOVA (analysis of variance) were used to quantitatively compare the populations
identified by spatial and temporal variability. Data were confirmed to exhibit normal
distributions using the Lilliefors test prior to all ANOVAs. When a significant difference was
revealed between tested groups (p-value < 0.05), differences between pairs of means were

assessed using the Tukey honest significant difference criterion.

Finally, regression analysis consisted of fitted equations; for example, in the power
form A - xB, where x is the independent variable and A and B are regression coefficients,
generally obtained by the NLS L-M algorithm (unless explicitly mentioned). We determined
the performance metrics of regressions using mean absolute error, MAE (and its
correspondent, the Mean Absolute Percentage Error, MAPE), as well as the bias (together
with the percentage bias, P — bias), as suggested by Seegers et al. (2018). Furthermore, we
report the coefficient of determination (R?) and the root mean square error (RMSE). All data

manipulations, statistics, and plots were done using Matlab (MathWorks) software.

1.5 RESULTS

The results are first presented considering the general bio-optical relationships,
separating the analysis into i) the optical properties of CDOM, ii) the optical properties of
the particulate matter (including phytoplankton), and finally iii) the absorption budget. The
spatial (within each subregion) and seasonal variability are presented in subsection 3.4;
subsection 3.5 provides an exploratory analysis with a mechanistic interpretation of how the
combined effects of tidal and meteorological forcing can drive some optical properties at the

scale of a subregion.

The sampling design covered a wide range of environmental conditions. If we consider
only marine (or brackish) stations, samples were collected from depths as shallow as 0.5 m

to as deep as 176 m (excluding the single station of the PMZA-RIKI subregion); temperature

36



and salinity ranged from ~ 0.3 to 18.1°C and from 3 to 31, respectively; and Secchi depths
varied from 0.5 to 9 m. The general relationship between molar and dry-mass concentrations
of DOC, Chla and SPM are provided in Figure 6, which highlights the differences between

subregions as well as marine versus riverine samples.
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Figure 6. Relationship between molar and dry mass concentrations of (a) dissolved organic
carbon (DOC) and chlorophyll-a (Chla); (b) DOC and suspended particulate matter (SPM);
and (c) SPM and Chla. The colored symbols distinguish the four subregions of this study:
The Bay of Sept-Tles (BSI), the Manicouagan Peninsula (MAN), the coastal area of
Forestville (FV), and the buoy station (PMZA-RIKI). Marine (or brackish) stations are
represented by circles, while stations located in the main channels of local rivers are
represented by squares

The DOC values (Fig. 6a, 6b) of the compared groups (river samples from different
subregions were grouped, for practical purposes) had significant differences (one-way
ANOVA, p < 0.05). The range of DOC for marine stations varied from 92 to 724 uM,
corresponding to samples with a more brackish or saltier character, respectively. DOC mean
and standard deviation for the PMZA-RIKI subregion were lower (u + o = 142 + 22 uM)
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compared to the BSI or MAN subregions (248 + 132 and 190 + 63 pM, respectively). The
mean DOC values from riverine stations (1081 + 483 uM) were significantly higher than all

other groups.

The range of Chla (Fig. 6a, 6¢) varied by about two orders of magnitude (from 0.22 to
17.3 mg m™®) and grouped samples were significantly different from each other (p < 0.05).
This was especially true for samples from the FV subregion, which had higher concentrations
(8.7 6.2 mg m?). The BSI (1.9 + 1.7 mg m) and MAN (3.6 + 2.5 mg m™) subregions also
significantly differed from each other.

No significant difference was found for SPM (Fig. 6b, 6c¢), which varied from 1.3 to
53.5 g m™ (marine samples only). The lowest values of SPM (< 1 g m=) were found in
riverine samples, mainly dammed rivers from the MAN subregion. Moreover, SPM
concentrations from the PMZA-RIKI samples showed a distinctive bimodal distribution. The
BSI and MAN subregions had similar means and standard deviations (9.9 + 8.4 and 9.5+ 6.3

g m=3, respectively).

The percentage of organic matter in the suspended particulate matter ([POM : SPM] -
100, in %), i.e., the POM fraction, varied from 13 to 69%, with a mean value of 25% (marine
samples only). Riverine samples were significantly higher than most of the marine
subregions, with a mean value of 50%. No relevant correlations were found among DOC,
Chla, and SPM for marine samples. However, DOC and SPM in river samples (squares in
Fig. 6b) showed a moderate R? and a relatively low error (Table 3). Next, we further examine

the variability of each molar and dry-mass concentrations presented above in relation to 10Ps.
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Table 3
Summary of fitted regressions and associated errors for the power model y = A - xZ, where y is the dependent variable, x is
the independent variable, and A and B are the regression coefficients. The reported metrics are the mean absolute error, MAE
(and the mean absolute percentage error, MAPE); bias (and the percentage bias, P — bias); coefficient of determination, R?;

and the root mean square error, RMSE. The considered subset of the data and the corresponding scatterplot figure are also

indicated
Dependent  Independent ~ Localeor  Ref. Coefficients MAE bias R RMSE
variable variable subset type  Fig. A B (MAPE) (P — bias)

DOC SPM Rivers 6b  7.8:10° 0.18 2.9-102(33%) -8.0-10°(11%) 0.47 3.5-10?
pny (676) Chla BSI 9a 2.1.102 0.76 5.6-10%(16%) -9.0-10*(3%) 0.67 1.2:102
Aphy (676) Chla MAN 9a 2.7-10% 0.82 8.2:10%(10%) 4.1-10%(5%) 0.52 2.1-10?
Aphy(676) Chla FV 9a 9.5-10° 091 8.4-10%(18%) -2.1-10°(10%) 0.95 9.3-10°
Aphy(676) Chla PMZA-RIKI 9a 1.8:102 1.07 8.3:10%(16%) 2.3-10°(3%) 0.98 1.2:10?
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Table 3 (cont.)

Coefficients

Dependent  Independent Localeor Ref. MAE bias R.  RMSE
variable variable subset type  Fig. A B (MAPE) (P — bias)

Anap(443) SPM Rivers 9 1510 064 2.1-10%(34%) -1.1-10'(3%) 0.88 3.7-10%
by (550) SPM Marine 9c 8.1.10° 031 7.9-10%(50%) -2.7-10°(20%) 0.17 1.3-102
a,(NIR) PIM Rivers 10b 2.7-10% 0.80 4.2:10%(37%) -1.0-102(21%) 0.91 1.0-10%

a,(440) : 1 1 2 1

POM Rivers 10c 2.4-10% 110 2.0-10-(35%) -6.0-10“(6%) 0.82 3.4-10

— a,(NIR)
by (550) POM 2 Marine 10d 15-10% 0.39 8.2:10°%(49%) -2.8:10°(19%) 0.16 1.3-102
by, (555) Anap(555) Marine 10f 4.0-102 0.61 6.1-10%(35%) -1.0-10%(12%) 0.66 7.1-10*
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15.1 Optical properties of dissolved organic matter

The optical properties and environmental characteristics associated with the DOM pool
are presented in Figure 7, and the associated relevant regressions (equations, coefficients,
and performance metrics) are shown in Table 11 (Annex 1). We chose 350 nm as a reference
wavelength, as reported in a number of studies (e.g., Fichot and Benner, 2012; Massicotte et

al., 2017; Xie et al., 2012), and used both for comparisons and later in the discussion.

A strong relationship between a.4,,(350) and DOC was observed (Fig. 7a) for all
samples (riverine and marine), although PMZA-RIKI samples had slightly lower absorptions
for a given DOC value compared to other subregions. The linear model presented in Table
11 (and shown in Fig. 7a) had a high R?, and relatively low errors considering the whole
dataset. However, if the lower range of the a.qom(350) values were considered, as for
PMZA-RIKI, the MAE and RMSE were high.

The potential linkages between DOC and a4, in different spectral ranges were
investigated through the relationships between a4, (350) and various spectral slopes (S).
The strongest relationship was found with the slope between 275 and 295 nm, S,-5_,95 (Fig.
7b), as revealed by the moderate to high R? and low errors from the regressions for marine
samples from the BSI and MAN subregions (Table 11, Annex 1), using the same equation
form presented by Fichot and Benner (2012). The inset in Figure 7b depicts the same
relationship, but for S5,,_41, revealing it as a poor predictor of a’y,.,,(350) for this dataset.

cdom
The a}4,1, (350) range found in the EGSL (and local rivers) ranges from 6.6-107 to 4.8-10"
2 mt uM?1 We also notice a regional difference in the a’y,,(350) Versus S,;s_sos
relationship, with more absorbing DOM for a given spectral slope in the MAN subregion.
Some river samples from the BSI subregion also showed this behavior, particularly those
with characteristically and significantly lower discharges (Riviére aux Foins and Riviere
Poste). Nevertheless, there is also a noticeable slight decrease in S,-s_,95 from the river-to-

marine continuum for some samples.
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Figure 7. General characterization of the optical properties of the chromophoric dissolved
organic matter (CDOM) pool showing their relationships with dissolved organic carbon
concentration (DOC) and spectral slopes. The relevant fitting equations, coefficients, and
performance metrics for (a), (b), and (c) are provided in Table 11 (Annex 1). (a) CDOM
absorption coefficient at 350 nm (a.q4om(350)) vs DOC. The black dashed line shows the
fitted linear model (Table 11). (b) DOC-specific acqom(350), azgom (350), vs the CDOM
spectral slope between 275 and 295 nm (S,-s_,95). The ellipse indicates samples of the
riverine endmembers, which were expected to have lower influence in the BSI subregion
(i.e., with lower discharge in comparison to others). The curve of Fichot and Benner (2011)
is shown for comparative purposes. The inset graphic illustrates the same relationship but
for the CDOM spectral slope between 320 and 412 nm (S3,0-412). (C) Relationship
between the estimated DOC, modelled from CDOM absorption coefficients at 275 and 295
nm (see text), and the measured DOC. (d) Frequency distribution of the CDOM spectral
slope between 350 and 500 nm (S350—500)- The Gaussian curve illustrates a normal
distribution among the marine samples. The color code is the same as in Fig. 6
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Taking this relationship into consideration, Fichot and Benner (2011) developed a
model to predict DOC from a.q,, Measured at two wavelengths (275 and 295 nm; see Table
11). We have reparametrized this model for our EGSL samples, by splitting the dataset into
tWO groups, degom (275) < 15 and a.qom (275) = 15 m, since a single model for the whole
dataset provided unsatisfactory results for the lower ranges of DOC. The results obtained
yielded moderate and very high coefficients of determination (0.69 and 0.98, for the lower
and upper range of a.qom (275), respectively), and very low associated errors for both groups
(Fig. 7c).

Since S350-500 1S @ Widely used metric for describing a4, Spectral behavior in coastal
and estuarine systems (e.g., Babin et al., 2003; Noernberg et al., 2020; Para et al., 2010), we
presented its distribution for the EGSL (marine samples only; Fig. 7d). It was found to be
close to normal, with a mean of 0.0159 nm* and a standard deviation of +0.0009 nm™.

The a.qom (350) versus salinity relationships are presented in Figure 8a and compared
to those reported for the central parts of the EGSL by Xie et al. (2012). The equations
provided in Table 11 (Annex 1) for BSI and MAN subregions consider the median river
Acdom (350) as freshwater endmembers (salinity = 0). From the presented linear models, a
conservative mixing behavior can be observed, particularly for the MAN and to a lesser
degree for BSI subregion. However, it is important to note that the a4, (350) values in five
endmembers from BSI varied widely and, the sampling strategy in this subregion also
examined seasonal variability in 2017 (see Fig. 8a inset). Moreover, the median freshwater
BSI endmember is more than twice that of MAN in terms of a 4o, (350). Data from the
PMZA-RIKI and FV subregions are close to the reference EGSL line from Xie et al. (2012),
suggesting that the endmember is the same in that part of the Lower St. Lawrence Estuary.
The adjusted linear model for the MAN subregion (Table 11) is also very similar to that for

the Saguenay Fjord, reported in (Xie et al., 2012).

The relationship between S¢,75_,9s5) and salinity (Fig. 8b) for BSI was notably different

from the others, with lower spectral slope values for a given salinity. We see a similar trend
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with salinity for Sy (Fig. 8b, inset). Overall, the spectral indices (Fig. 7b, Fig. 8b) indicate
that CDOM in the BSI tends to have a flatter spectral slope compared to CDOM from the

Lower St. Lawrence Estuary.
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Figure 8. Optical properties of the chromophoric dissolved organic matter (CDOM) and
their relationships with salinity. (a) CDOM absorption coefficient at 350 nm (@ gom (350))
vs salinity. The median value of the river endmembers (salinity = 0) is shown for the Bay
of Sept-Tles (BSI) and Manicouagan peninsula (MAN) subregions. The reference lines of
Xie et al. (2012) are for the Estuary and Gulf of St. Lawrence (EGSL) and for the Saguenay
Fjord (SF). The inset shows the variability of a 4., (350) for the riverine endmembers in
the BSI subregion. (b) Relationship between S,,s_,q95 and salinity. The inset illustrates the
same relationship but for the CDOM spectral slope ratio (Sg) with the same salinity range.
The relevant fitting equations, coefficients, and performance metrics for (a) and (b), while
considering the two most numerous datasets (BSI and MAN) separately, are provided in
Table 11 (Annex 1). The color code is the same as in Fig. 6
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1.5.2  Optical properties of particulate matter: phytoplankton and non-algal
particles

Relationships between optical properties of particulate matter and dry-mass
concentrations at selected wavelengths are shown in Figure 9. The relationship between the
red peak of the absorption coefficient of phytoplankton, a,;,,(676), and Chla (Fig. 9a) had
moderate to high R? among all samples in general (Table 3). In contrast to BSI and MAN,
stronger R? (and lower errors) were found for the PMZA-RIKI and FV subregions. The

aphy (676) varied from as low as 0.0065 m1, from a subsurface sample collected offshore in

the BSI subregion, to 0.3394 m™ in PMZA-RIKI.
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Figure 9. General relationships of the optical properties of particulate matter and dry mass
concentrations of chlorophyll-a (Chla) and suspended particulate matter (SPM). (a)
Phytoplankton absorption coefficient at 676 nm (a,ny (676)) vs Chla; (b) absorption

coefficient of non-algal particles at 443 nm (a,,p(443)) vs SPM; and (c) the particulate
backscattering coefficient at 550 nm (by,,(550)) vs SPM. The reference lines showed in
(@), (b), and (c) are from the studies of Bricaud et al. (1995), Babin et al. (2003), and
Reynolds et al. (2016), respectively. The color code is the same as in Fig. 6

The an,p(443) and SPM relationship (Fig. 9b) showed a relatively high dispersion
among the marine samples, especially those of the MAN subregion, where the standard
deviation for an,,(443) was high (o = +0.0546 m™). However, this relationship is

comparable (same order of variability) with those obtained by Babin et al. (2003) for coastal
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waters around Europe. Considering only marine samples, an,,(443) varied from around
0.0119 m™? to 2.1223 m* (the high value was from a shallow [1.1 m] sample in the BSI
subregion). We can also observe a strong relationship between a,,,(443) and SPM for the
river samples (R* = 0.88, Table 3), with ay,,(443) lying well above the marine samples,

suggesting more absorbing particles per unit SPM in the freshwater realm.

The relationship between by,,(550) and SPM is depicted in Figure 9c. As for
Anap(443), byp(550) versus SPM also showed relatively high dispersion, but the power-law
fitting revealed a very low R? (Table 3) with higher errors than other regressions (MAPE =
50%). Considering the whole dataset (n = 120), the mean by, (550) value was 0.0178 with

a standard deviation of 0.0140 m™. It is important to note that the reference line of Reynolds

et al. (2016) in Figure 8c corresponds to their so-called “organic-dominant particles.”

To obtain more insights on the nature of particle assemblages in our study area, more
relationships between particulate matter optical properties were explored and compared to
those reported in the literature (Fig. 10). First, the spectral slope of non-algal particles (Syap;
Fig. 10a) showed a normal distribution. The BSI subregion showed relatively lower values
than other subregions (0.0076 + 0.0008 nm™), reflecting the distinct particle assemblages
among the nearshore EGSL zones, but similarities with river endmembers (not shown). The
highest values of S,,,,, were found for the MAN subregion (0.0090 + 0.0007 nm?).

The absorption characteristics of particulate matter were investigated following
Konovalov et al. (2014), considering the different contributions of mineral (P1M) and organic
(POM) particles to the absorption coefficients. We found a strong relationship (R? = 0.91;
Table 3) between a, in the near infrared region, a,(NIR) (mean a, between 745 and 755
nm), and PIM for the river samples (squares on Fig. 10b). Figure 10b also shows the
occurrence of marine particles in the BSI subregion that tend to absorb more in the NIR
region for a given concentration of PIM, while the relationship’s dispersion is lower than for

the MAN subregion. As in Konovalov et al. (2014), we plotted POM versus a,(440) —

a,(NIR), assuming that the subtraction of a,,,(NIR) from total particulate absorption in the
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blue (440 nm) would yield a good approximation of the POM-related absorption. Again, we
found a strong relationship when considering the river samples (Table 3, Fig. 10c). In
contrast, the relationship for the marine environment was comparatively more dispersed, but

still significant.

The relationship between by,,(550) and POM had a scattered distribution (Fig. 10d),
but of the same order as the curve of Reynolds et al. (2016) for their organic-dominant
particles subset (as previously mentioned for the by,,(550) vs SPM relationship). One may
note that our proxy for organic matter (POM), as obtained by the LOI method, can be
considered inaccurate compared with traditional CHN analyzers used to measure POC
directly from filters (as for the studies of Konovalov et al., 2014, and Reynolds et al., 2016).
However, simply dividing our POM by a factor of 2 (as suggested by Konovalov et al., 2014),
gave us a useful indicator to compare with studies that report POC. Therefore, the POM used
in this study was a useful proxy showing the interplay among organic and inorganic fractions
of the particulate matter.

The spectral dependency of by, as expressed by the fitted parameters y and by, (550),
is presented in Figure 10e. We found no significant differences between subregions in y,
which had a global mean of -0.46 (+ 0.30). The lowest value of y (-1.44) was from a BSI
subregion station located far offshore, while the highest value (0.66) the station closest to the
mouth of the Moisie River, under the plume influence (also for BSI subregion). A weak

relationship was also found between y and by, (550) (not shown), suggesting that by,, spectra

become flatter as water turbidity increases.

Finally, the by, (555) Vs an,p(555) showed a strong relationship (Fig. 10f), with a

moderate R? and relatively low errors (Table 3). One may note that the calculation of these

two parameters uses three variables that were obtained using different methods: by, (1),

Anap(4), and SPM.
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Figure 10. Characteristics and relationships of the optical properties of particulate matter
and dry mass concentrations of particulate organic matter (POM) and particulate inorganic
matter (PIM). The relevant fitting coefficients (power model) and performance metrics for

(b), (c), (d), and (f) are provided in Table 3 (a) Frequency distribution of the non-algal
particles spectral slope (S,,p). The Gaussian curve displayed illustrates the normal
distribution among the marine samples. (b) Particulate absorption (a,) in the near-infrared
region (mean of a,, between 745 and 755 nm), a, (NIR) vs PIM. (c) The result of the
subtraction of a,(NIR) from the particulate absorption coefficient at 440 nm (a,(440)) vs

POM. The reference lines of (b) and (c) are from the study of Konovalov et al. (2014). (d)

Relationship between the particulate backscattering at 550 nm (b, (550)) and POM
divided by 2. The reference line is from the study of Reynolds et al. (2016). It is worth
mentioning that the reference curves on (c) and (d) are originally provided in terms of

particulate organic carbon concentration (POC), and here we made the rough estimation

POM =POC x 2. (e) Spectral slope of by, v, Vs by, (550) The inset shows the frequency
distribution of y. (f) Relationship between the SPM-specific by, (555) and an,,(555), i.e.,
by, (555) and a;,,,(555). The reference line is from the study of Blondeau-Patissier et al.

(2017). The color code is the same as in Fig. 6
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1.5.3  Absorption budget

The relative contribution of the three (non-water) components of the absorption
coefficient (CDOM, non-algal particles, and phytoplankton) are presented by ternary
diagrams for selected wavelengths in the blue, green, and red regions (443, 550, and 676 nm;
Fig. 11a-c, respectively). As expected, a.q,m dominates the absorption budget in the shorter
wavelengths, but it is also important in longer wavelengths. For example, at 443 nm, 89% of
the observations had more than 70% of the absorption budget related t0 a.gom; at 550 nm,
89% of the observations of a.q,, COntributed to more than half of the absorption budget.
The a.qom 1S NOt negligible even at 676 nm: these accounted for 14% of the observations,

contributing more than 40% of the total absorption.

0.0

4 ; . ~ ¥ 0.0
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Figure 11. Ternary plots illustrating the relative contribution of CDOM (a.40m), NON-algal
particles (anap) and phytoplankton (appy) to total absorption coefficient (minus the
contribution of water) for wavelengths (a) 443, (b) 550, and (c) 676 nm. The relative
proportions were normalized from O to 1, in such way that acqom + anap + apny = 1. The
readings for the three components, and for each sample, should consider its corresponding
axis and tick orientation (and corresponding grid). The color code is the same as in Fig. 6

Some samples had relatively low contributions of a.q,m, €ven at 443 nm (< 50%; Fig.
11a), notably that were collected in the middle of the estuary in summer (PMZA-RIKI
subregion) and those collected in April 2017 in BSI subregion, just before the freshet. In the

red portion of the visible spectrum (676 nm), some samples maintained a very high
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contribution of a.q4om to the absorption budget (>50%; Fig. 11c), with the majority from
shallow waters influenced by river plumes that were sampled during early June (2017 and
2019) campaigns in the BSI subregion. Other than CDOM, it is also important to note that
BSI samples had a distinct behavior in relation to particulate matter contributions when
compared to other subregions. In longer wavelengths, the non-algal particle contribution was
larger in the BSI, while the phytoplankton contribution to total particulate matter was greater
in all other subregions (Fig. 11b, 11c).

1.5.4  Spatial (subregion) and seasonal variability

The seasonal variability and the variability within each subregion domain is presented
for selected variables in Figure 12. A seasonal DOC modulation can be observed for the BSI
subregion (Fig. 12a): samples collected in early June 2017 (u + ¢ = 307 + 110 uM) and
2019 (324 + 161 uM) were significantly higher than most samples collected at other times
of the year. Chla (Fig. 12b) showed no significant seasonal variability, although relatively
higher values were observed in both April and early May 2017. SPM values from the June
2019 field campaign in the BSI subregion had the highest values (15.7 + 12.1 mg m™®), and
these were significantly higher than some of the other campaigns (notably from the

September to October period) (Fig. 12c).

The seasonal and subregional variabilities of a.q4,m (350) are shown in Figure 12d. A
marked seasonal pattern can be seen for the BSI subregion in 2017, as revealed by the median
and the interquartile intervals. In BSI, CDOM increased from April to early June, followed
by a decrease until July (but see also August 2016), a slight increase in September, and a
decline in October. Although the sampling strategy can spatially bias this type of analysis,
we consider our results to be representative of the variability found in the BSI area because
the same stations were revisited, revealing distinct oceanographic characteristics in each field
campaign. The range (minimum and maximum values) spans approximately one order of

magnitude during some campaigns, such as those conducted during June 2019, in the BSI
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subregion as well as the August 2019 field campaign in the MAN subregion. In contrast,
despite the seasonal coverage of the PMZA-RIKI subregion (June to November 2015), the
values of a.qom(350) remained low compared to the nearshore waters along the EGSL’s

north shore, with values ranging from 1.13 to 2.22 m™ only.

The relative contribution of phytoplankton to total particulate absorption
(aphy(443): a,(443)) is presented in Figure 12e. All groups were significantly different
from each other (p < 0.05). Unlike other subregions, all field campaigns in the BSI subregion
(except that of mid-April 2017) presented mean values lower than 0.5 (50%). A seasonal
modulation in the BSI subregion was also observed, with the highest contribution of
Aphy(443): a,(443) observed in mid-April 2017 (88%), and the lowest values (u < 20%)
found in June 20109.

Significant differences (p < 0.05) were found for seasonal and subregional values of

by, (550) (Fig. 12f), notably the higher values measured during the June 2019 field campaign
(BSI subregion).

The mean and standard deviation of the bio-optical indices describing some properties
of the a,,y (1) and phytoplankton pigment ratios are presented in Table 4, in which each
subregion and field campaign were considered separately. Overall, it is possible to infer that
the BSI subregion had a markedly seasonal pattern of phytoplankton assemblages, as

revealed either by proxies related more to size distribution (a;,,(676); the

Apny(443): ay,,(676) ratio; and the Sy parameter) or by the photoacclimation state (the

TAP:Chla and PPC:PSC indices).

The FV subregion was significantly different from others in relation to a,,(676) and

the blue-to-red ratio (app, (443): a;,,(676)). The mean values of S¢ were always below 0.4,
with the minimum values observed in the FV subregion, followed by the samples collected

in April and mid-September 2017 in the BSI subregion.
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Figure 12. Variability (median, 25th and 75th percentiles, minimum, maximum and
outliers) of (a) DOC, (b) Chla, (c) SPM, (d) @edom (350), (€) e and () by, (550).

ap(443) '
Data are shown as a function of different sampling strategies: type (marine or river),
location (BSI, MAN, FV, PMZA-RIKI) and different legs of these same campaign (BSI
only). The number of observations (n) is provided for each sampling strategy, and the
vertical grey dashed lines delimit the 2017 seasonal period for BSI. No boxplots are shown
when n < 5. The color code is the same as in Fig. 6
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Table 4
Mean (i) and standard deviation (o) for chlorophyll concentration (Chla), the chlorophyll-specific phytoplankton absorption
at 676 nm (ay,;(676)), the apy;(443) : ay,;(676) ratio, the size parameter from the phytoplankton absorption coefficient
(5¢), and the ratios of total accessory pigments (TAP) to Chla, and the photoprotective to photosynthetic carotenoids
(PPC:PSC). Rows represent each field campaign (or a single location, as for the PMZA-RIKI subregion)

Spatial / temporal Chla A1y (676) Apny (443): S; TAP: Chla  PPC:PSC
partition [mgm3] [102m?mg?]  ap,,(676) [dim.] [dim.] [ww] [ww]

U o U o u o u o u o u o

BSI: late Aug 2016 1.47 0.13 2.22 0.26 1.96 0.12 0.31 0.03 — — — —

mid Apr 9.19 5.28 1.29 1.11 1.57 0.02 0.17 0.01 081 0.02 019 0.03

early May 2.89 2.15 1.73 0.21 1.87 0.16 0.27 0.04 0.78 0.04 0.24 0.09

mid May 1.08 0.58 1.94 0.46 3.08 1.13 030 0.05 0.69 012 0.26 0.15

',:; early Jun 2.02 0.79 1.89 0.36 2.49 0.45 035 002 094 0.09 038 0.10

@ mid Jun 1.95 1.28 1.99 0.38 2.21 0.41 031 006 092 007 034 0.10

g mid Jul 1.67 1.03 191 0.10 2.09 0.42 038 011 104 013 032 0.08

early Sep 1.69 0.54 1.53 0.26 1.92 0.17 025 004 089 0.04 042 0.07

mid Sep 2.32 1.08 1.66 0.53 1.55 0.15 0.17 0.02 — — — —

early Oct 1.76 0.34 1.75 0.13 2.04 030 030 002 091 0.04 024 0.03
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Table 4 (cont.)

Spatial / temporal Chla Apny (676) Apny (443): Ss TAP: Chla  PPC:PSC
partition [mgm3] [102m?mg?]  aphy(676) [dim ] [dim.] [ww?] [ww]

U o U o u o u o u o u o
BSI: early Jun 2019 1.63 157 210 0.66 2.27 18 025 008 068 011 028 0.14
MAN: Aug 2019 3.63 254 215 0.35 1.65 020 019 006 092 010 023 0.17

FV: mid Sep 2017 8.68 6.18 0.99 0.38 1.33 032 006 009 — — — —

PMZA-RIKI: Jun to

Nov 2015 427 409 199 0.41 1.73 028 027 010 082 0.09 0.21 0.07

Bold values indicate groups that were significantly different from at least three or more other groups, as revealed by the Tukey
honest significant criterion, that followed the one-way analysis-of-variance (ANOVA).
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15,5 Tidal and meteorological effects

The short-term temporal variability of selected inherent optical properties (a.qom (350)
and by,,(550)) was investigated at a single station (PT-01; Fig. 5) of the BSI subregion,
which was sampled eight times over the course of five days in June 2019 (Fig. 13a, 13b).
This station was in the middle of the bay. Interestingly, the northerly and easterly winds
changed direction to southerly on 2 June, and increased in velocity, reaching (and remaining)
over 10 m s on 3 June (Fig. 13a). Concurrently, the air temperature dropped to ~ 6°C (from
an air mass coming from the EGSL), and a substantial amount of precipitation (> 20 mm)

fell between 2 and 3 June.

The impact of this meteorological event on the optical properties can be clearly noticed,
with much higher values of both acqom(350) (~ 19 m™) and by,(550) (~ 0.09 m™) being
observed on 4 June compared to earlier samples (Fig. 13b). We noted strong changes in these
variables even during a single day, reflecting changes in the hydrodynamical regime due to

tidal oscillations.

Figure 13c illustrates the effect of vertical thermohaline stratification in a relatively
deep station (OUT-RO05; Fig. 5) of the MAN subregion. A strong vertical thermal and saline
gradient was observable, which is typical in nearshore zones of the EGSL. At this station, we
collected water samples at the surface (~ 0.5 m) and at 5 m (approximately the base of the
pycnocline). The temperature and salinity differences of these two samples were ~ 6.5 °C and
7, respectively. The surface value of a 4., (350) was four times higher at the surface, while

the by,,(550) was two times higher. These changes in water column IOPs resulted in visually

different water colors (Fig. 13d).
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Figure 13. Meteorological (synoptic) and hydrodynamic forcing and variability in inherent
optical properties of nearshore zones of the Estuary and Gulf of St. Lawrence. (a) Wind
velocity and direction, air temperature, and precipitation. (b) Semi-diurnal tidal variability,
chromophoric dissolved organic matter absorption coefficient at 350 nm, and particulate
backscattering coefficient at 550 nm, for the same period. (c) Vertical stratification of the
water column as shown by temperature and salinity profiles, with a photo (d) depicting
water samples collected at different depths

1.6 DISCUSSION

The variabilities of absorption and backscattering coefficients (both magnitudes and
spectral shapes) were systematically examined in nearshore waters of the Estuary and Gulf
of St. Lawrence (EGSL). Although the sampling strategy was far from exhaustive in respect
to covering all spatial and temporal variability, we consider the dataset used in this study to
be representative of the optical variability of nearshore EGSL waters, especially those
influenced by rivers draining boreal watersheds, which is the case for most of the north shore,

from Tadoussac to Natashquan and beyond.
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We first discuss the general bio-optical relationships and compare them to existing
literature worldwide, considering the dissolved organic matter, the particulate matter pool,
and the absorption budget separately. Next, we examine the seasonal and intra-regional
variabilities of optically significant constituents between nearshore zones and central parts
of the EGSL, focusing on differences of molar and dry-mass concentrations. The seasonal
variabilities in phytoplankton-related bio-optical properties are also discussed. Finally, we
consider the implications of short-term meteorological and oceanographic processes on

optical variability.

The tangled dynamics of DOC, SPM, and Chla, evidenced by the scattered
relationships between these variables (Fig. 6), illustrate the optical complexity of the
underwater light field in the nearshore zones of the EGSL. This clearly demonstrates the need
to improve our understanding of the relationships between I0Ps and optically significant
constituents for remote sensing applications in the nearshore zones. Overall, these results
confirm the Case-2 nature (sensu Morel and Prieur, 1977) of the water masses encountered

in our study areas.

1.6.1  Bio-optical variability
1.6.1.1 Dissolved organic matter

As expected, we found a strong relationship between a.qom(4) and DOC, which
followed a (quasi-) continuum from the fresh-to-marine environment (Fig. 7a, 7c). However,
we observed consistently higher values of a.q,m(350) per unit of DOC compared to the
global relationship reported by Massicotte et al. (2017), which revealed higher az4,,(350)
values in the boreal riverine endmembers of our study area. This was also confirmed by the
relatively higher values found for the DOC-specific UV absorbance at 254 nm (SUVA,x,, m?
gC™) for rivers (4.86 + 0.51) when compared to samples from freshwater ecosystems at

approximately the same distance from the shoreline (also reported by Massicotte et al., 2017).
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Briefly, SUVA,z, is a metric used as a proxy for assessing both chemical and biological
reactivity of the DOM pool (Asmala et al., 2013; Massicotte et al., 2017; Weishaar et al.,
2003) and may be related to the proximity of its sources. It is also important to note the lower
absorption per unit of DOC of the samples collected in the middle of the lower estuary, at the
PMZA-RIKI subregion (pink circles in Fig. 7a). This indicates that the endmember source of
DOM in the central part of the estuary differs markedly from nearshore zones in MAN and
BSI, or even that DOM is more degraded in water samples taken more offshore in the EGSL.

The relationship between azy,,(350) and S,,5_,95 also reinforces the dominance of
terrigenous DOC in the DOM pool for our river-dominated coastal regions, as reported by
Fichot and Benner (2012). One may note that the lower values of S,,<_,9s reported here
(from 0.011 to 0.022 nm™), in comparison to those of Fichot and Benner (2012) in the
northern Gulf of Mexico (their Fig. 7b; approximately 0.013 — 0.045 nm'!), suggest that the
DOM pool exported to the nearshore zones of the EGSL was subject to less photobleaching
and was composed of a large fraction of terrigenous DOM, especially those samples coming
from the small rivers that flow into the bay of the BSI subregion. This influence overcomes
the potential interference of high phytoplankton productivity on the DOM pool (Danhiez et
al., 2017), even for subregions with relatively higher values of Chla (e.g., MAN).
Nevertheless, some marine samples had higher values of S,,s_,4s compared to their local
riverine endmembers, which suggests that DOM with higher molecular weights are found
just after riverine waters enter the sea; this is idea is supported by the studies of Fichot and
Benner (2012) and Xie et al. (2012), in which slopes correlated negatively with DOM
molecular weight. However, flocculation - a process known to occur in this interface - is

expected to reduce the mean molecular weight of the DOM pool (Asmala et al., 2014).

We also found small regional differences in the relationship between a4, (350) and
S,75_295 (Fig. 7b); this is consistent with the findings of Fichot and Benner (2011), who
compared Gulf of Mexico and Beaufort Sea samples. Despite this small regional difference,
we reparametrized the model of Fichot and Benner (2011) for all subregions of the EGSL by
dividing the dataset into two groups based on a threshold of a 4o, (275) (i.e., 15 m™). The
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very good performance of the model (Fig. 7c; Table 11, Annex 1) suggests that a.qom(4),
which is obtained by a relatively simpler and less expensive analysis than analytical DOC
procedures, could be routinely used for an approximation of DOC. In addition to the lower
range of a.qom(4) in central parts of the EGSL (e.g., the PMZA-RIKI subregion), the same
equations could also be applied to some extent these areas, since both a.g4om(4) and DOC
are within the range of previously reported values (Barber et al., 2017; Cizmeli, 2008; Nieke
etal., 1997; Tremblay and Gagné, 2009; Xie et al., 2012).

Our average of S;c0_s00 agrees with other values reported from around the world,
although in the lower part of the range reported for coastal regions, for example, around
Europe (Babin et al., 2003), the northwestern Mediterranean Sea (Para et al., 2010), and a
subtropical estuary in Brazil (Noernberg et al., 2020). However, in the EGSL and especially
in nearshore zones, the strong influence of riverine water discharge makes S,;s_,95 @ more
reliable descriptor of the DOM pool. The low CDOM spectral slopes reported here for both
spectral ranges of the EGSL indicate that surface-water CDOM is dominated by large
aromatic DOM from a terrestrial origin, which is consistent with chemical proxies reported
in the literature (Barber et al., 2017; Tremblay and Gagné, 2009).

Relationships of S,-<_,9s Values to salinity levels also differed between subregions.
These results suggest that the terrestrial DOM pool inputs in MAN have lower molecular
weights and may have been exposed to greater photobleaching compared to those in BSI.
This interpretation is supported by other studies (Fichot and Benner, 2012; Helms et al.,
2008), including that of Xie et al. (2012) in the EGSL. One possible explanation for these
differences is the presence of dams on the rivers sampled in the MAN subregion, which
increases the length of time DOM spends in the watershed and, consequently, increases its
exposure to photobleaching and/or biodegradation processes. Indeed, the impact of dams on
sedimentation processes was observed in cores in a region of the EGSL near BSI (Boyer-
Villemaire et al., 2013), and one would expect some effects to also occur in the pelagic

system. Moreover, the presence of dams on major rivers of the EGSL’s north shore was found
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to alter natural cycling of the CDOM pool compared to CDOM conditions in undammed

rivers (Jaegler, 2014).

It is important to note that the dissimilarities observed in the rivers sampled in this
study may also be linked to individual watershed characteristics. For example, the four minor
rivers in the BSI subregion (that flow into the bay) have consistently higher a.qom,(4) and
lower S,,5_,95 Values than the nearby Moisie River, one of the major rivers on the north
shore. Those smaller watersheds are in lower areas of the north shore and may have relatively
larger proportions of wetlands, a known source of DOM in the terrestrial environment (e.g.,
Mattsson et al., 2005), compared with the Moisie watershed, which drains higher areas.

As reported by previous studies on central regions of the EGSL (Nieke et al., 1997; Xie
et al., 2012), we observed a conservative mixing behavior of the DOM pool (Fig. 8a; Table
10, Annex 1), but some caveats should be considered. Major regional differences were found,
particularly in the nearshore BSI and MAN subregions, with a tighter relationship between
a.40om(4) and salinity in the latter. The higher variability found in this relationship for BSI
is explained both by the more diverse sampling strategy (seasonal variability) and differences
among the rivers’ endmember values (salinity equal to 0), as shown by the inset of Figure
8a. In such conditions, the conservative mixing behavior should consider multiple

endmembers, as for example in Stedmon et al. (2010).

The conservative mixing behavior of CDOM may be of particular interest for
hydrodynamical and coupled ecological studies (Le Fouest et al., 2018; Stedmon et al., 2010).
More importantly, these results indicate that satellite-derived a.gqom (1) may be used as a
proxy for salinity to trace river runoff in nearshore environments, but local relationships must
be determined even within the EGSL realms. Moreover, although we have found that
conservative mixing of CDOM in the nearshore zones is a dominant process, it is important
to emphasize that other processes that known to alter the DOM pool in such dynamic areas,
such as flocculation (Asmala et al., 2014) and autochthonous phytoplankton production
(Danhiez et al., 2017), may also have significantly impacts.
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1.6.1.2 Suspended particulate matter

Suspended particulate matter was found to have a complex and heterogenous nature in
nearshore waters along the north shore of the EGSL., as revealed by its dry-mass
concentration (SPM and the inorganic and organic fractions, PIM and POM) and optical

proxies (IOPs, i.e., absorption and backscattering coefficients).

The more complex nature of marine particle assemblages is revealed by the strong
relationships obtained between particulate absorption proxies (a, (1) and an,,(4)) and mass
concentrations in river samples (square symbols in Fig. 9b, 10b, 10c; Table 3) in contrast to
the weak relationships observed in marine samples. For example, the relationship between
Anap(443) and SPM in the marine samples was unlike those from other locations around the
world (see, for example, Babin et al., 2003; Bowers and Binding, 2006), and even for

previous relationships reported for central parts of the EGSL (Cizmeli, 2008).

We speculate that this behavior, which occur in the continuum between rivers and
nearshore EGSL waters, may be due to any of four possible processes: flocculation, sorption
of organic matter onto mineral particles, biological transformation of the organic matter pool,
and the heterogeneous nature of sediment resuspended from the bottom. Flocculation has
major implications in the organic matter pool, and this aggregation process is particularly
common in these transition zones (Asmala et al., 2014; Lisitsyn, 1995). The process of
sorption between (dissolved and particulate) organic and (particulate) inorganic matter has
several geochemical implications, and it commonly occurs in estuarine systems (Hedges and
Keil, 1999). Organic matter decomposition by heterotrophic bacteria was found to be very
important along the St. Lawrence Estuary and Saguenay Fjord (Bourgoin and Tremblay,
2010). Finally, sediment resuspension events increase the number of particles in the water
column, and they will be consequently less sorted in terms of size, shape, and density,

compared to riverine inputs. This latter process will be discussed later in subsection 4.2.3.
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These four processes can all significantly alter particle size distributions as well as
organic and inorganic matter pools in rivers and nearshore zones of EGSL, which has

implications on the relationships between IOPs and optically significant constituents.

The spectral slope of non-algal particles (Spap; Fig. 10a) had consistently lower values
compared with different localities around the globe, for example coastal waters of Europe
(Babin et al., 2003), Northern Australia (Blondeau-Patissier et al., 2017), and a subtropical
estuary in Brazil (Noernberg et al., 2020). In some cases, the reported values are comparable
with our dataset, e.g., the MAN subregion and the Irish Sea (Bowers and Binding, 2006).
Methodological differences in both the a,,,(4) analyses (e.g., integrating sphere versus
transmission-reflectance technique) and the fitting procedures (e.g., spectral ranges, baseline
correction, etc.) may also yield differences when comparisons with the literature are done.
More importantly, the S,,, values in the marine samples agreed well with those of the
riverine samples, and significant regional differences between the BSI and MAN subregions
were also observable. This result indicates that the nature of particulate matter differs within

the nearshore waters of the EGSL.

Although a relatively lower contributions of the a,(4) is expected in the near-infrared
(NIR) compared to the visible, we found non-negligeable values in our dataset; this has also
been found in several studies (e.g., Bowers and Binding, 2006; Rottgers et al., 2014; Stramski
et al., 2007; Tzortziou et al.,, 2006). Furthermore, we found a,(NIR) to be very well
correlated with PIM, especially for the river samples. This result indicates that a,,(NIR) can

be a useful proxy for the concentration of suspended inorganic particles but may be limited

to situations where mineral composition does vary much.

The by, (1) values reported here span about three orders of magnitude and cover typical

values found both in oceanic and coastal zones (Antoine et al., 2011; Neukermans et al.,
2012; Reynolds et al., 2016). However, our values are more concentrated around the mean,

indicating relatively lower variability, compared with these other studies.
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By partitioning Arctic marine samples into three classes, from mineral- to organic-
dominated particles with an intermediate class, Reynolds et al. (2016) investigated the
influence of particle composition on by, (4). Considering the by,,(550) — SPM relationship,
these authors found a general decreasing trend of lowering values in the exponent values
(equivalent of coefficient B from the equation in Table 3) from mineral- to organic-
dominated samples. The fitted value found in our study (Table 3) was about three times lower

than the one reported by (Reynolds et al., 2016) for the organic-dominated samples.

Reynolds et al. (2016) also reported that these organic-dominated samples had
generally higher (closer to 0) values for the spectral slope (y) of by, (4). In comparison, the
y values we found in this study were higher, sometimes even greater than 0 (Fig. 10e). Taking
this into consideration, we suggest that the by,,(4) reported in this study was more influenced

by organic matter than those previously reported in the literature. This can be partially
supported by the CDOM-laden waters characteristic of the nearshore zones of EGSL, as

previously discussed.

The relatively strong relationship observed between by, () and aja,(A) has already
been reported for regions in Australia (Blondeau-Patissier et al., 2017; Blondeau-Patissier et
al., 2009). Although these variables differ to a similar degree, our data revealed lower by, (2)
values in relation to the same ap,,(A) compared with these earlier studies (Fig. 10f).
Nevertheless, a decreasing trend of b, (A) from mineral- to organic-dominant particles was
also observed by Reynolds et al. (2016) (see their Table 2). For instance, our global mean
values of by, (550) was 0.0022 m?g! (o = +0.0013), which is less than three times the mean
value reported by Reynolds et al. (2016) in their organic-dominant samples. This result shows
the strong influence of organic particles on the low backscattering efficiency of particulate

matter encountered in the nearshore zones of the EGSL.

The relatively poor relationships between I0OPs and SPM make it difficult to estimate
SPM from remote sensing. Given the complexity of the optical properties of particles found
in the EGSL, particularly the distributions of SPM and POM to SPM ratios for nearshore

63



zones, we argue that more complete studies involving particle size distribution (PSD),
composition (refractive indexes), and size-fractioned samples would help to better
understand the role of optically significant constituents in IOPs (as in Koestner et al., 2020;
Neukermans et al., 2012; Reynolds et al., 2016, for scattering properties), and consequently

in the R.s(4) signals.

1.6.1.3 Visible light absorption budget

The nearshore EGSL zones were high in CDOM throughout our sampling campaigns,
and this is echoed by the large contribution of CDOM to the absorption budget (Fig. 11). The
CDOM levels that we measured exceed measurements made in other coastal regions around
the world, using the same ternary plot comparisons (Babin et al., 2003; Blondeau-Patissier et
al., 2017; Noernberg et al., 2020), even in some regions that were reported were reported to
be CDOM-dominated, e.g., the central-east Arctic ocean (Goncgalves-Araujo et al., 2018).
Similar ternary distributions were reported by Cannizzaro et al. (2013), for river plumes in
the northeastern Gulf of Mexico, a situation very similar to what we encounter in the
nearshore EGSL waters.

The study of Xie et al. (2012) showed that CDOM at 440 nm dominates the absorption
budget in the estuarine region of the EGSL, while the phytoplankton (app,(440)) was
dominant in the gulf stations. This major differences in 10Ps between the estuary and gulf
regions was already reported for specific absorption components, like acgom(4) and appy, (1)

(Babin et al., 1995, 1993; Nieke et al., 1997; Roy et al., 2008). Moreover, this may be related
to the different hydrographic and oceanographic processes occurring in these areas (Fuentes-
Yaco et al., 1997a; Koutitonsky and Bugden, 1991; Therriault and Levasseur, 1985).

Besides the generally higher contribution of a;, (1) to the absorption budget for the

gulf region, higher phytoplankton productivity and standing stock is expected for the Lower

St. Lawrence Estuary throughout the summer (Therriault and Levasseur, 1985). Although
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a.40om(4) dominates the absorption budget in all subregions, the differences we encountered
in BSI were marked by a relatively lower phytoplankton contribution compared to non-algal
particles (Fig. 11), and this may be explained by their proximity to the Gulf of St. Lawrence.
Because the other subregions are more under the influence of the Lower St. Lawrence
Estuary, their higher phytoplankton contribution could be sustained by major differences in
the adjacent marine endmembers (here we use marine in the sense of more offshore waters

of the estuary and gulf regions, compared to the nearshore transition zones).

1.6.2  Seasonal and short-term bio-optical variability

1.6.2.1 Nearshore zones versus central parts of the EGSL

Compared to previously reported values of DOC for the St. Lawrence system (e.g.,
Barber et al., 2017; Tremblay and Gagné, 2009), the nearshore EGSL zones had higher than
central parts of the lower estuary or the gulf, magnitudes similar to those reported for the
Upper St. Lawrence Estuary, and values lower of those reported for surface waters of the
Saguenay River. In addition, the consistently higher DOC values in the sampled boreal rivers
suggests that they are the main DOM sources in these nearshore zones. Nevertheless, the
Acqom(4) values of nearshore marine surface samples that we present were consistently
higher than other values reported for the EGSL (Cizmeli, 2008; Nieke et al., 1997; Xie et al.,
2012), even for regions of the EGSL known to have higher DOM, such as the lower estuary

near the mouth of the Saguenay River.

The a.qom(4) distribution in EGSL is controlled by the major rivers. This will have an
impact on the seasonal cycle, with the spring freshet being the main process controlling
Acdom(A) in central parts (Cizmeli, 2008). This seasonal pattern of riverine discharge also
seems to be the main process controlling a.qom(4) in the nearshore zones of the EGSL, but
with a greater influence of local rivers. This is observable particularly in the BSI subregion,

where the median a.q4,,(4) Vvalues, at the stations visited in 2017 (Fig. 12d) follow the
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discharge patterns of the Moisie River and the minor rivers (data not shown). In this way,
when local river discharges peak, the nearshore zones will be more greatly influenced by
water masses with lower salinity and higher a.q,m (1) levels. On contrary, the PMZA-RIKI
subregion had consistently higher salinities, and consequently lower a.qom(4) levels
compared to the nearshore zones, although the seasonal signal was also noticeable. This result
implies that central parts of the EGSL are more stable in terms of CDOM variability. Another
interesting result is the relatively low a.qom(4) levels found in the BSI samples in April.
This result suggests that terrestrial DOM inputs in these regions are comparatively very
limited during winter and early spring.

Chla variability observed in the nearshore EGSL zones was in the expected range,
considering values reported in central areas of the EGSL (Cizmeli, 2008; Laliberté et al.,
2018). In the lower estuary region, phytoplankton productivity and biomass are high
throughout the summer (June to September) due to continuous nutrient replenishment to the
euphotic zone via the upwelling zone (upstream of the Lower St Lawrence Estuary), and the
maintenance of a stable mixed layer (Therriault and Levasseur, 1986, 1985; Vézina et al.,
1995). In addition to the freshwater runoff, the gulf region exhibits a complex
hydrodynamical circulation, with eddies, upwellings, and fronts (Koutitonsky and Bugden,
1991; Le Fouest et al., 2005). These characteristics give phytoplankton productivity in the
gulf a more heterogeneous character (Fuentes-Yaco et al., 1997b; Levasseur et al., 1992),
being generally more oligotrophic than the lower estuary region (Laliberté et al., 2018; Le
Fouest et al., 2005).

These regional differences may explain the higher mean Chla values observed in the
PMZA-RIKI, MAN, and especially the FV subregions compared to the BSI subregion. The
high Chla (>10 mg m™3) encountered in the FV subregion in September 2017 might have been
due to local upwelling along the north shore of the lower estuary. Another interesting feature
of the gulf is the subsurface chlorophyll maximum that is nearly always present in summer
(Vandevelde et al., 1987). This feature was only observed at those stations farthest from the

shore in the BSI subregion, and only early May 2017 field campaign (not shown).

66



In terms of SPM variability, the average values of the nearshore EGSL zones were
lower than those reported for the maximum turbidity zone (Upper St. Lawrence Estuary),
which varied from ~ 10 to as high as 300 g m™ (Lucotte and D’ Anglejan, 1986). In contrast,
observed SPM values in nearshore subregions were higher than those reported by Larouche
and Boyer-Villemaire (2010), which covered a wide area of the whole EGSL, during spring,
summer, and fall. This can be explained by differences in the sampling strategy since the
stations in our study were considerably shallower overall. Interestingly, similar or lower
values of SPM were found in boreal rivers samples compared to marine samples, indicating
other sources of suspended particulate matter in the nearshore water column. The relatively
conservative mixing of DOC (or CDOM) along the salinity gradient, the moderate R?
revealed from regressions between DOC and SPM in the river samples (Fig. 6b), and the

absence of such a correlation in the marine samples also reinforce this interpretation.

The variability of the POM fraction for our study areas was within the range of
previously reported values for the EGSL, but with a lower mean value compared to offshore
zones (~ 39%, Cizmeli, 2008). However, the mean SPM values we measured in nearshore
waters (~ 9 g m) were up to one order of magnitude greater compared to the 2008 study. In
summary, although a lower percentage of POM was observed, the absolute concentration of
organic matter in these areas greatly exceeded the values one would expect in offshore parts
of the EGSL.

An inverse phase in variability can be observed between a.4,,m(350) and
Aphy/ap (443) for the BSI subregion during the April-Oct. 2017 sampling season (Fig. 12d,
8e). We also noticed a somewhat lagged response for app,/a, (443) during mid May and
early June sampling. These results indicate that the relative contribution of phytoplankton to
the total particulate absorption covaries with CDOM levels in this region, emphasizing the
importance of freshwater runoff on phytoplankton at this spatial scale. Interestingly, the
samples obtained in April 2017 in the middle of the bay showed low a.q,m(350) and high
Chla and appy/ay, (443), indicating that the phytoplankton spring bloom probably occurred

prior to the spring freshet which, in turn, severely reduced light availability in these nearshore
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waters. Future studies aiming at documenting the phytoplankton spring bloom should

probably begin as early as March.

1.6.2.2 Phytoplankton

Phytoplankton variability was assessed using both pigment assemblage and its spectral
absorption spectra (app;(4)). In the EGSL, both the effects of size (Tremblay et al., 1997,
2000) and pigments (Roy et al., 2008, 1996) are expected to characterize phytoplankton
communities and their adaptation to the light field exposure. However, Babin et al. (1995,

1993) examined the spatial variability of app;(4) in spring and found major differences,

mainly between gulf estuary regions, while Roy et al. (2008) confirmed the hypothesis that
cell size would be of greater importance during spring bloom periods, while pigment
composition would play a more important role during other seasons, in response to light

availability and water stratification, as expected.

We found evidence for strong seasonal variability for app;(4) and pigment-related
variables (Table 4). This indicates phytoplankton communities underwent a seasonal
succession in the nearshore areas; this was particularly noticeable in the BSI subregion.
Seasonal variability of phytoplankton communities has already been observed in the lower
estuary region, and pigment composition was found to be useful for their identification (Roy
etal., 1996).

Although photoprotective to photosynthetic carotenoids ratios are mostly used to assess
phytoplankton photoacclimation within communities (and mostly vertically), we found them
useful for computing and comparing the results for our dataset, considering the objectives of
this study. Interestingly, the stricter approach using only the pigments involved in the
xanthophyll cycle in the PPC class (Kauko et al., 2019) provided better results when
compared to other groups (not shown). This may be related to the high phytoplankton

diversity found in the seasonal domain.
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We observed a few instances synchronized variability between S¢ and the pigment
ratios (not shown), which suggests that the pigment packaging effect, given by the St
parameter, reflects both the effect of cell size and the co-varying accessory pigments. This
was particularly true for the stations with higher Chla, e.g., MAN subregion and during April-
May for the BSI subregion. These results agree with observations during bloom events
reported by Roy et al. (2008), where the effect of cell size was dominant for a,,;(1), and
mostly related to diatoms. On the other hand, the lack of such a match in the remaining data
suggests that pigments that do not covary with cell size may play an important role in shaping
aphi(4). These results emphasize that bio-optical studies addressing the seasonal variability
of phytoplankton communities in the EGSL should consider both pigment concentrations and
cell size distribution, along with microscopic identification, if possible, given the complexity

of the issue.

Overall, the standing stock of nearshore surface phytoplankton communities was found
not to be negligeable, with mean Chla values always higher than 1 mg m. Nevertheless, the
phytoplankton grow in highly absorbing waters with relatively higher SPM (more turbid)
conditions than are found in central parts of the EGSL. Based on the absorption and pigment
proxies examined in this study, we found that seasonal phytoplankton succession occurs in
these optically complex waters. However, a more complete understanding of the community

structure and its role in the regional ecosystem’s functioning is needed.

1.6.2.3 Short-term optical variability

Lastly, we have demonstrated that short-term temporal events (on the order of days;
Fig. 12) can strongly modify IOPs in the water column within a very short time frame. For
example, the relatively abundant precipitation observed in early June 2019 increased land
runoff around BSI, dramatically increasing the CDOM and particulate inputs that reached
the central part of the bay. In addition, the strong winds associated with the same event may

have remobilized previously deposited sediments (particles), as suggested by the higher
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bpp(550). Similarly, the effects of meteorological cold fronts were found to modify 10Ps in

a river-influenced coastal area in the Gulf of Mexico (D’Sa et al., 2006).

Along with seasonal variability and these episodic events, circadian fluctuations
induced by tides also modulate hydrodynamical and biological processes (Shaw, 2019;
Vandevelde et al., 1989). Consequently, we could also verify that tidal fluctuations rapidly
(within hours) alter the 10Ps in the central part of the bay (BSI subregion). This effect has
spatial consequences in the surface waters (Fig. 13b, from a Eulerian perspective) and in the
vertical stratification of the 10Ps (Fig. 13c, 13d). Although beyond the scope of this work,
vertical optical variability needs more in-depth investigations to provide details on its
consequences to the underwater light regime, particularly to the attenuation coefficient of
downwelling irradiance, which primarily affects the amount of light reaching the benthos.
Coupled hydrodynamical models can be an asset in such matters, given the dominant
conservative mixing behavior of a.q,,(350) as well as its relative optical dominance on
absorbing light. These short-term variations at a fixed coastal station have implications for

monitoring programs based on sparse punctual sampling.

1.7 CONCLUSIONS

We have documented, for the first time, the spatial and seasonal variability of bio-
optical properties in nearshore zones of the EGSL. The complexity of their relationships
emphasizes the importance of considering regional differences and seasonality and reinforces
our general premise that a more complete understanding of the optically-significant
constituents that shape IOPs is needed for remote sensing applications. These considerations

may well apply globally to nearshore areas in large estuaries.

The nearshore waters of the EGSL revealed an estuarine-like behavior, with the
seawater (in this case, the water found in the middle of the estuary or gulf) being measurably

diluted by freshwater from land runoff. In most cases dilution in the nearshore zones is not
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confined to a semi-enclosed geomorphological feature, which contradicts the classic
definition of an estuary (as in Pritchard, 1967). Notwithstanding, the circulation was found

to be estuarine in nature at the mouth of the bay in the BSI subregion (Shaw, 2019).

We also confirmed the dominant conservative mixing behavior of CDOM in these
areas, although differences among multiple riverine endmembers and other processes, such
as flocculation and phytoplankton production products, need to be considered. The
watersheds of local rivers are the main DOM sources of CDOM-dominated nearshore EGSL
waters. We showed that the dynamics of resuspension events have a great influence on the

magnitudes of certain IOPs.

The characteristics of CDOM-laden waters in these areas revealed the DOM pool to be
a major factor in the underwater light environment. This has a great impact on the pelagic
ecosystem, as we showed with the seasonal similarities between phytoplankton proxies and
seasonal modulation of a 4., (350). A more in-depth analysis of the DOM pool, like using
excitation-emission matrix spectroscopy (Coble, 1996; Stedmon et al., 2003), could provide
further explanations of variability at the molecular level, since we surmised that there were
molecular weight differences between the subregions of BSI and MAN, and also in the river-

to-sea continuum, using the spectral slope S,,5_,95 as a proxy.

Globally, nearshore zones are known to be net heterotrophic systems, especially those
influenced by large amounts of land runoff (Smith and Mackenzie, 1987). The particle-
associated heterotrophic bacterial production was found to greatly contribute to total bacterial
production in a coastal Arctic ecosystem and to positively correlate with temperature and
POM concentrations (Garneau et al., 2009). Therefore, it is evident that particulate matter
transformations - like the biological uptake together with flocculation and sorption processes
- will have an important impact of the optical properties of non-algal particulate matter. State-

of-art investigations of this variability are required to clarify these processes.

The separation of dry-mass concentration of particles into organic and inorganic

fractions (POM and PIM, respectively) was found to be a useful descriptor of the optical
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characteristics of assemblages. Also, interestingly, was the general flattening trend of by,,(1)
with increasing turbidity. Considering the very low by, (A) reported here, we concluded that

particles in the nearshore waters of the EGSL (back)scatter less visible light per unit of
particulate mass (SPM), compared to other regions worldwide, and this may have ecological
implications. Specifically, we argue that this means that more light is available in the red
region of the spectrum which, in turn, would benefit phytoplankton and other photosynthetic
benthic organisms. Indeed, even with the relatively higher DOC and SPM values reported in
this study (compared to central portions of the EGSL), the absolute Chla values were not
negligeable. This agrees with the idea that phytoplankton primary production in these regions
is also an important component in local ocean budgets (Terhaar et al., 2021). Furthermore, a
large portion of the intertidal and shallow subtidal areas are dominated by vegetated habitats,
particularly seagrass meadows.

We found IOP characteristics and conditions similar to those reported for river-
influenced coastal regions in the northeastern Gulf of Mexico (Cannizzaro et al., 2013; Le et
al., 2015). Interestingly, the nearshore zones of this area are marked by the presence of
continuous seagrass meadows (Cannizzaro et al., 2013), and IOP heterogeneity was found to
be strongly linked with land use and land cover of the watersheds of the main rivers (Le et
al., 2015). This highlights the importance of watershed management on controlling the

nearshore processes, particularly at local scales of the EGSL.

The results presented here represent a first step towards developing local-scale remote
sensing products for these regions (e.g., Mabit et al., 2022). For such products, radiometric
data collected concomitantly with the present dataset will permit evaluation of empirical
relationships as well as allow the verification of optical coherence between measured 10Ps
and AOPs through radiative transfer simulations (optical closure). Emerging satellite
technologies and the synergy of using multi-resolution sensors will favor not only the
scientific community investigating these environments, but also help to improve their

management. The bio-optical investigation presented here brings new insights into the
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variability of fundamental absorption and backscattering coefficients in these areas, which,

in turn, will have consequences on satellite-based estimations of biogeochemical variables.
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2.1 ABSTRACT

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-lles (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 um 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.

Keywords: bio-optics, phytoplankton assemblages, phytoplankton phenology,
nutrients, CDOM, HPLC, flow cytometry, remote sensing.
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2.2 RESUME

La variabilité saisonniere et spatiale des assemblages de phytoplancton de surface et
des niches environnementales associées aux macronutriments, les caractéristiques physiques
(température et salinité) et optiques (propriétés optiques intrinseques et apparentes) ont été
étudiées dans une baie cotiere subarctique anthropisée, dans le golfe du Saint-Laurent : la
baie de Sept-Tles (BSI), Québec, Canada. Sept principaux assemblages de phytoplancton ont
été identifiés en appliquant une analyse en composantes principales et un regroupement
hiérarchique, en utilisant des concentrations de pigments et des abondances de cellules
autotrophes <20 um comme entrées. Les groupes de phytoplancton issus de BSI (n = 7)
étaient plus diversifiés comparé aux eaux de la partie centrale de I'estuaire du Saint-Laurent
(n = 2). La distribution temporelle des assemblages phytoplanctoniques de BSI refléte le
signal saisonnier marqué (du printemps a I'automne) d'un environnement subarctique cotier.
Avant la crue des rivieres au printemps (mi-mai), I'efflorescence de phytoplancton était
dominée par de grandes cellules (microphytoplankton; diatomées), et la succession a suivi
un déplacement vers des cellules de nanophytoplancton et de picophytoplancton tout au long
de I'été et de I'automne. La plupart des assemblages de phytoplancton occupaient des niches
environnementales significativement différentes. En prenant la température et les propriétés
bio-optiques (c-a-d, la réflectance de télédétection) comme entrées, une classification en cing
grands groupes de phytoplancton dans la zone BSI est proposée et validée. La possibilité de
documenter les principaux assemblages de phytoplancton a l'aide de I'imagerie de
télédétection est démontrée et pourrait étre intégrée a un programme de surveillance a long

terme de la baie.

Mots-clés : bio-optique, assemblages de phytoplancton, phénologie du phytoplancton,

nutriments, CDOM, HPLC, cytométrie en flux, télédétection
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“...phytoplankton (...), I still think
are one of the best systems to study in

ecology.”

Elena Lichtman, in ASLO’s 2021
G. Evelyn Hutchinson Award Talk

2.3 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 (Carstensen et al., 2015; Cloern and Jasshy,
2008).

Phytoplankton assemblages are of particular interest for biogeochemical models, as
they are intrinsically related to ecological processes (Le Quéré 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
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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 (Hintz et al., 2021; Stomp et
al., 2007).

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-
Tles, 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
(R.s(1), srl, 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 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 etal., 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).
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2.4 METHODS
2.4.1  Study area and sampling design

The study area comprises the region around and within the Bay of Sept-Tles (BSI), in
the north shore of the Gulf of St. Lawrence (GSL), Canada (Figure 14). The BSI is a semi-
enclosed bay with a relatively narrow (~5 km) connection to the gulf and sheltered by the
Sept-Tles 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 m3s™), located ~20 km east of the
bay, can also influence the nearshore waters of the region (Aradjo and Bélanger, 2022;
Normandeau et al., 2013). 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 catenella (previously known as
Alexandrium tamarense, see Boivin-Rioux et al., 2021; John et al., 2014) in summer months,

which was found to be linked to the Moisie River runoff (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 Araujo
and Bélanger (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 14; Table 5). The stations (Figure 14C) were
sampled during seven field campaigns from 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 —
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Atlantic Zone Monitoring Program — buoy location, at Rimouski (RIKI) station, Figure 14B),
visited on eleven occasions from July to October 2015 (described in Bélanger et al., 2017).
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Figure 14. (A) The Estuary and Gulf of St. Lawrence in the North America context, and (B)
study area sampling locations: the Bay of Sept-lles and the AZMP buoy. (C) Spatial
distribution and number of revisits of the sampling stations in the Bay of Sept-Iles
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Table 5
Summary of the sampling strategy: dates and number of water samples. AZMP is the
acronym for the Atlantic Zone Monitoring Program buoy location, and BSI is for the Bay

of Sept-Tles

Key to field campaign location and survey:  Number of

period of sampling samples (n)
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

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 5).
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2.4.2  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 sonification and centrifugation procedures,
before placing the samples in the 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 b
(Chlb), c1, c2 and c3, 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, alfa and beta-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 |
(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
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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 um) and nano-autotrophs (2-20 um) 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 (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 (Neukermans et al., 2016; Salvador
and Chan, 2004). 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.

2421 Size-classes contribution to biomass

The fractional contribution of different size classes of phytoplankton to Chla — fyic,
(picophytoplankton, mean diameter [D] < 2 um); fhano (N@nophytoplankton, D = 2 to 20

UM); and fiicro (Microphytoplankton, D > 20 pum) — was examined using two different
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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 foiea©, foineC, and finirs. For comparison, a second approach used

picophytoplankton cell abundances (cells mL™) obtained from flow cytometry analysis. It

includes eukaryotes and cyanobacteria cell abundances (Aeyx and A.y, respectively), with

cy»
Chla cell quotas taken for the prasinophyte Micromonas pusilla (Quy;ic, equal to 2x10®
1g Chl cellY; Montagnes et al., 1994) and the cyanobacteria Synechococcus sp. (Qsyn, equal
to 1x107° pg Chl cellt; Morel et al., 1993), respectively. Thus, the fractional contribution of

picophytoplankton, o was determined by hico =

103[(Aeuk X QMic) + (Acy X QSyn)]/Chla-

2.4.2.2 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 pum was performed
using an inverted fluorescence microscope (Zeiss Axiovert 10) following the Utermohl
method with settling columns of 25 mL (Lund et al., 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, from those, ~60% were smaller than 5

fm.

2.4.4  Major nutrients and physical parameters

Concentrations of nitrite (NO3), nitrate (NO3) + NO3, phosphate (PO3™), and silicate

(Si(OH)3™) were determined using a colorimetric method with an Autoanalyzer 3 (Bran +
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Luebbe), as described in Bluteau et al. (2021). Prior to analytical procedures, water samples
were filtered through 25 mm GF/F filters in acid-wash syringes and Swinnex. Concentrations

of NO3 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).

2.4.5 Inherent and apparent optical properties

The spectral backscattering and absorption coefficients (b, (1) and a(A4), respectively,
in m) are inherent optical properties (IOPs) that are related to the remote-sensing reflectance
(R.s(1)), an apparent optical property, by the means of R. (1) < b,(4)/a(1) (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(1), is decomposed by the additive contributions of
pure water itself (a,, (1)), chromophoric dissolved organic matter (a.qom(4)), non-algal
particles (anap(4)), and phytoplankton (app, (1)) (eq. 7). Similarly, by, (1) is decomposed in
backscattering of pure water (b, (1)) and particulate matter (b, (1)) (€q. 8).

a(d) = aw(l) + acdom(ﬂ') + anap(l) + aphy(l) ) (7)
by (1) = bpw(A) + bpp(2) : (8)

The determination of the above IOPs for the present dataset is described in Aradjo and
Bélanger (2022). Briefly, acgom(4), anap(4), and app, (1) were determined using a benchtop

PerkinEImer Lambda-850 spectrophotometer, equipped with an integrating sphere (used for
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particles only). The in situ b, 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 by,(1) =
bpp(A0)[1/20]", where y is a dimensionless parameter describing the spectral dependency
of by, relative to a reference wavelength (4,; defined as equal to 550 nm in this study). Low
residual differences (means < 5%) between measured and modelled values of by, assured
the validity of this equation on describing its spectral shape in the study area (Aradjo and
Bélanger, 2022). Seawater absorption and backscattering coefficients were retrieved from
tabulated values available in the literature (IOCCG, 2018; Morel, 1974; Zhang et al., 2009).

The R.s(4) 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 Bélanger et al. (2017) and Mabit et al. (2022). Briefly,
the system was equipped with sensors that measured the above-water downwelling
irradiance, E4(4, 0%), and the upwelling radiance from vertical profiles in the water column,
L, (4, z). The processing schema included the extrapolation of L, (4, z) to assess the water-
leaving radiance, L,,(1,0%). The R.(1) is then calculated using R.(1)=
L, (A,0%)/E4(A,07%). C-OPS radiometry data are collected at 19 wavelengths, thus, R.c(1)
was interpolated using a piecewise cubic polynomial function to obtain 1-nm resolution,

while preserving its spectral shape (Reynolds and Stramski, 2019).

2.4.6  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
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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.

25 RESULTS

2.5.1  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 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
15 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 15A 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
(Neukermans et al., 2016; Salvador and Chan, 2004). This approach revealed to be more
adequate to our analysis, since the obtained linkage distance cutoff (Figure 15B) 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).
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Figure 15. (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)

The variability of selected inputs is shown in Figure 16, whereas the mean and standard
deviation of all 24 inputs are presented in Table 13 (Annex2). 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).
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Figure 16. Variability (median, 25th and 75th percentiles, minimum, maximum and
outliers) of (A) four classes of phytoplankton cell abundances (B and C) and eight
accessory pigments to Chla ratios concentrations. The autotrophic cells concentration is
separated by eukaryotes and phycoerythrin-containing (PE-) cyanobacteria, and by pico-
(<2 um) and nano-size (>2 and <20 um) classes. The color code, associated to each cluster
group, is the same as in Figure 15

The relative distribution of phytoplankton groups identified by light microscopy (LM)
are presented in Figure 32 (Annex 2). The correspondence between the seven clusters and
the taxonomic analysis by LM was not straight-forward since it is nearly impossible to
discriminate and identify cells smaller than 3 um as this cell size is close to the resolution of
LM and because the strong coloration of the acidic Lugol’s solution, used to preserve the

samples, make it difficult to distinguish autotrophic from heterotrophic cells (see Tremblay
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et al.,, 2009). On the contrary, HPLC pigment concentrations and flow cytometry
measurements both account for autotrophic cells of this size. Moreover, a high number of
unidentified cells (average 20%) and, specifically, unidentified flagellates (between 25 and
50%, Figure 32) were assigned by the LM technique. Besides, 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
c1, R-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 spp. was representative for the group
PraD.

The second cluster (red) presented the highest means of nanoeukaryotes, Perid, Hex,
and diadinoxanthin, while picoeukaryotes, Chl c1 and ¢z, prasinoxanthin and 3-carotene were
also significantly higher than other groups (but not the highest). We related this group to a
relative dominance of prymnesiophytes and dinoflagellates (PryD). The LM analysis
confirmed the presence and a relative high abundance of the prymnesiophyte
Chrysocromulina spp. in this group. The dinoflagellates Gymnodinium spp. and Heterocapsa
rotundata were always representative in samples of groups PraD and PryD, while the toxic
Alexandrium catenella was also identified in these groups. Interestingly, the maximum
concentration of A. catenella (2920 cells L) was observed in an anomalous sample (PryD-B;

Figure 32, Annex 2) 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 c3, and [3-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
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high Fucoxanthin to Chla, the LM revealed in this group high 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 c1 and c2, 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 32), 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 a-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 denoted as Cry and CryP, respectively, with Hemiselmis
virescens and Plagioselmis prolonga var. nordica being a representative species. Moreover,
these two groups were the most similar based on the dendrogram (Figure 15B). 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 33 (Annex2). First, nanophytoplankton abundances obtained from flow
cytometric measurements were compared to those obtained by light microscopy (LM),
including unidentified cells (Figure 33A). 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 33B,

with microphytoplankton abundances retrieved from the LM analysis) revealed a strong
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numerical dominance of picophytoplankton in all samples, except 5 samples where

picophytoplankton represented ~50% of total cell abundance.

The fractional contribution of phytoplankton size classes to Chla (fpico: fnano, and
fmicro) @re shown in Figure 17. The two methods used to estimate fyico (foico aNd fpico )

were compared (Figure 17A) and presented a coefficient of determination (R?) of 0.35. In
general, the correspondences between the two methods presented different patterns when

considering the different groups, with f,ic, underestimating fpico in comparison to f,ie, <,

especially for the groups Dia, Cry, CryP, and Chlo, which were restricted to the lower range

of variability (<25%). Nevertheless, the groups with higher values of f;.,, PraD and Cy,

were noticeable in both methods.

Although the Uitz et al. (2006) method (used to determine fHPLC) 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 17B. The different clustering
groups presented distinguishable patterns of distribution. Most samples presented fHPLC
higher than 50%, with the most noticeable contribution of this fraction for Dia. Specifically,
the groups PraD and Cy presented a dispersion from fiLC towards f,ieo“, while this

dispersion for the groups CryP, PryD, and, particularly for Cry, were towards f,1PLC,

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.
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Figure 17. Relative (or fractional, f) contributions of phytoplankton size classes to Chla,

for each phytoplankton cluster. (A) Two methods to obtain the picophytoplankton
fractional contribution to chlorophyll-a (fpico): fpico aNd foice C (see text for details). (B)
HPLC fHPLC and £HPLC This approach (pigment-based) considers a

Ternary plot of fico
global relationship using seven diagnostic pigments as inputs (Uitz et al. 2006). The color
code is the same as in Figure 15
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2.5.2  Seasonal and spatial variability

The Chla biomass, the seasonal succession, and spatial variabilities within
phytoplankton clusters are shown in Figure 18. 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 18A). No group is significantly different from the others, but PryD and Dia presented
higher 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 18B).

The seasonal evolution of the phytoplankton clusters of BSI are shown in Figure 18C,
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 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 18D-H. The dominant groups in BSI-2, Cry and CryP,
were generally found inside and outside the bay, respectively (Figure 18D). This spatial
separation was even clearer in BSI-3 for the groups PraD (inside) and PryD (outside). 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 are distributed in-between the islands east of the bay. These
results evidence the seasonal succession of phytoplankton assemblages, but also reveal that
the spatial variability, at this scale, is also important.
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Figure 18. 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 5). (D-H) Spatial distribution for each campaign that presented noticeable

variability of phytoplankton clusters
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2.5.3  Major nutrients and physical environment

The relationships between major nutrient concentrations, associated to each
phytoplankton assemblage, are shown in Figures 19A and 19B, and the physical
environment, as determined by temperature and salinity, are shown in Figure 19C. The mean
and standard deviation of each variable for the Bay of Sept-lles (BSI) of Figure 19 (plus
nitrite and nutrient concentrations ratios) are summarized in Table 6. Samples from the
Lower St. Lawrence Estuary (AZMP, squares in Figure 19) 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 18H), 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 19B), while silicate concentrations were similar (Figure 19A). However, if
only the 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, but with slightly lower salinities (mean
of 27.6) (Figure 19C).
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Figure 19. Nutrient concentrations and physical parameters relationships associated with
each phytoplankton cluster. (A) Silicate ([Si(OH)z~]) versus nitrate ([NO3]); (B) phosphate
([PO37]) versus nitrate concentrations; and (C) temperature versus salinity. Samples from
the Lower St. Lawrence Estuary station (AZMP) are presented by squares, and outliers
from the Bay of Sept-Iles (BSI) are presented by diamonds. The gray-shaded area

corresponds to undetectable nitrate levels (~0 uM)
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Table 6
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-Iles (BSI) region

Environmental

variable PraD PryD Cy Dia Cry CryP Chlo

Nitrate, [NO3]
(LM)

Nitrite, [NO;] (uM) 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

0.22+0.32 049+058 051+0.56 0.16+0.32 1.38+0.67 1.54+0.18 2.64 £1.07

Silicatef,
[Si(OH);™] (UM)

Phosphate, [PO3 ]
(M)

([NO3] + [NOZ ) :
[Si(OH)4"] (dim.)

(INO3] + [NO3 ) :
[PO37] (dim.)

Salinity® (PSU) 21.11+414 2243 +4.08 27.81+253 29.11+1.94 2411+1.63 24.13+3.82 16.82+3.62*
Temperature™ (°C)  10.85+2.44 1220+1.17 10.09+2.00 2.72+150* 576+0.74 6.24 +0.72 6.55 +0.57

12.89+#593 18.01+9.18 7.63+3.49 244+3.88* 1257+1.84 11.97+4.07 16.28+7.28

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

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

487502 727650 200+1.13 121+130 521+1.89 4.84+257 13.07 +6.60

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.
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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 19) field campaigns (Figure 18C, from mid-June to
early September 2017) presented undetectable nitrate concentration (~0 pM). Thus, depleted
nitrate conditions were noticeable for samples of groups PraD, PryD and Cy (right side of
Figs. 19a and 19b). Although we do not differentiate these samples from others of the same
group in Table 6, 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 of 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 [NO3] conditions, silicate concentrations (Figure 19A; Table 6) 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 19B, Table 6) 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 6. The [NO3 ] + [NO3 ]: [Si(OH)2~] means were lower

for groups PraD and PryD and highest for group Chlo. Nevertheless, Chlo also presented



higher [NO3] + [NO5]: [PO3~] 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 19C, Table 6). Conversely, the group Dia presented significantly lower temperatures
when compared to all other groups. Dia and Cy (specifically the blue circles in Figure 19)
were found in saltier waters (>28), while group Chlo presented significantly lower salinities
than all other groups but PraD. Also 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 18C). The groups associated with the presence of cryptophytes, Cry and CryP,

and Chlo, presented low variability of temperatures (small standard deviation, Table 6).

The separation of group Cy between campaigns BSI-5 and 6 (stars in Figure 19) 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 environmental conditions to those of groups
PraD and PryD. Similarly, optical conditions of group Cy from BSI-5 and 6 were close
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.

2.5.4  Optical characterization

The total and component-specific spectral absorption and backscattering coefficients
are presented in Figure 20. For each graph (A-F), each phytoplankton group curve is
represented by the sample having the highest counts of median values (mode), calculated for
unitary wavelength within the visible spectral range (400 to 700 nm). Descriptive statistics
and tests for some optical properties shown in Figures 20 and 21 are presented in Table 7,

for selected wavelengths, in the perspective of satellite remote sensing applications.
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Figure 20. Inherent optical properties spectra: absorption coefficients of (A) chromophoric
dissolved organic matter (acqom(4)); (B) non-algal particles (a,ap(4)); and (C)
phytoplankton (apny, (4)); (D) total absorption coefficient (a(4)); (E) particulate

backscattering (b, (4)); and (F) total backscattering coefficient b, (1). 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 15

For most phytoplankton assemblages, CDOM absorption coefficient (a.qom, Figure
20A) was approximately one order of magnitude higher than the other absorption
components in wavelengths shorter than 500 nm. As expected, the group Chlo, found in
fresher waters (Table 6) presented significantly higher a.q,m (465) than other groups, minus
PraD and CryP (Table 7). In contrast, groups likely to be more related to marine end-member

waters (with saltier characteristics), such as Dia and Cy, presented lower values of a.gqom (4).

The non-algal particles absorption (a,,p, Figure 20B) spectra were much lower than

Qcdom, DUt had similar relative magnitudes when considering individual groups of

phytoplankton, suggesting a co-variation between these two optical components. For
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example, a,,,(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 20C) were also much
lower than acqom OF anap and, thus, its influence in the total absorption coefficient (a, Figure

20D) are minimal (see also Aradjo and Bélanger, 2022). For example, the fractional

contribution of ayy,, to the non-water absorption coefficient (= acgom + anap + apny) Was
maximal in the blue peak of a;, (=465 nm), but higher mean values reached only 6.2 and
5.4% for groups Dia and Cy. Nevertheless, significantly higher values of a,(465) and
aphy (665) were found for group PryD, which also presented higher Chla values (Figure

18A).

As expected, the a(A) reflects the additive effects of acqom and an,p, 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 (byp,) and total (by,) backscattering coefficients are shown in Figures
20E-F. Most phytoplankton groups presented similar spectral characteristics of by, (and by,),
but group Chlo was higher than others in 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 byy, resulting in significantly higher by, (655) (Table 7).
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Table 7

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) Dia Cry CryP Chlo

Aedom (465) [MY] 1454076  1.05+0.49 0.29+0.04 0.34+0.27* 1.29+0.43 0.88+0.52 2.18+0.71
by (665) [m™] 1.80 +0.64 1.28+0.16 1.10+0.43 1.67+1.13 181+054 1.73+0.95 3.64+1.64
by/a (465) [-10?, dim.] 1.48 £0.76 1.13+0.16 3.46+0.77 534171 161+054 2.34+0.78 1.61+0.97
by/a (566) [-10%, dim.] 4.68 +2.09 3.63+0.49 7.14+198 10.41+3.16 4.81+1.64 6.03+2.24 5.86%2.60
by/a (665) [-10%, dim.] 3.22 £1.10 235021 231+0.83 3.37+2.00 3.30+091 3.23+159 6.81+1.81
R.s(465) [10%, sr1] 0.67 +0.34 0.46+0.18 2.04+0.36 2.60+0.93 0.74+0.19 0.98+0.31 0.57%0.47
R.s(566) [10%, sr'1] 1.81+0.72 1.54+0.38 3.58+0.61 4.67+1.47 2.03%0.37 2.41+0.78 2.60+1.07
R.s(665) [10%, sr'1] 1.34 +£0.40 1.25+0.22 117+0.26 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.mukher



The spectra of backscattering to total absorption coefficient ratio (b}, /a) and the remote
sensing reflectance (R,s) are shown in Figure 21, for each phytoplankton assemblage. As for
individual 10OPs (Figure 20) the b, /a and R.s 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 b, /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 L, and consequently in R). Notwithstanding, this latter situation is

likely to happen under some circumstances in our study area (Aradjo and Bélanger, 2022).
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Figure 21. Spectra of (A) the ratio of total backscattering to total absorption coefficients
(bp/a (1)), and (B) the measured remote sensing reflectance (R.s(4)). The vertical gray
dashed lines on (B) indicates the original spectral bands of the C-OPS instrument used to
derive R.¢. 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 15

Most phytoplankton groups presented similar shape and magnitudes of the by,/a
spectra, which was observed in all wavelength ranges. The two exceptions were for groups
Dia and Chlo that peak in green (~560 nm) and red (~640 nm) regions, respectively. The



combination of lower a and at-average by, values give significant higher values of by /a in
the blue (465) and green (566) regions for group Dia (Table 7). Similarly, the significantly
higher values of by, /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 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 21B, Table 7).

2.5.5 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
22. Since riverine discharges are a major controlling factor in the optical environment in the
BSI region (Aradjo and Bélanger, 2022), the Moisie River discharge for years 2017, 2019,
and the climatological median (1965-2021) is depicted in Figure 22A. It is expected to reflect
the seasonality of the smaller rivers discharging directly into the bay (i.e., riviéres Hall, des
Rapides, aux-foins, Poste). The mean value of the discharge peaks of 2017 and 2019 (~2,500
m?3 s1) were 60 % higher than the historical median (from 1965 to 2021).

The group Dia occurred in BSI in April - early May (Figure 22B), 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 absorbing characteristics

(due to lower acgom and an,p) are found.
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Figure 22. Seasonal succession of phytoplankton assemblages in the Bay of Sept-Iles. (A)
Moisie River discharge for years 2017, 2019, and climatological median (1965-2021).
Source: Ministére de I'Environnement et de la Lutte contre les changements climatiques
(https://www.cehg.gouv.qc.ca/). (B) Phytoplankton assemblages distribution (see Table 13
in Annex 2 for details of samples collected in April 19); 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 5), represented by vertical transparent lines

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 13, Annex
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2; 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 34; Annex 2), with similar phytoplankton composition despite
much higher Chla values (Table 13). 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 22B), 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 of 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 18H), 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 6) reflects the generally higher values of [NO*] 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, (byp) Vvalues in the red portion of the spectrum
characteristic of Chlo are explained by higher values of the spectral slope of by, (v), which

likely reflects higher concentrations of particulate organic matter (Aradjo and Bélanger,
2022).
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After the spring freshet, as water temperature continue to increase, the groups PraD
and PryD occupied the BSI region, and this last throughout the summer. Significant lower
phosphate concentrations were found to be associated with these two groups (Table 6), while
nitrate depletion occurred a few days after their appearance (in-between BSI-3 and BSI-4
campaigns, Figure 22B). The nitrate-depleted conditions then continued in summer up to

early fall.

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 18G). In mid-fall (BSI-7) nitrate concentrations are
restored (Figure 19A, Table 6).

The shape and relative magnitudes of remote sensing reflectance (R.s(4)) reflected the
importance of the bio-optical environment for the determination of phytoplankton
assemblages in nearshore waters of BSI. Strong differences in R (Figure 21B; Table 7), in
the blue, green, and red bands (465, 566, and 665 nm, respectively), and in SST (Figure 19C;
Table 6) 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 hypothetical satellite-derived SST and
R.s(465), R.4(566), and R.(665) are used as inputs in the classification of BSI waters is
therefore proposed (Figure 23).

Firstly, the group Chlo presented the highest values of acqom(465) and by, (665),
resulting in low values of R.4(465) and very high values of R.4(665) and, consequently,
were found in more reddish waters. Considering this, using a simple threshold of the ratio
R.(665)/R.(465), the group Chlo can be separated from others. Secondly, the lowest
values of acqom and an,p 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.
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Figure 23. Idealized 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

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.4,m Of Cy, and its influence on R.4(465),
is used to separate this group from PraD and PryD (Figure 23).

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 23; n = 72)
determined by the PCA/HCA method, the result of this empirical inversion succeeds 92%.
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
18D) and a Dia sample (Figure 18H).

110



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 22B), downloaded as Level-1
Collection 2 data and distributed by the United States Geological Survey (USGS). The R.(1)
thresholds presented in Figure 23 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, 2020a, 2019). 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, 2020b, 2020c).

The application of the proposed framework in the two images (Figure 24) 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 were 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/PryD.
Nevertheless, the application of the framework in remote sensing imagery showed to be

suitable.
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Figure 24. Application of the exposed framework shown in Figure 23 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
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2.6 DISCUSSION

The potential for identification of major phytoplankton assemblages from pigment
concentrations and <20 pum 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 are

missing.

The seven clusters revealed relevant characteristics associated to the following groups
(Figure 16; Table 13, Annex 2): prasinophytes and dinoflagellates (PraD); prymnesiophytes
and dinoflagellates (PryD); cyanobacterias (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 (Blais et al., 2022; Roy et al., 1996; Vallieres et al., 2008; Vaulot et al., 2008). 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.

The combination of 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 16). 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
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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 variability along the size spectrum of phytoplankton communities brings
with them relevant ecological information (Cloern, 2018; and references therein). The
approach of Uitz et al. (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 (fico)

estimated from HPLC pigments (f5ico*) and from flow cytometry (f,;c,) were coherent,

especially for groups PraD and Cy (Figure 17A).

The overall dominance of fPLC

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 ficro IS €xpected in areas with relatively high biomass (Chla) and
replenished nutrient conditions (Brewin et al., 2019; Cloern, 2018). The dispersion from
fmicro (right corner of the ternary diagram shown in Figure 17B) towards f,.no (Upper
corner), for Cry, Cryp, and PryD, and towards f,;c, (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 5), presented only two phytoplankton
assemblages (Dia and PraD), but relatively higher biomass compared to BSI. 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 environment were very distinctive (Figure 19, Table 6). The higher

concentrations of all nutrients and high salinity values at PMZA are due to upwelled waters
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in the Lower St. Lawrence Estuary (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 the 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.

Before the spring freshet, the group Dia fully occupied BSI surface waters, as expected
for high-Ilatitude spring blooms dominated by large cells (diatoms) (Carstensen et al., 2015;
Tremblay et al., 2006). 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 latter presumably drives bloom
termination in the surface waters of BSI (Figure 19). 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 absorbing and turbid conditions conferred to them less biomass compared to other

assemblages.

After freshet and with warmer temperatures in surface waters, the assemblages

composed by dinoflagellates co-occurring with smaller phytoplankton cells (PraD and PryD)
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replace groups Cry and CryP in BSI. These assemblages were characterized by nitrate-
depleted conditions just after their first appearance in BSI-3 (Figure 22), and with 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 (Hill et al., 2005; Sieracki et al., 1993). Notably, the occurrence,
or even blooms, of the toxic dinoflagellate A. catenella 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 salty (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 the
summer (Blais et al., 2019; Tremblay et al., 2000). Nutrient concentrations in the nearshore
and coastal areas of the Bay of Sept-Tles were consistently lower than those of upwelled

waters in the Lower St. Lawrence Estuary (AZMP buoy, Blais et al., 2019).

The ratio [NO3]: [PO3~] was consistently lower than the Redfield value (16:1) but
showed large differences between phytoplankton assemblages (Table 6). 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 these areas. This scenario is consistent with our

results for nitrate concentrations in BSI during late fall.
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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 characteristic of the nearshore waters of BSI makes the a.qom @
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
Aradjo and Bélanger, 2022) is the generally flatter spectral shape of the particulate
backscattering coefficient (approximately —1 < y < 0.5) comparatively to other coastal
waters (e.g., Antoine et al., 2011). Furthermore, the specific by, (1) in relation to dry-mass
concentration of suspended particles is very low compared to other regions, a characteristic
of the particulate and dissolved organic-rich waters of BSI (Aradjo and Bélanger, 2022). This
is also reflected in the relatively lower R.c(A), particularly in the red region of the spectrum,
expected for a determined concentration of particles, when compared to other regions (Mabit
etal., 2022).

Phytoplankton absorption (appy) represents a small fraction of the total absorption
budget in BSI and, consequently, R.;(1) 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 app, spectra between some groups were found. Moreover, analysis of the
spectral shape of app,, and the Chla-specific apy,, also revealed significant differences in the
seasonal domain (Araujo and Belanger, 2022). Taking these results into consideration, the

phytoplankton absorption can be an asset to assess the major phytoplankton assemblages in
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BSI, as demonstrated for diverse locations by other studies (e.g., Hoepffner and
Sathyendranath, 1991, 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 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 23 and its application in remote sensing imagery
(Figure 24) demonstrated that sensors onboard Earth Observation platforms can be used to
infer about 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 Colour
Instrument (OLCI), are examples of sensors that could be used to investigate the variability
of the phytoplankton assemblages in coastal zones. The suitability of application of this
approach was shown in two scenes collected by Landsat 8 OLI/TIRS (Figure 24). 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 of temperatures used in this study,
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collected by in situ thermometers, to 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. Nevertheless, the composition of phytoplankton assemblages likely

reflected major traits that were shaped by different environmental niches.

2.7 CONCLUSIONS

Given the intrinsic dynamic of coastal and estuarine areas, understanding the ecology
of phytoplankton is a major challenge for scientists and, consequently, are 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
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
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these microorganisms that are key to coastal ecosystems are urged. 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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3.1 ABSTRACT

The ecosystem services and functions of seagrass meadows are indisputable. In this
study, the dynamics of surface area coverage of eelgrass (Zostera marina L.) meadows at
broad spatial scales (meters to kilometers) and at an annual to decadal temporal scales were
investigated in four relatively contrasting subregions of the estuary and Gulf of Saint
Lawrence (EGSL), Eastern Canada, encompassing cold temperate and subarctic
environments. To achieve this, Landsat imagery reflectance products from the Thematic
Mapper (TM), the Enhanced Thematic Mapper Plus (ETM+), and the Operational Land
Imager (OLI) sensors were accessed and processed through a freely cloud computing
platform (Google Earth Engine). The meadows in all subregions occur mainly in intertidal
zones, and the processing of the images considered the restrictions imposed by tidal and water
optical properties variabilities, as well as limitations by the sensors design. The classified
polygons encompass at least a 25% coverage of eelgrass in a determined patch, while the
classification accuracy showed very good agreement (overall accuracy of 91% and kappa
coefficient of 0.81) when compared to coastal ecosystem habitats maps generated by
photointerpretation (and with field verification). From the 39-year period analyzed (1984 —
2022), the surface area coverage of the meadows presented a dramatic increase reaching 10
to 20-fold. For some subregions, the expansion of meadows was towards land — i.e., starting
closer to subtidal areas. However, relative short-term losses (interannual scale) can occur
differently among the subregions. While remaining an open question, the relationship
between the dynamical coverage of eelgrass at interannual and decennial scales with
environmental variables should be targeted for better understanding these complex nearshore
systems. Overall, the results revealed these nearshore EGSL zones as important areas for
biodiversity, while the (blue) carbon sequestration rate remains to be quantified.
Notwithstanding, recent advances in Earth Observation satellites can be an asset in

quantifying seagrass stocks in coastal zones.

Keywords: eelgrass meadows, remote sensing, Landsat, subarctic, nearshore

environment, intertidal areas, Google Earth Engine
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3.2 RESUME

Les services écosystémiques et les fonctions des herbiers marins sont incontestables.
Dans cette étude, la dynamique de la couverture de la superficie des herbiers de zostére
(Zostera marina L.) a de larges échelles spatiales (métres a kilomeétres) et a des échelles
temporelles annuelles a décennales a été étudiée dans quatre sous-régions relativement
contrastées de I'estuaire et du golfe de Saint-Laurent. Lawrence (EGSL), Est du Canada,
englobant les environnements tempérés froids et subarctiques. Pour ce faire, les produits de
réflectance des images Landsat des capteurs Thematic Mapper (TM), Enhanced Thematic
Mapper Plus (ETM+) et Operational Land Imager (OLI) ont été consultés et traités via une
plate-forme d’infonuagique gratuite (Google Earth Engine). Les herbiers de toutes les sous-
régions se trouvent principalement dans les zones intertidales, et le traitement des images a
pris en compte les restrictions imposées par les variabilités des propriétés optiques de la
marée et de I'eau, ainsi que les limitations de la conception des capteurs. Les polygones
classés englobent au moins 25 % de couverture de zostére dans une parcelle déterminée,
tandis que la précision de la classification a montré un tres bon accord (précision globale de
91 % et coefficient kappa de 0,81) par rapport aux cartes d'habitats des écosystemes cotiers
générées par photo-interprétation (et avec vérification sur le terrain). Sur la période de 39 ans
analysée (1984 — 2022), la superficie couverte par les herbiers a présenté une augmentation
spectaculaire atteignant 10 a 20 fois. Pour certaines sous-régions, 1’expansion des herbiers
s’est déroulée vers la terre — c’est-a-dire en commencant plus prés des zones infralittorales.
Toutefois, les pertes relatives a court terme (échelle interannuelle) peuvent survenir
difféeremment selon les sous-régions. Tout en restant une question ouverte, la relation entre
la couverture dynamique de zostére aux échelles interannuelles et décennales et les variables
environnementales devrait étre ciblée pour une meilleure compréhension de ces systémes
complexes pres du littoral. Dans 1’ensemble, les résultats ont révélé que ces zones littoraux
du EGSL sont importantes pour la biodiversité, tandis que le taux de séquestration du carbone

(bleu) reste a quantifier. Néanmoins, les progres récents des satellites d’observation de la
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Terre peuvent constituer un atout pour quantifier les stocks d’herbiers marins dans les zones

cotieres.

Mots-clés : herbiers de zostéres, télédétection, Landsat, subarctique, environnement

littoral, zones intertidales, Google Earth Engine
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3.3 INTRODUCTION

Seagrasses are recognized as foundation species, i.e., they modify their environments
to create singular habitats, and constitute highly productive areas in coastal and nearshore
environments, providing valuable ecosystem services and functions, such as habitat for
various species (including exploited ones), coastline protection, improvement of water
quality and (blue) carbon storage (Beck et al., 2001; Duarte, 2017; Henderson et al., 2019;
Holmer, 2019; Ondiviela et al., 2014; Rohr et al., 2018; Unsworth et al., 2019b; Whitfield,
2017). Historically, seagrass has been negatively affected by human activities, while the
effect of multiple stressors is commonly a matter of consideration (Dunic and C6té, 2023;
Lefcheck et al., 2017; Lotze et al., 2006; Orth et al., 2006). Notwithstanding, conservational
and monitoring efforts targeting best management practices of seagrass meadows are
delineated worldwide (Grech et al., 2012; Unsworth et al., 2019a, 2015).

From a global perspective, seagrass meadows present a general declining trend in
extent, although high variability is observed at regional and temporal scales (Dunic et al.,
2021; Waycott et al., 2009). As highlighted by Gallagher et al. (2022), global estimates of
seagrass coverage can vary 10-fold, either considering a compiled and verified dataset
(McKenzie et al., 2020) or a predictive habitat model (Jayathilake and Costello, 2018), which
suggests possible gaps of knowledge. However, knowledge about the distribution and extent
of seagrass meadows is a minimum requirement for management practices, yet not publicly

available in many coastal regions.

The heterogeneity of meadows at broad (meters to kilometers) spatial scales are
complexly related to ecological processes (seagrass landscapes; sensu Bostrom et al., 2006;
Turner, 1989). At these spatial scales, the yearly and decadal variations in the areal cover of
seagrass meadows have also broad ecological relevance. In combination with traditional
knowledge, including fieldwork, Earth Observation technologies are the most reliable
method to assess information at broad temporal and spatial scales (see reviews of Hossain
and Hashim, 2019; Veettil et al., 2020).
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Canada has the longest coastline of the world and eelgrass (Zostera marina L.)
meadows is a major habitat in nine of its twelve bioregions (Murphy et al., 2021). In the
estuary and Gulf of the St. Lawrence (EGSL), which connects the Great Lakes with the North
Atlantic ocean and encompasses one of the largest estuaries in the world (EI-Sabh and
Silverberg, 1990b), eelgrass meadows were abundant and commercially exploited (Michaud,
1985) before the so-called “wasting disease” (see Den Hartog 1987; Short et al. 1988). The
latter is a pathogen attributed to a marine slime mold-like protist, Labyrinthula zosterae
Porter and Muehlstein (Muehlstein et al., 1991), attributed as the cause of devastation of most
eclgrass along the North Atlantic Coast by the end of the 1920’s. Punctual inventories and
local knowledge reveal the reappearance of eelgrass in nearshore waters of EGSL at the end
of the 20th century and relatively extensive meadows in recent years (e.g.; Lemieux and
Lalumiére 1995; Provencher and Deslandes 2012; Jobin et al. 2021). Notwithstanding, the
distribution of eelgrass meadows in EGSL at broad spatial scales and considering a yearly to
decadal time frame has not been reported. This is particularly true for the St. Lawrence

Estuary and northern part of the gulf.

In this context, the following questions arise: Is eelgrass ubiquitous along EGSL coast?
Is the rate of recovery similar in contrasting coastal setups? Do we observe linear trends or
there are significant interannual variability? To answer these questions, the primary objective
of this study was to build a long-term dataset of eelgrass distribution in ecologically
significant areas (subregions) of EGSL, assessing its spatial and areal changes. A 39-year
long time series of eelgrass coverage was built using the freely-available Landsat imagery
archive (Wulder et al., 2022) and a free cloud computing platform (Google Earth Engine;
Gorelick et al., 2017).
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3.4 MATERIAL AND METHODS
3.4.1  Study areas

The four study sites (subregions; Fig. 25) are between temperate and subarctic zones
with a climate classified as cold, without dry season, and with either warm or cold summer,
but with trends indicating future warmer conditions (Koppen-Geiger classification; Beck et
al., 2018). The subregions were chosen because eelgrass meadows are the dominant
vegetated habitat present in relatively extensive tidal flats (Fig. 25B-E). In addition, each
subregion is subject to dissimilarities in terms of environmental conditions, such as the

degree of wave exposure, hydrodynamic regime, and optical properties of water.

From downstream to upstream (or from Northeast to Southwest) of EGSL, the
subregions are the Bay of Sept-Tles (BSI), the Manicouagan Peninsula (MAN), the Rimouski
bay (RIB), and the L’Isle-Verte bay (IVE, including a National Wildlife Area of Canada).
The presence of large tidal flats in these regions (Fig. 25) is associated with a lowstand sea
level followed by the Laurentian transgression in the mid-Holocene (Dionne, 2001), and to
relatively sheltered positions in relation to central parts of the EGSL. Salt marshes (Spartina
alterniflora Loisel) often occupy the upper limit of the tidal flats in BSI, RIB and IVE
subregions, while sandy beaches are found along MAN subregion. Other depositional facies
within the intertidal zones include deltas and tidal channels, and they can also be colonized
by eelgrass, especially in MAN subregion. Scattered boulders and cobbles, in both intertidal
and subtidal (infralittoral) zones, support the presence of diverse and abundant macroalgal
assemblages, and the heterogenous seabed of the subtidal zones is more likely occupied by

macroalgae than other vegetated substrate (Ferrario et al., 2022; Jobin et al., 2021).
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Figure 25. (A) Study areas (subregions) locations in the Estuary and Gulf of St. Lawrence
(EGSL). The inset shows EGSL in North America context. Primary delimitation of areas of
interest (red dashed lines) for the (B) Bay of Sept-iles (BSI), (C) L’Isle-Verte bay (IVE),
(D) Manicouagan Peninsula (MAN), and Rimouski bay (RIB). The main local riverine
outlets are indicated for each subregion and the background images are a true-color
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Besides different oceanographic characteristics of the Lower St. Lawrence Estuary
(approximately from the mouth of the Saguenay Fjord to Pointe-des-Monts, Fig. 25),
surrounding MAN, RIB and IVE, and the Gulf of St. Lawrence, surrounding BSlI, all four
subregions are under the influence of major and local riverine discharges. Firstly, the waters
in nearshore zones of BSI are influenced by four rivers that outflow inside the bay (Fig. 25B,
Araujo and Bélanger, 2022; Shaw et al., 2022). Secondly, the adjacency of MAN is under
the influence of the river plumes of the Betsiamites, Aux-Outardes and Manicouagan (Fig.
25D, Therriault et al., 1990). Lastly, RIB and IVE, besides receiving waters from local
riverine discharges, are also influenced by flushed waters along the south shore
corresponding to the outflow of the Saguenay Fjord and the Upper St. Lawrence Estuary
(Figs. 25E and 25C; El-Sabh et al., 1982; Therriault et al., 1990). The contrasting sea surface
temperature and water optical conditions of the surrounding coastal environment of each

subregion will be further examined in the results section.

The primary delimitation of the studied areas (highlighted portion of images in Fig.
25B-E) was performed using coastline extraction through satellite imagery, and bathymetry
from the Canadian Hydrographic Service (CHS) Non-Navigational (NONNA) Bathymetric
Data. For each subregion, a cloud-free Landsat 8-9 OLI scene (Collection 2, Level 2,
available from the United States Geological Survey - USGS) acquired at high tide were used
to delineate the upper boundary of the intertidal zone. The Modified Normalized Difference
Water Index was calculated using the green and the shortwave infrared 1 (SWIR 1) surface
reflectance (SR) values as (MNDWI; Xu, 2006):

SR — SR
MNDW]I = Green SWIR 1 ’ (9)
SRGreen + SRSWIR 1

MNDW!I values of approximately “0” were selected as a threshold to separate the
nearshore zones (intertidal and adjacent subtidal) from land. Subsequently, the outer (lower)
limit of BSI and MAN subregions were determined using the isobath of 15 meters, while the
northeast and southwest limits of islands were used for RIB (lle Saint-Barnabé and Tlet
Canuel) and IVE (Isle Verte and Tle aux Pommes) subregions. An exploratory analysis of

131



Landsat time-series imagery at low-tide conditions assured that the areas of interest included
continuous eelgrass meadows and that they were suitable for classification using sensors with
a spatial resolution of 30 m. However, it should be noticed that this primary delimitation goes
far below the intertidal zone. Next, we present the reasons to limit our study areas to intertidal

Zones.

3411 Regional characteristics and rationale for image selection

The knowledge about variability of water optical properties, tides and reflectance of
nearshore vegetation are primary requirements for mapping seagrass using optical
approaches, including multispectral satellite imagery. In EGSL, eelgrass meadows occupy
mainly intertidal and, to a lesser extent, shallow subtidal zones (Fig. 26). Fig. 26A shows a

typical meadow found in L’Isle-Verte bay subregion.

The optical properties of nearshore waters of the northern part of EGSL are influenced
by high Coloured Dissolved Organic Matter (CDOM) content and moderate Suspended
Particulate Matter concentration (SPM) conditions (average of ~10 mg L™) (Aratjo and
Bélanger, 2022). To illustrate the effect of optically significant constituents of the water in
EGSL, the spectral diffuse attenuation coefficient of downwelling irradiance (K4(A1)) and the
light penetration depth (Z4,(A1); as defined by Gordon and McCluney, 1975) are shown in
Fig. 26C (mean + standard deviation). First, K4(4) was calculated from in situ profiles of
the downwelling diffuse irradiance (E4(4)), using a Compact Optical Profiling System (C-
OPS, Biospherical Instruments Inc., San Diego) and taken in several field campaigns in BSI
and MAN subregions (for details, see Aradjo et al., 2022; Araudjo and Bélanger, 2022). The

K4(A) was then used to determine Zq,(4) as:

1
Zgo(A) = Ka0h) , (10)
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Figure 26. General characteristics of eelgrass meadows in the Estuary and Gulf of St.
Lawrence and physical processes affecting their distribution. (A) Oblique aerial photograph
taken in the L’Isle-Verte bay subregion at low-tide conditions (image courtesy from the
Laboratoire de dynamique et de gestion intégrée des zones cotieres, UQAR). (B) Tidal
variability for a 20-day period in 2022 (tidal gauge in Baie-Sainte-Catherine, mouth of
Saguenay Fjord - data available from the Canadian Hydrographic Service). (C) Some
optical characteristics of the water column surrounding meadows: the spectral diffuse
attenuation coefficient of downwelling irradiance (K4(4)) and the light penetration depth
(Z9o(4)). The solid and dashed lines indicate the mean values of K and Zq,, respectively,
and the shaded areas indicate the (z) standard deviation.

Briefly, K4 will determine the amount of light that reaches the benthic substrate (Beer-

Lambert law), with higher values meaning less light being transmitted to deeper layers, and
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it can be related to the maximum depth of occurrence of meadows (Duarte, 1991). The Zy,
can be defined as the depth above which 90% of light (i.e., the diffuse irradiance) is reflected
(Gordon and McCluney, 1975). The Z,, values can roughly be associated to the depth in
which a sensor can obtain information (in optically deep waters) from remote sensing. Lower
values of Z,, (reaching less than 1 m) was observed at shorter wavelengths in the blue
(<460 nm) and in the near-infrared regions (>700 nm). The maximum value of Z,, was
observed around 570 nm (~2.3 m). It is important to note, however, the high variability of
these parameters in the visible domain (400 to 700 nm), which reflects the importance of the

seasonality in governing the optical properties.

Tidal variability will also affect the amount of light reaching the canopy of seagrass
meadows. In EGSL, the tides are predominantly semidiurnal, with daily inequalities, and
fortnightly cycles (spring and neap tides) are a marked feature (Fig. 26B). Typical range of
neap and spring tides values are given for BSI subregion as 0.54 and 3.50 m, respectively
(Shaw et al., 2022), but tidal amplitudes are higher upstream EGSL (see El-Sabh and Murty,
1990). Thus, at MAN and RIB subregions the amplitudes will be higher than in BSI, and
even higher in IVE (reaching 5 m, in the example of Fig. 26C).

Besides the dynamic character of tides and water optical properties acting over the
meadows and restricting their ease to map, another physical constraint to consider is the
characteristics and limitations of Landsat sensors. Although the 30-m spatial resolution and
similar spectral resolutions (similar center wavelengths, but varying bandwidths) across the
different Landsat collections, there were significant improvements in radiometric quality
from Landsat 4 TM to Landsat 9 OLI. TM and ETM+ sensors have 8-bit quantization, while
OLI has 12 and 14-bits, for Landsat 8 and 9, respectively. This increment in radiometric
precision improves overall signal-to-noise ratios (SNRs) and increases the performance of
algorithms for earth science applications (Schott et al., 2016). Specifically, the lower
radiometric quality of TM and ETM+ sensors implies in poor atmospheric correction
performances to retrieve SR (or remote sensing reflectance) for applications to water color

(Xu et al., 2020). Consequently, the information of eelgrass meadows that are flooded by
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tides are also compromised. Moreover, low reflectance values of nearshore waters of EGSL
due to the their strongly light-absorbing and weakly light-scattering character (Araujo and
Bélanger, 2022) makes the application of atmospheric correction methods challenging, even
for Landsat 8 OLI or Sentinel 2 MSI sensors (see Mabit et al., 2022).

Nevertheless, the seasonal aspect of growth of the nearshore vegetation should also be
considered for mapping the intertidal meadows. During boreal winter, ice and snow cover
limits the growth of eelgrass in EGSL, but also the ability to map them using optical remote
sensing approaches. Moreover, along the beginning of the growing season (approximately
early May), the variability of reflectance values between different types of vegetation present
in the intertidal zone are not significant, limiting their separability using multispectral
imagery (Légaré et al., 2022).

3.4.2  Image repository and selection criteria

The mapping of eelgrass meadows was made using the Landsat Collection 2 (C2) Tier
1 (T1) Level 2 Science Product (L2SP). This collection embraces the satellites (sensors)
Landsat 4, 5 (Thematic Mapper, TM), 7 (Enhanced Thematic Mapper Plus, ETM+), 8 and 9
(Operational Land Imager, OLI), and the surface reflectance (SR) products are generated by
the Land Surface Reflectance Code (LaSRC, for Landsat 8-9; USGS, 2023) and by the
Landsat Ecosystem Disturbance Adaptive Processing System (LEDAPS, for Landsat 4-5,7;
Masek et al., 2006; USGS, 2021). The products are generated at 30-meter spatial resolution
and cover a time-span of more than 40 years, while being fully-available in the catalog of

Google Earth Engine (GEE) cloud computing platform.

The polygons of the primary delimitation areas of the four subregions were uploaded
in GEE and used to crop each Landsat scene (a methodological flowchart is shown in Fig.
27). The collection of images was constrained between June to October (because of the ice,

snow and vegetation reflectance phenology) and the scaling factors were applied to each SR
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band (blue, green, red, near infrared, shortwave infrared 1 and shortwave infrared 2). Pixel
quality attributes (namely the “Dilated Cloud” and “Cloud” attributes) generated from the
CFMASK algorithm (Foga et al., 2017; Zhu and Woodcock, 2012) were selected and used
to flag the SR bands. The cropped images with more than 50% of pixels masked by this

procedure were discarded and not used in the following analysis.

Because of the limitations to access subtidal eelgrass meadows and to establish a
concise analysis across all Landsat collections, only emerged (or non-flooded) pixels were
considered for the classification procedure. A series of image processing techniques were
implemented in GEE to extract emerged pixels. The near infrared band (SRy;gr) are sensitive
to flooded areas because of the high absorption of water in this spectral region (e.g., Smith
and Baker, 1981), and it was found to be empirically-related to tidal variability in nearshore
EGSL (data not shown). Therefore, SRyr Was used as input to separate flooded and non-
flooded areas. Firstly, for noise removal, a filter (convolve function in GEE) was first applied
considering a Gaussian kernel of radius equal to 3 pixels. The resulting images were then
subject to a segmentation procedure, which consisted of a superpixel clustering based on
SNIC (Simple Non-Iterative Clustering; Achanta and Susstrunk, 2017), available in GEE.
Zonal statistics, namely the mean SRy;g Vvalue of each segment was computed, and a
threshold (~0.05) was used to separate the emerged areas of each image of the collections.
This procedure presented good consistency with field observations and shallow bathymetric

knowledge.
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Figure 27. Methodological flowchart of the processing and analysis chain to assess the
yearly and decadal variability of intertidal eelgrass meadows coverage in four subregions of
the Estuary and Gulf of St. Lawrence

Considering only the emerged areas from the resulting images, a minimum number of

pixels was established as thresholds for selecting images with a reasonable emerged area. For

example, an image with lower number of pixels than the threshold value means that more

pixels were considered as flooded, and therefore it was not selected for the following

classification. The thresholds varied by subregion and were empirically determined so that a

minimum of images was representative of the yearly variability of intertidal (and emerged)

eelgrass meadows coverage for the period between 1984 to 2022. Finally, a manual selection

based on visual inspection of individual images was made to avoid problems related to clouds
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not detected by the masking procedure (e.g., cirrus), but also to not exceed more than four

images in a single year.

3.4.3  Eelgrass cover classification

The final selected images were then classified to obtain eelgrass coverage. From the
previous procedures, each image is only a fraction of the original primary delimitation areas,

corresponding to emerged areas at the time of acquisition.

As for the emerged areas delimitation, the polygons of eelgrass meadows were obtained
by segmentation and classification by object-based image analysis. Firstly, the blue, green
and red bands were filtered (Gaussian kernel) and segmented using SNIC algorithm. The
zonal statistics (mean values in each segment) were computed for each SR and selected
vegetation and water indices. After testing several indices, we found that the Normalized
Difference Vegetation Index (NDVI; Tucker, 1979) and the Normalized Difference Moisture
Index (NDMI; Wilson and Sader, 2002) were the most useful on discriminating the eelgrass

polygons in intertidal EGSL zones. The spectral indices are calculated as:

SRniR — SRRed
NDVI = , (12)
SRNiR + SRReq

SR — SR
NDMI = TNIR SWIR 1 1 (12)
SRyir + SRswir 1

In short, the NDVI is used to assess vegetation greenness, while the NDMI is used to
access the moisture level of either soil or vegetation. The mean values of NDVI, SRg.q and
NDMI were used as thresholds in the rule-based classification scheme of the segmented
images. The polygons were classified as eelgrass when (approximately) mean values of
NDVI > 0.3, “AND” SRreq < 0.05, “AND” NDMI > 0.3. The rationale to use these indices

(or bands) and respective thresholds are further discussed in subsection 3.5.1.
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The polygons classified as eelgrass and the (total) emerged areas of each image were
exported from GEE, and a few of them required manual edition (because of reasons that will

be further discussed).

3.4.4  Eelgrass cover analysis and accuracy assessment

For each subregion, the resulting polygons of eelgrass patches and emerged areas were
grouped and merged by year. The merging process considered the maximum area occupied
by all polygons (of the two classes) by each year. The number of images per year varied from
1 to 4, and years without images were not considered in the analysis. A final emerged area
was calculated considering that a same pixel location was classified as “emerged” at least
70% of the total number of years that were analyzed. Finally, if the emerged area of a specific
year did not cover the final (single) emerged area of the subregion, the missing areas were
considered as being equal to the closest classified year (either eelgrass or no eelgrass

classes).

The verification of the classification procedure was performed by direct comparison
with maps of nearshore habitats based on orthophotos with a spatial resolution of 30 cm
(Jobin et al., 2021; SIGEC, 2023). The orthophotos, acquired by Fisheries and Oceans
Canada (DFO), were taken at low tide conditions in September or October in the years 2015
(RIB and IVE) and 2016 (BSI and MAN), and were composed by four bands (RGB + NIR).
In short, the orthophoto images were first submitted to a segmentation algorithm in PCI
Geomatica software, and the segments were classified based on visual interpretation by
experts, using oblique aerial photos and fieldwork recognition as auxiliary data. For the
comparison, only the segments classified as predominantly eelgrass and with at least 25%

coverage were considered.

The spatial accuracy statistics were calculated through the computation of the
confusion matrix (Congalton and Green, 2019), built considering the two classes and only in
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the final emerged area polygon for each subregion. The metrics include the Producer's
accuracy (% of each reference class mapped correctly), the User's accuracy (% of each map
class that were correct in the reference), the overall accuracy (% of reference sites mapped
correctly), and the Cohen's kappa coefficient (which shows the strength of agreement
between two variables [reference and mapped data], with O indicating no agreement, and 1

complete agreement).

The final area of eelgrass meadows (per subregion and per year) was calculated by
multiplying the number of classified pixels by the area of unitary pixel (equal to 900 m?).
Similarly, the percentage of the area covered by the meadows in relation to the total emerged
area was also calculated. Decadal changes of eelgrass meadows coverage were accessed by
grouping the yearly patches by each decade, in a similar procedure of the yearly composition
of the original classified images. Long term trend analysis of the meadows was investigated
by dividing the area of meadows (of each subregion and year) by their initial area (from
1984). Nevertheless, the decadal (80s, 90s, 00s, 10s, 20s) compositions were compared to a
reference year, which was the last year an image was classified for each subregion. Meadows
that were present anytime of the analyzed period and that were not present in the reference

year were also obtained.

All algebra of images described in this subsection were made using MATLAB software
(MathWorks®), while final maps (presented as figures in this study) and the manual selection

of polygons were made using ArcGIS Pro software (ESRI™).

3.45 Environmental variables

For comparing the different environmental background of the four subregions of
EGSL, climatological means (and standard deviation) of sea surface temperature (SST, °C)
and optical properties, namely the attenuation coefficient of downwelling irradiance,
integrated over the photosynthetically available radiation (400 to 700 nm, PAR; K4(PAR);
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in m?) were accessed. These environmental variables are known to affect the spatial

distribution of seagrass meadows.

The climatology of SST was retrieved from the Ocean Color SMI - Standard Mapped
Image MODIS Aqua and Terra Data - processed by NASA’s Ocean Biology Processing
Group and available in GEE platform, available from 2000 to 2022. Each dataset (Aqua and
Terra) is available on a daily-basis, and they were constrained only for the month of August,
where the highest SST values are expected and the peak of growing of meadows are

observed.

The K4(PAR) were downloaded from the GlobColour project (http://globcolour.info),

corresponding to a merged product of different satellite sensors (MERIS, MODIS Aqua,
SeaWIFS, and VIIRS; see Maritorena et al. 2010), and encompassed the period from 1997
to 2022. Briefly, the normalized remote sensing reflectance obtained from the merged
product is first used to compute the K, at 490 nm, through the semi-analytical method of Lee
et al. (2005), followed by an extrapolation for the estimation of K4(PAR) using the method
described in Saulquin et al. (2013). We assessed the monthly averages and only for the month
of August. For both SST and K4(PAR) the original spatial resolution of the datasets is 4 km,
and the values for each subregion were obtained by taking a pixel outside the influence of
land.

3.5 RESULTS

3.5.1 Image selection and classification accuracy

The first selection of images (cropped and monthly-constrained images; see Fig. 27)
varied by subregion and was mainly related to the position of the areas of interest related to
the orbit (path and row) of the Landsat satellites. As a result, L’Isle-Verte (IVE) subregion
presented the highest number of images, while the other subregions presented similar
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numbers (Table 8). The application of the cloud mask and the area threshold criteria (for
image selection) reduced the previous selection by an average of 50%. From this selection,
the minimal area threshold applied to the classification of the emerged areas reduced the
number of images to only 10% (MAN subregion) to 31% (IVVE). This reduction evidences
the negative effect of high tidal levels on selecting the images suitable for classification (only
emerged pixels criteria). Nonetheless, the manual selection removed between 30 (MAN) and

70% (IVE) of the remaining images.

A total of 215 Landsat images were used to classify the eelgrass meadows coverage in
the four subregions. Table 8 presents the number of images separated by subregion and by
Landsat sensors. The lowest number of images was for MAN (31), while the one with highest
was IVE (65). The MAN subregion was found to have the lowest width (perpendicular to the
coast) of emerged pixels. The yearly-coverage of the selected images was representative for
the analyzed period (average of 67% of the years). The maximum number of consecutive
years without images was five (from 2012 to 2016, in RIB subregion), while all other gaps
oscillated between 1 to 3 years.

Table 8
Percentage of years mapped in relation to the 39-year period (1984 to 2022) and number of
images per subregion and per Landsat sensor

Percentage of Number of TM Number of ~ Number of OLI

Subregion years mapped images ETM+ images images
(coverage period) (Landsat4or5) (Landsat7) (Landsat8 or 9)

BSlI 69 (1984-2021) 29 9 4

MAN 59 (1984-2021) 24 5 2

RIB 64 (1984-2022) 29 5 6

IVE 77 (1984-2022) 24 23 18
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As previously mentioned, the classification of the eelgrass meadows was made through
an object-based image analysis, using mean NDVI, SRg.q, and NDMI values of individual
polygons (segments). The contrasting higher NDVI and lower SRg.4 Values of the meadows
in comparison to surrounding bare sediment was effective in separating these two coverage
types. In addition, mean NDMI values were effective in separating some salt marshes from
eelgrass meadows. A possible explanation is the lower content of water present in salt
marshes at low tide compared to eelgrass meadows. The threshold values were determined
on a single-image basis, mainly because of oscillations of reflectance values that could be
related to natural causes (vegetation phenology) or atmospheric correction issues and
differences in solar viewing geometry. The manual edition of the classified polygons of
eelgrass coverage was only necessary in specific situations. For example, isolated patches of
known macroalgae beds were removed manually in RIB and IVE subregions on a few

images.

When more than one image was available for a given year, a yearly merging was
performed for the eelgrass coverage and respective emerged areas (incorporating both
eelgrass and no eelgrass classes). However, obtaining a single emerged area for each
subregion, considering the whole time series, was a critical step to establish a common
baseline of comparison. Therefore, the determination of the threshold of 70% of each
emerged pixel present in the whole time series was adequate so that only a maximum of 30%
of an eelgrass coverage map of a determined year could be interpolated, thus decreasing
classification uncertainties. The surface area of the emerged polygons of BSI, MAN, RIB,
and IVE subregions was 21, 43, 12, and 31 km?, respectively. It is important to note that the
emerged polygons encompass only the upper part of the intertidal area of each subregion,
with relatively smaller intertidal and adjacent subtidal areas being omitted in the following
analysis. Moreover, it is important to note that the SRyr threshold used to separate the

emerged pixels may also include very shallow (< 1m) submerged areas (see Fig. 26C).

The confusion matrix and accuracy assessment results, as analyzed by comparing the

corresponding classified year (eelgrass coverage) with the high resolution habitat maps, is
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presented in Table 9 (considering the sum of the four subregions). An overall accuracy of
91% and a kappa coefficient (k) of 0.81 reveal a very good agreement of the classification
procedure applied in the Landsat images of the years used for direct comparison. More
importantly, the accuracy assessment exercise assured that the classification procedure
developed in this study classifies meadows with at least 25% areal coverage. Furthermore,
since the general image processing procedures were systematic for the whole Landsat time

series, we assume that the classification procedure was valid for the whole analyzed period.

Table 9
Confusion matrix and accuracy assessment of eelgrass coverage. The values shown

correspond to the sum of areas (in km?) of all four subregions considered in this study

Reference cover map User’s accuracy

Classified cover map

Eelgrass No eelgrass Total (%0)
Eelgrass 32.47 5.12 37.59 86
No eelgrass 3.78 62.28 66.06 94
Total 36.25 67.40 103.65
Producer’s accuracy (%) 90 92
Overall accuracy (%) 91 k=081

The kappa coefficient (k) is presented separately and is out of context in the table.

The degree of misclassification areas varied by subregion (see Table 14, Annex 3) and
was mainly related to regions where eelgrass meadows were mixed with other vegetation
types and where its coverage was close to the threshold of 25%. For example, in BSI
subregion (overall accuracy = 81% and k = 0.54) there was a sector in the reference map with
a coverage classified as a mixed type with eelgrass and brown algae (Fucus sp.) and therefore
not included in the accuracy assessment. However, the same sector was considered as

eelgrass in the classification procedure of the Landsat imagery. Still in BSI, a sector known
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to be with a sparse eelgrass coverage (~25% in the reference map) was not classified in the
Landsat workflow. These types of misclassifications were common, to a lesser degree, in the
other subregions (overall accuracy > 90% and k > 0.8). Nonetheless, misclassifications at the
edge of the polygons were also observed and attributed to the discrepancy of two orders of
magnitude between the spatial resolution of Landsat (30 m) and the aerial photographs (30

cm) used in the reference maps.

3.5.2  Eelgrass coverage, area, trends, and decennial changes

The analysis of the eelgrass coverage in the intertidal zone of the studied areas
(subregions) revealed a highly dynamic character at yearly and decennial time scales. Figure
28 shows selected Landsat images of the approximately initial year of analysis, and the
approximately year of maximum coverage for each subregion. A first remark is the abrupt
gain, in all subregions, of the area occupied by the meadows relative to bare sediment (or

meadows with less coverage), when comparing recent years to 1980’s images.

The shape and area of the emerged zones retrieved from the processing chain reflected
the major geomorphological aspects of each subregion. The emerged area of BSI followed
the shape of the bay and varied about 1 to 2.5 km in width (perpendicular to the coast). Two
major types of emerged areas were observed in MAN subregion. The first, associated with
the peninsula feature coastline and corresponding to half of the total emerged area, presented
a typical width of about 1 km and was the main area of eelgrass occurrence. The areas
corresponding to the other half were associated with the mouth of Aux-Outardes and
Manicouagan rivers, while being less occupied by eelgrass meadows. Nevertheless, the
emerged areas of RIB and IVE occupied the zones between land and the barrier islands, while

sometimes forming a contiguous area reaching up to 3 km wide (as for RIB subregion).
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Figure 28. Examples of Landsat images used in the classification process of eelgrass
meadows (green patches) inside the polygons of the emerged areas (solid lines with varying
colors for subregions: blue for BSI, yellow for MAN, red for RIB, and green for IVE).
Images on the left (right) correspond to the approximately years of minimum (maximum)
area of meadows
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The temporal evolution of areal cover of the meadows and their respective relative
occupation of the emerged zone (in percentage) is presented in Figure 29. In all subregions,
the initial area of the meadows (in 1984) where the lowest of the whole period and did not
reach 1 km? (except for IVE, with an initial area of ~1.5 km?). All subregions experienced a
significant areal increase of meadows coverage along the years, reaching the highest areas in
BSI and IVE subregions (~16.5 km?) at the end of the analyzed period. The highest area of
RIB was also observed by the end of the time series, reaching ~2.4 km?. In contrast, MAN
subregion reached its maximum in 2014 (~7.4 km?), followed by an almost linear decline
since then (~2 km? loss from 2014 to 2021). It is important to note the different orders of
magnitude of the absolute area values (y-axis in Fig. 29) for each subregion, which, for
example, varied eight-fold from RIB to BSI. Small fluctuations in the areal increase trends
were observed in the whole time series, and for all subregions. A noticeable decrease is also
observed from 2002 to 2006 in RIB (~1 km? loss).

The percentage of meadows coverage relative to total emerged areas (values in
parenthesis in Fig. 29) also varied by subregion. Firstly, BSI presented the highest value of
relative coverage, reaching 80% of the total emerged area. In contrast, the meadows coverage
in MAN and RIB subregions have reached only ~20% of the intertidal emerged area.
Nonetheless, IVE presented an intermediate relative coverage, with a value of ~55%. The
initial relative cover of all subregions was below 5%. These results evidence a relative
saturation of space of emerged areas in BSI subregion for eelgrass expansion, considering
that some areas are also occupied by saltmarshes. The lower occupation rate of meadows in
MAN subregion can be associated with the high proportion of the emerged areas being

present in more dynamical areas such as the mouths of the rivers.
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Figure 29. Temporal evolution of areal cover of eelgrass meadows in the four subregions.
The values in parenthesis in y-axis are the percentage of the eelgrass areal cover in relation
to the total emerged area. The color codes for the subregions are the same as in Fig. 28

The seagrass areal trends for EGSL are plotted in Figure 30. Here, the yearly areal
eelgrass coverage was normalized by the initial area (1984) for comparison between
subregions. The solid line curves were obtained by fitting a 4™ degree polynomial equation
in the log10-transformed to illustrate the relative areal trends in the four subregions. A

comparison was also made on including the curves of North Atlantic Ocean, from both East
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and West coasts, and using the (world bioregions; see Short et al., 2007) data compiled by

Dunic et al. (2021). The data was also normalized by the area of 1984,

60
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Figure 30. Eelgrass meadows areal trends in the Estuary and Gulf of St. Lawrence in the
last four decades, and comparison with other seagrass areal trends in the North Atlantic
West (East Europe) and East (West North America) coasts.

The general trends were very similar for all subregions, reaching as much as 20-fold
increase for BSI and 10-fold increases for the other subregions. When compared to global
bioregional trends, EGSL experienced about one order of magnitude of higher increases than

in North Atlantic East. Nevertheless, EGSL also showed to have an opposite trend when
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compared to other southern North Atlantic West meadows (see Figure 1 of Dunic et al.,
2021).

The spatial dynamics of eelgrass meadows expansion over the last decades are shown
in Figure 31. The comparison of a reference year with the coverage over the decades allowed
the identification of when and where the meadows first appeared (or disappeared). In general,
the expansion started in small patches and were located mostly closer to the outer limit (i.e.,
offshore direction) of the emerged areas. This indicates that the expansion generally started
from areas farthest from the coast and expanded towards land. This spatial pattern is more
evident in BSI and MAN subregions, in the north coast of EGSL. Moreover, areas where the
meadows were present at any time in the analyzed period, but for some reason disappeared
(relative to the reference year), is also shown in Figure 31 (light red patches). Specifically,
these “loss” patches in MAN and RIB subregions correspond to the period of area declining

previously mentioned and shown in the areal evolution (Fig. 29).

3.5.3 Environmental variables

The climatological mean and standard deviation values comparing the environmental
variables of the four subregions of EGSL is shown in Table 10. The SST values were the
highest for BSI and the lowest for MAN subregions, with a difference of 4.2 °C in the mean
values, indicating warmer conditions in the gulf domain in August. BSI also presented the
lowest K4(PAR) for the same period (August), while the highest values were for RIB
subregion. It is important to note that the coarse spatial resolution (4 km) of the products for
both SST and K4(PAR) were retrieved from pixels far enough of the coast to avoid its
contamination by land and may not reflect the nearshore water conditions that are over the
meadows. However, we found these products adequate for comparing the general
background of these parameters for the different subregions, attempting to the fact that the

values presented reflect their surrounding offshore conditions.
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Figure 31. Decadal spatial changes of eelgrass patches in the four subregions of the Estuary
and Gulf of St. Lawrence
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Table 10
Climatological comparisons of environmental variables (mean + standard deviation)

surrounding eelgrass meadows of the different subregions of the estuary and Gulf of St

Lawrence
. SST [°C] K4(PAR) [m?]
Subregion (August) (August)
BSI 14.2 +2.6 0.26 £+0.04
MAN 10.0 +1.8 0.40 £0.07
RIB 12.7 +2.2 0.42 £0.10
IVE 10.6 +2.0 0.36 +0.08

3.6 DISCUSSION AND CONCLUSIONS

The spatial variability of eelgrass meadows at an annual to decadal time frame was
investigated in one of the largest estuarine systems of the world: the Estuary and Gulf of St.
Lawrence (EGSL). A massive increase in the areal coverage of meadows in intertidal areas
was demonstrated in four contrasting subregions of EGSL using Landsat historical images
and the freely cloud-computing platform Google Earth Engine (GEE).

The advent of GEE together with the availability of optical imagery products (archives)
allowed the development of several seagrass mapping efforts worldwide, either considering
time series analysis (e.g., Lizcano-Sandoval et al. 2022; Sebastian et al. 2023) or actual
inventories (e.g.; Kovacs et al. 2022; Traganos et al. 2022a; b; Li et al. 2022). The advantages
of combining these two facilities include increased capabilities for mapping very large areas
with relatively low computational costs, bringing agility in accessing meadows coverage.
Moreover, the analysis-ready data available through the repositories permits the access of a
large number of images and favors its utilization by end-users, while minimizing the

requirements of applications of more complicated image processing techniques such as
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atmospheric correction procedures. However, it is important to note that high spatial
resolution (<30 m) products specifically designed for water color applications would favor
not only the retrieval of water quality parameters but also optically-shallow benthic coverage

information, including seagrass mapping.

Limiting the classification to exposed macrophytes in low tide conditions present
advantages and is a common procedure applied to optical imagery (e.g.; Zoffoli et al. 2020;
Carlson et al. 2023). The restriction of the analysis to intertidal areas was a necessary step to
avoid map uncertainties due to variability in water optical properties, sun and sky glint, and
allowed the classification of the eelgrass meadows by the application of vegetation indices.
Nevertheless, the knowledge of spectral signatures of the different types of coverage
occurring in the tidal flats is a primary requirement for developing classification tools. It is
important to note, however, the limitations of multispectral imagery on discriminating
different types of vegetation (e.g., seagrass and macroalgae), as could be observed in a few
intertidal areas of EGSL (e.g., Légaré et al., 2022).

The legacy of the Landsat program provide a unique opportunity to establish a baseline
of seagrass distribution at yearly to decadal temporal scales, as demonstrated by several
studies worldwide (Calleja et al., 2017; Dekker et al., 2005; Fernandes et al., 2022; Gullstrém
et al., 2006; Lyons et al., 2013). Although inherent limitations to access subtidal seagrass in
highly-absorbing and turbid waters with TM and ETM+ sensors, advances in the capabilities
of satellite and airborne sensors proved to be adequate to overcome or minimize this issue
(Dierssen et al., 2019; Krause et al., 2021; Kuhwald et al., 2022). Therefore, recent and
planned satellite missions are promising to extrapolate the mapping of eelgrass meadows in
subtidal areas of EGSL.

Furthermore, the so-called depth of colonization of seagrass, i.e., the light-limited
maximum depth to which seagrass grows (M. W. Beck et al., 2018) are strictly related to
(absolute or relative) irradiance levels reaching the underwater benthic substrate (Dennison
et al.,, 1993; Ralph et al., 2007). From experimental results made with eelgrass shoots

harvested in RIB subregion, light limitation was found to occur below 200 pmol m2 s (in
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PAR units) and the Minimum Quantum Requirements (i.e., the light intensity where leaf
productivity equals the respiratory demands of the whole plant) was found to be 13.7
umol m? st (Léger-Daigle et al., 2022). Thus, combining the retrieval of water quality
parameters such as diffuse attenuation coefficient (e.g., K4 (PAR)) with photoacclimation and
light thresholds can be used to access the depth limits of the meadows. Moreover, since the
depth of colonization is subject of anthropogenic pressures affecting water clarity, the
development of inverse modeling tools applied to remote sensing imagery to retrieve
K4(PAR) (e.g., Xu et al., 2023) and (water) subsurface PAR can be an asset for monitoring

purposes.

The eelgrass meadows coverage in EGSL showed a dramatic increasing trajectory over
the last four decades, contrary to global declining trends and particularly comparing to
previous inventories in temperate North Atlantic West regions (Dunic et al., 2021; Waycott
et al., 2009). These results revealed the recolonization of the tidal flats after the catastrophic
decline in the 1930’s caused by the wasting disease, placing these nearshore zones of EGSL
as ecologically significant habitats (Z. marina was recognized as an Ecologically Significant
Species in Canada; DFO, 2009, 2007). This trend reversal (recovery of seagrass meadows
coverage) has been reported by few recent studies in temperate North Atlantic East regions
(western Europe), southwest Florida, and south Australia (de los Santos et al., 2019;
Fernandes et al., 2022; Lizcano-Sandoval et al., 2022; Tomasko et al., 2018). Overall, these
studies associate the increase followed by an overall improvement of water quality (less
nutrient input in coastal areas leading to less eutrophication and turbid conditions) and to
relative success of transplantation programs. However, overall meadows increase of the
dwarf eelgrass (Zostera noltei Hornemann) was also observed in intertidal areas of North
Atlantic East (Bourgneuf Bay, at ~46°60°N; Zoffoli et al., 2021). In this case, and for
intertidal eelgrass meadows of EGSL, light limitation caused by overlaying waters in high
tide conditions are unlikely, since subaerial conditions may satisfy the light requirements for
growth of segrass (for example, see Cussioli et al. 2019).
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The trajectories of eelgrass meadows coverage in cold temperate and subarctic
environments vary highly within regional context. In James Bay (a water body extend from
the Arctic Ocean) a major decline is reported between 1995 and 1999, followed by a limited
recovery (Leblanc et al., 2023). In contrast, a region in the south Gulf of St. Lawrence
(Tabusintac Estuary) presented a relatively stable condition of meadows coverage over more
than three decades (Leblanc et al., 2021). It should be noted that both meadows contemplated
in these studies are subtidal. Even though, the nearshore areas contemplated in our study,
located between these two regions and reaching over 300 km of distance from each other
(BSI and IVE), presented a consistent and significant areal increase. Despite relatively
contrasting conditions of sea surface temperature and water clarity, the four subregions of

EGSL presented similar increasing trajectories, considering their initial area (Fig. 30).

However, despite the overall increase from the point of view of the whole period, a
marked interannual variability was noticeable. Particularly, this was more evident in the
meadows losses from MAN and RIB subregions. In general, the increase (or recovery)
pattern is slower than the loss, which was more abrupt. Again, a similar pattern was noticed
in Bourgneuf Bay for the intertidal dwarf eelgrass (Zoffoli et al., 2021). These observations
highlight the need for the understanding of the mechanisms driving the short term losses and
recovery, and their possible link with environmental variables. The level of exposure of the
meadows to the action of waves, intensity and frequency of storms, high sedimentation rates,
and the phenology and dynamics of landfast ice are examples of local processes affecting the

interannual variability of the meadows and are worth investigating.

The similar areal trends over the almost four decades suggest major regional control
and, like the short interannual variability, need to be further investigated in terms of
environmental variables and their combinations (multiple stressors). Notwithstanding, some
hypotheses to explain the increase of the meadows can be drawn up and could be further
tested, such as the causal responses to the reduction in ice cover (e.g., Krause-Jensen and
Duarte, 2014) and to adaptation to changes in the mean relative sea level (e.g., Kairis and

Rybczyk, 2010). Understanding the underlying mechanisms of seagrass meadows spatial and
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temporal patterns are of major importance in the context of global climate change and other

anthropogenic stressors.
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GENERAL CONCLUSION

The main findings of this study were achieved because of a combined use of ship-based
(in situ) and remote sensing approaches to address some important spatial and temporal
variability phenomena of primary producers in nearshore environments of the estuary and
Gulf of St Lawrence (EGSL).

The bio-optical properties of nearshore waters of the north part of EGSL are under the
influence of discharges of major (or local) CDOM-rich rivers that drained boreal forests
watersheds. Consequently, these nearshore waters are more strongly affected by the
seasonality of watershed and oceanographic processes, compared to offshore EGSL waters.
This also has implications in the succession of major phytoplankton assemblages. The
possibility to retrieve information about the distribution of phytoplankton assemblages from
Earth Observation satellites (EOS) was demonstrated. Using EOS and background
knowledge about optical properties and tidal variability, the interannual and decennial
variability of seagrass meadows coverage in intertidal and ecologically relevant habitats
(subregions) of EGSL were assessed. A massive increase in areal coverage of eelgrass
meadows were observed in all subregions along the last decades. In summary, a baseline of
knowledge about the variability of optical properties and remote sensing tools were
developed to investigate primary producers in nearshore waters of subarctic and cold

temperate environments, achieving the primary objectives of this thesis.

The general premise that a baseline knowledge of bio-optical properties in nearshore
environments is necessary to take advantage of EOS on retrieving information about the
distribution of primary producers was confirmed. This premise might be valid for nearshore
zones in coastal areas worldwide and, therefore, the in situ (ship-based) sampling framework

developed in this study could be applied elsewhere. Specifically, the variability of inherent



optical properties (IOPs) is central on understanding the reflectance signals obtained by EOS

for water quality and optically shallow waters applications.

The bio-optical database built in the scope of this thesis is available at an online

repository (the Saint Lawrence Global Observatory - https://ogsl.ca/en/home-slgo/) and

served as support for the development of EOS algorithms for the retrieval of water quality
parameters (see Mabit et al., 2022). The application of these algorithms was tested on
Sentinel-2 MSI and Landsat 8 OLI sensors. Notwithstanding, exploring time-series images
and applications in other current (e.g., PRISMA and EnMAP) or planned sensors (e.g.,
Landsat NEXT) can also advantage of this dataset. Although Articles 2 and 3 explored the
usage of the high spatial resolution of Landsat, the application of such algorithms in sensors
with similar spatial resolutions and improved temporal coverage and spectral resolutions are
promising for coastal and nearshore applications. Furthermore, the bio-optical dataset can
also be used as baseline knowledge for more detailed studies of optical characterizations in
nearshore zones of EGSL. Nevertheless, the EOS applications can include studies of
dissolved organic matter (DOM) pool stocks, fluxes and transformations (see review of
Fichot et al., 2023); composition and size distribution of suspended particles; phytoplankton
composition, biomass, and phenology; and monitoring and quantifying stocks of nearshore

vegetated habitats.

In Article 1, through the in-situ approach only, we showed that CDOM absorption
(acqaom(4)) strongly dominates the absorption budget in nearshore waters of north EGSL.
These waters also present extremely low values of suspended particulate matter
concentration-specific backscattering coefficient (by,(4)). These factors characterize a
strongly light-absorbing and weakly light-scattering medium, resulting in low reflectance
values and with major implications to optical remote sensing approaches. In particular, the
molar and dry-mass concentrations and 10Ps relationships revealed interesting and complex

patterns, which could be further explored.
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The dissolved organic matter (DOM) pool in the studied areas is mainly of terrigenous
sources and showed a dominant conservative mixing behaviour. The a.qom(4) Was highly
correlated with the concentration of dissolved organic carbon (DOC). A potential application
for a.qom(A) retrievals are the development of DOM mixing models (e.g.; Fichot and
Benner, 2012; Stedmon et al., 2010) and its possibility to link with hydrodynamical
modeling. Also important is the characterization of a 4o, (4) and DOC relationships within
different watersheds that outflow in nearshore EGSL areas (e.g., riverine endmembers).
However, transformation process such as photobleaching, flocculation, and sorption, besides
autochthonous production (e.g., by phytoplankton), are likely to co-occur in the river-to-sea

aquatic continuum.

A more in-depth investigation of the chemical composition and structure of the
molecules of organic matter (e.g., lignin, tannin, humic and fulvic acids) and their
relationships with a.q,m (1) and DOC (and derived proxies, like S,7s_195) Iin nearshore
EGSL would enlighten the understanding of DOM sources and lability, either mediated by
microbial or photochemical processes (see Del Vecchio and Blough, 2004; Fichot et al.,
2023; Hansell, 2013; Holmes et al., 2008; Tzortziou et al., 2007). In this context,
measurements of fluorescence excitation-emission matrices (EEMs) can be an asset to
characterize the DOM pool (Coble, 1996; Stedmon et al., 2003). Moreover, inelastic
scattering processes such as the fluorescence of chlorophyll-a and DOM are also a matter of
consideration on shaping water reflectance, including R, (for example, see differences in the
shapes of curves from the two graphics of Figure 21). Notwithstanding, DOM fluorescence
was found to be significant in a optical closure exercise for the Manicoaugan Peninsula
subregion (Mukherjee et al., 2023).

The optical characterization of suspended particulate matter (SPM) was made in terms

of both non-algal particles absorption coefficient (a,,p) and the particulate backscattering
coefficient (byp), and its relationships with dry-mass concentration of SPM. Its separation

(in terms of composition) in either inorganic or organic fractions revealed to be a markedly

characteristic affecting the IOPs. Therefore, a more complete characterization of the
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composition of SPM (e.g., types of minerals, phytoplankton, bacteria, organic detritus,
particulate organic carbon concentration) and its relationships with optical properties can
provide more insights about this relationship (Babin and Stramski, 2004; Koestner et al.,
2020; Stramski et al., 2007, 2004).

Besides the composition of SPM, a more complete description of SPM can be in terms
of the particle size distribution (PSD), which describes the average concentration of particles
within discrete size intervals for a given volume of suspension (Reynolds and Stramski, 2021,
Stramski and Kiefer, 1991). Since the particle concentration can be described by multiple
ways (e.g., particle number, cross-sectional area), the relationships of PSD metrics and IOPs
(particularly the volume scattering function, 8 (4, v)) is worth of more investigation in EGSL

and nearshore zones worldwide.

Nevertheless, it is also important to account to processes affecting SPM and with
consequences to optical properties. For example, given the massive contribution of organic
matter (dissolved and particulate) by riverine inputs, it would be interesting to investigate
what proportion (quality and quantity) of them are incorporated in the trophic chain.
Flocculation and sorption are other examples of processes that, besides affecting the DOM
pool, could also affect the PSD and (4, ). However, to tackle these problems may require
state-of-art optical equipment that are in constant development, either considering the range
of in situ (e.g., radiometry profilers and gliders, hyperspectral by) or laboratory-based ones

(e.g., VSF, B(4,¢) as many angles and wavelengths as possible).

Although this study documented, for the first time, the characterization of bio-optical
properties in the northern part of EGSL, other nearshore areas still lack information (e.g.,
southern part of the Lower St. Lawrence Estuary). A major recommendation built upon
Avrticle 1 is that inverse models applied to (EGSL) nearshore areas, including remote sensing
approaches, should focus in IOPs then directly to a biogeochemical quantity (e.g., dry-mass

concentrations) of an optically active constituent.

160



The article 2 documented the seasonal succession of phytoplankton assemblages in a
subarctic bay, and showed that their temperature, nutritive, and optical niches can be
significantly different. The possibility to retrieve information about their distribution from
EOS was demonstrated, although atmospheric corrections issues are of major concern.
Phytoplankton are among the organisms most sensible to environmental variability, thus
developing tools to better assess information about them, such as the distribution of the major

assemblages, can be an asset.

A first remark in the approach used to assess the different phytoplankton assemblages
is the inherent limitations of the HPLC and flow cytometry techniques to assign them to
lower taxonomic levels. Notwithstanding, our analysis revealed a relative importance of
some picophytoplankton classes, which is impossible to assess by optical microscopy
techniques. In this case, single cells sorting by flow cytometry (e.g.; Marie et al., 2017) and
the possibility to further characterization by metabarcoding and metagenomics approaches
(e.g. for the global oceans; de Vargas et al., 2015; Sunagawa et al., 2015) are worth of

investigating.

The in situ sampling strategy used to characterize the phytoplankton assemblages and
their associated environmental variables was adequate to observe a seasonal succession.
However, a more frequent (order of weeks) sampling would reveal more details about these
relationships, besides more insights about phenology metrics of individual assemblages, such
as duration and biomass peak. For example, a sampling design covering late winter and early
spring would be necessary to fully capture the phytoplankton spring bloom dominated by
diatoms. Another potential field to study is the characterization of selected communities to
the lower taxonomic level and further relating their ecological metrics (e.g., abundance,
species richness, and diversity) with the major phytoplankton assemblages. A practical
example could be the identification (by an expert) of diatoms and dinoflagellates, only in the

microphytoplankton size class, using optical microscopy.

Since the diversity of the phytoplankton assemblages co-varied with environmental

variables, one may expect that ecological processes may also differ among them. For
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example, the different assemblages may have different photophysiological parameters and
require different parametrization of photosynthesis-irradiance (P-E) curves (see Bouman et
al., 2018). The retrieval of proxies for phytoplankton biomass, like chlorophyll-a
concentration (Chla), are also a key parameter to be further explored from EOS applications
(see reviews of Blondeau-Patissier et al., 2014; Odermatt et al., 2012) in optically deep
nearshore waters of EGSL. Notwithstanding, cholorophyll-a (and other pigments)

fluorescence is also a proxy for Chla and, like DOM, affects R.s(4) shapes and magnitudes.

Although not explored in this thesis, the coupled retrieval of phytoplankton
assemblages and biomass estimations from EOS would represent, together with the
photophysiological parameters and estimations of solar radiation at the surface of water, a
first step towards modeling phytoplankton primary production in nearshore EGSL at

unprecedent temporal and spatial scales.

Nevertheless, trait-based approaches capture the form (morphological) and function
(functional traits) of an organism and can be used to reveal the mechanisms underpinning
phytoplankton community composition and dynamics, and that are straightly related to
environmental drivers (Edwards et al., 2016, 2013; Litchman et al., 2010, 2007; Litchman
and Klausmeier, 2008; Wentzky et al., 2020). Therefore, a more in-depth investigation of
functional traits and trade-offs might reveal details about the ecological function of each
phytoplankton assemblage in nearshore EGSL, with the possibility to extend this knowledge

to take advantage of sampling by EOS.

Article 3 applied a remote sensing approach to address the yearly and decadal
variability of seagrass coverage (specifically eelgrass, Zostera marina L.) in intertidal areas
of EGSL. The area of the meadows presented a significantly increase trend in all subregions.
These results are relevant at global scales and reveal these nearshore EGSL zones as
important areas for biodiversity. Multiple stressors, such as light and temperature constraints,

may act together over the dynamics of population growth rate of eelgrass meadows (Dunic
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and Coté, 2023; Lefcheck et al., 2017). The littoral zone where the nearshore intertidal areas
were analyzed may be also constrained by sea surface temperature (SST) and, to a lesser
extent, water clarity. However, air temperature and ice cover may also be important factors.
In this context, using the results from Article 3 and extending its objectives beyond,
quantitative relationships relating the increase of meadows coverage with environmental
variables could be used to build an ecological model, with possible applications to monitoring

purposes.

Background information about optical properties and tidal variabilities helped to
constrain the final delimitation areas of the studied subregions of EGSL. From the remote
sensing perspective, a more detailed information about seagrass distribution were mainly
limited by the characteristics of the sensors used in the study, which made it difficult to
address the status of the submerged aquatic vegetation. For example, Landsat TM and ETM+
have very low radiometric quality for water quality applications. In turn, the radiometric
requirements of the strongly light-absorbing and weakly light-scattering medium found in
nearshore waters of EGSL are particularly critical. Furthermore, as showed in Article 2 (but
see also Mabit et al., 2022), atmospheric correction is still challenging even for sensors with
relatively higher radiometry quality. However, the application of inverse models (for both
optically deep and shallow waters) relies in accurate reflectance retrievals, which reinforces
the idea of obtaining a successful atmospheric correction. In such scenario, further studies
could focus in atmospheric corrections algorithms verifications with in situ radiometric
measurements, but also consider the implementation of more robust aerosol retrievals (e.g.,
see Ahmad et al., 2011) and accounting for adjacency effects (e.g.; see Pan et al., 2022; Santer
and Schmechtig, 2000).

As previously discussed, sensors with characteristics intersecting H4 imaging (Muller-
Karger et al., 2018) are a reality in recent advances of EOS. Notwithstanding, overpassing
the atmospheric correction problem, the possibility to assess ecological information about
submerged aquatic vegetation in EGSL can be further explored. This can include (but may

not be limited to) the determination of the major habitat (e.g., seagrass, macroalgae) and
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(blue) carbon budget studies. Moreover, integrating information about IOPs, bathymetry, and
benthic reflectance, could enlighten the knowledge about the light budget (quantity and
quality) reaching the canopy of nearshore benthic primary producers. These information
could be used to understand the optical niche affecting the distribution of patches of
submerged vegetation communities (Thoral et al., 2023), but also help to build primary
production models for these nearshore vegetated habitats (e.g., Daggers et al., 2018; Dierssen
etal., 2010; Hill et al., 2014).

Bringing the concept of spatial and temporal patterns present in nearshore zones
developed in the Introduction to this Conclusion, one may note that this idea is central in the
development of the three research articles. Taking only the Bay of Sept-Tles subregion as
example (which is present in the three articles), the Article 1 used an in situ-based approach
addressing spatial variability in the order of 10° to 10! km, and temporal variability in the
order of 10! to 10? days (seasonal). Article 2 used the same ship-based approach and linked
it with EOS, showing the possibility to extend the approach to a spatial order of 10 to 102 km
and temporal coverage of (10° days to (10%) years (for example, using Landsat OLI and
Sentinel-2 MSI sensors). Finally, Article 3 used a satellite-based approach to address a spatial
variability in the order of 10 to 10? km, and a temporal variability ranging from 10° to

10 years.

The spatial and temporal scales addressed in the Articles 1 and 2 corresponds to the
intersection of the ship and satellite-based approaches, shown in the Stommel diagram of
Figure 2. Once a link between the two approaches is well stablished, the observer may have
the benefit of taking the advantages that both approaches can offer. Nevertheless, although
not used in this thesis, the same principle can apply to mooring approaches, which can offer
unprecedent data at high frequency acquisition (temporal resolution, see Fig. 2). It is evident
that modeling exercises could take advantage of the three approaches and their
intersectionality to better achieve prediction (and verification) of ecological processes acting

in nearshore zones.
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This thesis focused on the retrieval of ecosystem state variables (for example the
distribution of phytoplankton assemblages and seagrass meadows) that are fundamental
“stocks” of nearshore environments. It is important to note, however, that there is still a long
path to incorporate these variables in regional ecosystem models and integrate them in
ecosystem-based management. Howsoever, this thesis represents a first step towards a more

representative sampling of these stocks on considering nearshore variability.

The dimension of multiple stressors acting in nearshore social ecological systems
(SES) is of major concern for either the pelagic and benthic habitat, and are key to understand
potential tipping points, i.e., shifts in ecosystem state (Carrier-Belleau et al., 2022; Folt et al.,
1999; Gunderson et al., 2016; Regier and Kay, 1996). Global climate change is a major
challenge in the Anthropocene era and developing new tools that help better understand the
relationship between human and nature is mandatory. Nearshore zones host important
ecosystems worldwide and it is important to consider both watershed and oceanographic
processes affecting them. Notwithstanding, the incorporation of satellite-based approaches
in models of SES applied to nearshore zones enables addressing fundamental but complex
processes. This, in turn, may facilitate dealing with multiple stressors and predicting potential

tipping points scenarios.
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ANNEX |

ARTICLE 1: SUPPLEMENTARY MATERIAL



Table 11
Summary of fitted regressions and associated errors for the optical properties of dissolved
organic matter. The reported metrics are the mean absolute error, MAE (and the mean
absolute percentage error, MAPE); bias (and the percentage bias, P — bias); coefficient of
determination, R?; and the root mean square error, RMSE. The considered subset of the

data and the corresponding scatterplot figure are also indicated

Ref Equation Dependent Independent Locale or Ref.
' 9 variable (y) variable (x) subset type Fig.
1 y=A+ Bx Acdom(350) DOC all data 7a
2 — g(4-Bx) | o(C-Dx)  g* (350) S BSI 7b
y cdom 275-295 (marine)
_ - . MAN
3 y= e(475x) 4 ¢(C=Dx) Acdom (350) S275-295 (marine) 7b
Iny=A+Blnx,; X1, Acdom (275)

4 +Clnx, DOC Xy, Qugonn (295) x; <15 7c

Iny =A+ Blogx; X1, Acdom (275) >
> + Clnx, bocC Xy Qogom (295) 1T 15 e
6 y=A+Bx Acdom(350) Salinity BSI 8a
7 y=A+Bx Acdom(350) Salinity MAN 8a
8 y = AXB + C 5275_295 Sallnlty BSI 8b
9 y = AxB + C 5275_295 Sallnlty MAN 8b
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Table 11 (cont.)

Coefficients

Ref. — B c D (11:;141’513) Pl-)li)‘ilZs R®  RMSE
1 -4210° 44.107 i i 1(22001/30 4'(75;(}/3'16 0.98 2.2.10°
2 19100 1210 -13.10° 2.0-102 3(5’3%/2)3 ‘2('2(',/%;)'3 0.80 4.2-10°
3 -1910' -67.102 -6.6.107 2.0-102 3(178%/8)3 3(55%/8)3 071 5.1.10°
4 4110° 2910' 13100 - 1'(3;,/%31 '(2<'71'01/80 069 1.6-10"
5 29.10° 98101 -14.101 - 3'((5);,/%31 '1('220'/3)01 098 5.8-10"
6 28100 -91107 - : 1(23501/80 '7'(11'02?_15 085 2.1-10°
7 17100 55100 - i 3(5’2%/2)1 7'(14(}/3'16 096 5.7-10%
§ 1210 9310° 13102 - 7'(‘;'02?4 (2:31102)5 0.84 9,510
9 13108 7210° 14102 5'(13'02())_4 %<11%/S)4 078 8.1-10*

Please refer to Table 1 of the main text for acronyms and units of variables.

The column “Ref.” contains the reference for the same line presented in different pages.
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ANNEX 11

ARTICLE 2: SUPPLEMENTARY MATERIAL



Table 12

Mean and (plus or minus) standard deviation of phytoplankton pigments concentrations (normalized by Chla) and pico- and

nano-cells (eukaryotic and cyanobacteria) abundances, for each of the seven clusters obtained by the Hierarchical Cluster
Analysis (PraD, PryD, Cy, Dia, Cry, CryP, and Chlo)

Phytoplankton counts

(cell mLt) and pigments PraD PryD Cy Dia Cry CryP Chlo
to Chla ratios (x10? g g1)
Picoeukarvotes 26917 24646 19094 6418 1417 2234 944

y +0541 +4389 +09800) +7490 +804 +1569 +449
Nanoeukarvotes 4238 4833 3703 2980 844 1618 1457

y +1233 +1825 1982 +1615 +392* 1454 * 1542 *

Pico phycoerythrin- 478 744 46894 4400 101 120 53
containing cyanobacteria +367 +166 +33257 +585 122 70 +42
Nano phycoerythrin- 132 226 920 75 36 131 53
containing cyanobacteria 81 +98 +145 +82 124 194 42
Chlorophyll c3 +8'(732* 276 £1.27 3.39+1.04 213+£1.25 0.34+0.72* 1.81+0.96 0.5+0.94*
Mg 2,4 divinyl
pheoporphyrin a5 011+033 00 1194074 0594065 020  1.40+1.05 0.49+1.40
monomethy! ester
(MgDVP)
Chlorophyll ¢z 954 +224 1223+£2.31 9.62+1.58 12.80+3.37 8.10+£0.99 7.67+1.58 2.64 £4.39*
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Table 12 (cont.)

Phytoplankton counts

(cell mLt) and pigments PraD PryD Cy Dia Cry CryP Chlo
to Chla ratios (x102 g g1)

Chlorophyll c1 223+1.40 2392094 1.08+0.57 3.01x0.86 0.34+0.96 0.38x0.59 0.33x0.16
Peridinin 12.11 +6.58 16.02£8.58 3.83+1.42 3.76x4.78 1.26+2.33 5.18+2.31 1.99+3.92
éi;anoyloxyfucoxamhm 0024011 046+053 054145 038047 00 010029 040
Fucoxanthin 10.17 +4.97 13.04 +4.29 21.00+8.04 30.12+9.72 4.84+3.47* 11.52+3.53 23.14 +7.10
Neoxanthin 2.09+0.63 1.00x0.33 1.36+0.55 0.66 +0.38 0 £0* 0.20 +0.41* 0 £0*
Prasinoxanthin 420150 296+1.24 3.22x081 0.79+0.87 0.26+0.49 154+1.15 0 £0*
Violaxanthin 451+180 0.67+0.90 2.40x0.59 1.00+0.50 0.36x0.55 1.50+1.03 1.81%2.50
Il-i;(anoyloxyfucoxanthin 0.45+1.04 10.16+6.92 3.04x2.28 0.71+056 0.37+0.70 3.70x2.46 1.49+2.78
Diadinoxanthin 8504296 14.41+297 543+£1.21 7.12+196 329+1.74* 534+1.37 7.32+2.01
Alloxanthin® 10.61 +3.57 8.25+3.32 8.20+2.30 4.21+4.11* 22944382 1534+259 5.69 +4.31
Diatoxanthin 1.33+0.68 151+0.67 048030 1.02x0.38 0.38+0.34 0.560.59 1.83+2.27
Zeaxanthin 1.20+£0.61 1.32+0.58 457250 0.65x0.50 1.08+0.44 1.39x091 4.46+3.09
Lutein 0.47 £0.57  0.32 £0.47 00 0.17x0.22 0.16 £0.24 0.69x0.47 1.901.77
Crocoxanthin 0.76 £0.26  0.64 £+0.38 0.62+0.34 0.36 £+0.38 1.83+0.29 1.31+0.30 0.17£0.48
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Table 12 (cont.)

Phytoplankton counts

(cell mLt) and pigments PraD PryD Cy Dia Cry CryP Chlo
to Chla ratios (x102 g g1)

Chlorophyll b 1566 +5.16 8.70+2.01 14.39%3.47 553+1.78 2.63+1.49* 753239 456x2.76
a-Carotene 159275 256+3.10 193+2.17 1.00x1.85 15.15+10.67 0.99+£1.99 00
3-Carotene 4.06 £0.62 4.30x0.89 4.37x0.76 2.74+0.68 1.08 £0.75* 2.21+0.47 2.27 £1.23

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.

T Smirnov-Kolmogorov test rejects the null hypothesis at the 5% significance level, but Lilliefors test does not.
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Table 13

Pigment and nutrient concentrations from samples collected in the phytoplankton spring bloom (April-May), including

surface and deep waters in selected stations of the Bay of Sept-Iles

Station Depth  Date of sampling Chla Fuco:Chla  [NO3]  [Si(OH);] [PO37]
(Lat./ Long.) (m) (2017) (mg m) (wwt) (LM) (LM) (LM)
PT-02 :

(50.14° / -66.40°) 0 19 April 12.92 0.32 - - -
PT-01 :

(50.19° / 6.4 0 19 April 5.45 0.41 - - -
PT-5.1

(50.07° / -66.38°) 0 4 May 3.21 0.39 0.03 0.96 0.14
PT-5.1 27 4 May 5.51 0.45 0.15 0.67 0.22
PT-02 0 4 May 1.67 0.34 0.05 1.09 0.12
PT-02 41 4 May 8.76 0.46 0.66 1.09 0.28
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Figure 32. Bar plots showing the percentage distribution of phytoplankton classes as assigned by
the light microscopy technique. The names in the x-axis refer to the phytoplankton groups and
respective field campaigns (refer to Table 5). The number above each bar is the total phytoplankton
cell count (in cells L). Other flagellates include chlorophytes, chrysophytes, dictyophytes,

euglenophytes, prasinophytes, prymnesiophytes and raphidophytes
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Figure 33. (A) Cells concentration comparison of nanophytoplankton counts from flow cytometry
(FC) versus light microscopy (LM) methods. Unidentified cells with sizes lower than 20 um were
included in the LM nanophytoplankton abundances. (B) Ternary plot showing the relative
contribution (or fraction) of phytoplankton size classes to total cell concentration and for each
phytoplankton cluster. Concentration of cells was derived from flow cytometry measurements for
the pico- and nano-size classes, while micro-size classes concentration was obtained by counts
using LM technigue (n = 16). The phytoplankton clusters are denoted by PraD (purple), PryD (red),

Cy (blue), Dia (yellow), Cry (orange), CryP (teal), and Chlo (green)
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Figure 34. Vertical profiles of density of sea water (o = p(S, T, p)) and chlorophyll-a fluorescence
(fcnia» in Relative Fluorescence Units, RFU, as measured by the HS6 instrument). Captions (A) and
(B) refer to two stations from 4 May 2017 (BSI-1 campaign), where the presence of a subsurface
chlorophyll maximum (SCM) can be noticed. From these two stations, the concentrations of Chla,
major nutrients, and the Fucoxanthin to Chla ratio are found in Table 12, for water samples
collected at two different depths
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ANNEX 111

ARTICLE 3: SUPPLEMENTARY MATERIAL



Table 14
Confusion matrix and accuracy assessment of eelgrass coverage for the four subregions of
the Estuary and Gulf of St. Lawrence. The values shown correspond to the sum of areas (in
km?)

Reference cover map User’s

accuracy (%)

Classified cover map
Eelgrass Noeelgrass  Total

Bay of Sept-Tles (BSI)

Eelgrass 12.67 2.02 14.69 86
No eelgrass 1.82 3.97 5.79 69
Total 14.49 5.99 20.48

Producer’s accuracy (%) 87 66

Overall accuracy (%) 81 k=054

Manicouagan Peninsula (MAN)

Eelgrass 5.88 0.80 6.68 88
No eelgrass 1.25 35.27 36.52 97
Total 7.13 36.07 43.20

Producer’s accuracy (%) 82 98

Overall accuracy (%) 95 Kk =0.82

Rimouski bay (RIB)

Eelgrass 1.84 0.40 2.24 82
No eelgrass 0.16 9.56 9.72 98
Total 2.0 9.96 11.96

Producer’s accuracy (%) 92 96

Overall accuracy (%) 95 k=0.84
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Table 14 (cont.)

Reference cover map User’s

accuracy (%)

Classified cover map
Eelgrass Noeelgrass  Total

L Isle-Verte bay (IVE)

Eelgrass 12.08 1.90 13.98 86
No eelgrass 0.55 16.48 17.03 97
Total 12.63 18.38 31.01

Producer’s accuracy (%) 96 90

Overall accuracy (%) 92 k=084

The kappa coefficient (k) is presented separately for each subregion and is out of context in
the table.
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