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“The mystery of human existence lies not in just staying alive, but in finding
something to live for.”

— Fyodor Dostoyevsky, The Brothers Karamazov —



ABSTRACT

Coastal lagoons are among the most productive ecosystems in the world, but they
have been severely impacted by cultural eutrophication, which affect both the
ecosystem and the local community. Nutrients (nitrogen and phosphorus) that reach
the lagoons can have different destinations. Part of nutrients is used by autotrophic
organisms, another fraction remains in the water, or is deposited and accumulated in
the sediment through diagenetic processes. At the sediment—water interface,
chemical interactions can remobilize nutrients to the water column, alter existing
chemical species, or form new compounds. Nutrient fluxes can favor an unbalanced
increase in phytoplankton biomass and reduce water transparency by promoting the
maintenance of primary productivity. The Laguna de Araruama (AL) is a coastal
lagoon of great ecological and social relevance in the Regido dos Lagos (Rio de
Janeiro). However, anthropogenic changes since the 1970s have impacted this
ecosystem, with the establishment of eutrophic conditions in 2005 and the
occurrence of fish mortality and HAB since then. The present work was motivated by
episodes of change in water transparency occurred between 2019 and 2022. The
methodology comprised three different approaches, each one linked to a specific
objective, forming the main axis of the thesis: 1) trophic crises and their causes; 2)
quantification of nutrient fluxes; and 3) the nutritional requirements of local
phytoplankton. Samples of water, sediment, and phytoplankton were collected in 9
campaigns between 2019 and 2022, and an equipment was developed to filtrate
different sizes of phytoplankton. The Araruama Lagoon was compartmentalized into
three sectors according to the salinity gradient from the sea connection to western
portion: marine (32-35); central (50-67); and interior (35-50). The pore water
presented very high nutrient contents, in some cases up to 100 times higher than the
overlying water at the water—sediment interface. The direct indicators of trophic crises
were phosphate, ammonium, and nitrite+nitrate and the N:P ratio favored by the
diffusive fluxes of phosphorus and nitrogen. While the indirect descriptors were
temperature, salinity, and turbidity. The turbid water (maximum Secchi =1.0 m)
showed fluxes between 0.08-2.7 pmol L™ (phosphate), 0.17-65 pmol L™
(ammonium), and 15.6—70.3 pmol L™ (nitrite+nitrate) and N:P ratio between 7-330.
Non—turbid water (maximum Secchi =3.8 m) ranged from 0.08-1.3 pmol L™
(phosphate), 0.17-9 ymol L= (ammonium), and 1.5-18 pymol L™ (nitrite+nitrate). To
complete, a mass balance determined the nutritional requirements of local
phytoplankton (cyanobacteria, dinoflagellates, and diatoms) at 32.76 yg N g~ and
26.66 ug P g. The results indicated that sediments and sewage are the sources of
nutrients for the maintenance of local phytoplankton, and that they can accentuate
the critical state of the lagoon. Affirmative and effective environmental management
actions are necessary to reduce future negative impacts on this unigue environment.

Keywords: Eutrophication; hypersaline lagoons; nutrient fluxes; phytoplankton;
coastal management.



RESUMO

Lagunas costeiras estdo entre 0s ecossistemas mais produtivos do mundo, porém
tém sido severamente impactadas pela eutrofizacdo cultural, afetando tanto o
ecossistema como a comunidade local. Os nutrientes (nitrogénio e fésforo) que
chegam as lagunas podem ter diferentes destinos. Parte é utilizada pelos
organismos autotroficos, outra fragdo permanece na agua, ou é depositada e
acumulada no sedimento através de processos diagenéticos. Na interface
sedimento—agua, as interacdes quimicas podem remobilizar nutrientes para a coluna
de agua, alterar as espécies quimicas existentes, ou ainda formar novos compostos.
Os fluxos de nutrientes podem favorecer um aumento desequilibrado da biomassa
fitoplanctbnica e reduzir a transparéncia da 4gua por promover a manutencdo da
produtividade priméaria. A Laguna de Araruama (AL) € uma laguna costeira de
grande relevancia ecoldgica e social da Regido dos Lagos (Rio de Janeiro). No
entanto, alteracbes antropicas desde a década de 1970 impactaram este
ecossistema, com o estabelecimento de condicbes eutroficas em 2005 e desde
entdo mortalidade de peixes e HAB tém ocorrido. O presente trabalho foi motivado
por episddios de mudanca na transparéncia da dgua ocorridos entre 2019 e 2022. A
metodologia compreendeu trés abordagens diferentes, cada uma ligada a um
objetivo especifico, formando o eixo principal da tese: 1) crises troficas e suas
causas; 2) quantificacdo dos fluxos de nutrientes; e 3) as exigéncias nutricionais do
fitoplancton local. Amostras de coluna d'agua, sedimento e fitoplancton foram
coletadas em 9 campanhas entre 2019 e 2022, e um equipamento de coleta foi
desenvolvido para filtracdo de diferentes tamanhos de fitoplancton. A laguna foi
compartimentada em trés setores, de acordo com o gradiente de salinidade a partir
da conexdao com o mar na dire¢cao oeste : marinho (32-35); central (50-67); e interior
(35-50). A agua intersticial apresentou teores de nutrientes muito elevados, alguns
casos até 100 vezes maiores que a agua sobrejacente a interface dgua—sedimento.
Os indicadores diretos das crises tréficas foram: fosfato, aménio, nitrito e nitrato e a
razao N:P, favorecidos pelos fluxos difusivos de fésforo e nitrogénio. Enquanto os
indiretos foram temperatura, salinidade e turbidez. A agua turva (Secchi maximo=1.0
m) apresentou fluxos entre 0.08—2.7 uymol L™ (fosfato), 0.17—-65 ymol L~ (amdnio), e
15.6-70.3 pmol L= (nitrito+nitrato) e razdo N:P entre 7-330. A agua nao-turva
(Secchi maximo=3.8 m) variou entre 0.08-1.3 ymol L (fosfato), 0.17-9 ymol L™
(amonio), e 1.5-18 ymol L (nitrito+nitrato). Para completar, um balanco de massa
determinou as necessidades nutricionais do fitoplancton local (cianobactérias,
dinoflagelados e diatoméaceas) em 32.76 uyg N g e 26.66 pug P g. Os resultados
indicaram que sedimentos e esgoto sdo as fontes de nutrientes para manutencédo do
fitoplancton local, e que podem acentuar o estado critico da laguna. Acdes
afirmativas e eficazes de gerenciamento ambiental sdo necessarias para a reducéo
dos impactos negativos futuros nesse ambiente tdo singular.

Palavras—chave: Eutroficacdo; lagunas hipersalinas; fluxos de nutrientes;
fitoplancton; gerenciamento costeiro.
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1 INTRODUCTION

Coastal lagoons are ecosystems of the continent—ocean interface and
widespread worldwide, comprising about 13% of coastal areas. The origin of coastal
lagoons is related to the sea level variations during Holocene and their lifetime is
noticeably short in geological time. They are usually shallow water bodies parallel to
the coast, present one or more connections with the sea and variable salinities
(Kjerfve, 1994). Due to their high productivity, they present many ecological functions
(shelter and nursery for different species), and social importance (fisheries and
tourism) (Anthony et al., 2009). Also, coastal lagoons act as filters for the compounds
that would reach the oceans, and be accumulated in their sediments (Schulz; Zabel,
2006). Despite their relevance, anthropic pressures like modification of land uses,
pollution, and climate changes have led to changes in coastal zones (Cladas et al.,
2015; Tapia Gonzélez; Herrera—Silveira; Aguirre—-Macedo, 2008).

Nutrients are crucial for important biochemical processes (respiration and
energy production) and their requirements are variable depending on the element.
Macronutrients (carbon, nitrogen, and phosphorus) are the base blocks of life, while
micronutrients (iron, sulfur, molybdenum, and others) are needed in smaller
qguantities. Their ubiquitous presence follows pathways from microorganisms to the
large animals on Earth and back in cycles in aquatic, terrestrial and atmospheric
systems. Unbalance in nutrient stoichiometry causes a cascade effect on ecosystems
and negative impacts affect the entire trophic web. In the last decades, nutrient loads
increased at critical levels due to anthropic activities and the quality of coastal
environments has drastically reduced (Mosley et al., 2023; Padedda et al., 2019).

One concerning issue related to the excess of nutrients in aquatic systems is
eutrophication, which is worsened in restricted water bodies, with low turnover time.
Although it is a natural process, anthropic (or cultural) eutrophication is hastening it at
rates that the environment cannot respond alone. The impacts on the environment
include losses of biodiversity, increase of water turbidity, shifts of species, harmful
algal blooms (HAB) and fish mortalities. But the effects are not restricted to the
environment, and comprise impacts on tourism and economy, and human diseases
caused by consumption of seafood contaminated with toxins from phytoplankton
(Vilarifio; Louzao, 2018). The question that arises is “whether these problems are

caused by high nutrient loads, is it enough to reduce their inputs into coastal waters?”
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And the answer is yes, but it is not that simple, because sediments are reservoirs
that also play an important role in this scenario.

Nutrients reach coastal areas via runoff (soil leaching), groundwater, sewage
direct disposal, or atmospheric inputs, and might remain in dissolved or particulate
forms. Phosphorus and nitrogen are assimilated by aquatic biota or deposited into
sediments, where they can reach high concentrations. Under certain circumstances,
sediments release nutrients back to the water column and boost primary production
(Lei et al., 2021; Wu et al., 2019). Porewaters entrap dissolved fractions of many
compounds, which combine among themselves, changing their forms, precipitating,
or burying deeper into sediments (Foster; Fulweiler, 2014; Isaji et al., 2019; Rabouille
et al., 2007). Sediment—water interface is where various reactions happen at the
same time and sediment physical-chemical properties have significant roles in
nutrient cycling. In hypersaline environments, the amount of charged species (cations
and anions) are higher and enhance, reduce, or favor some reactions.

Interactions among nutrient loads, sediments and primary production usually
lead to dystrophic processes (Basset, et al., 2013; Carpenter; Pace, 1997; Cladas et
al., 2015; Lenzi; Cianchi, 2022; Pérez-Ruzafa et al., 2019), however the definition of
dystrophy varies depending on the authors. For Valiela (1984) dystrophy is a
reversible event in an aquatic ecosystem linked to white waters due to diffusion of
sulfides from sediments. Carpenter (1997) described dystrophy, in the same sense of
oligotrophy and eutrophy, as a trophic state distinguished by low productivity, high
humic content and brown water. Lenzi and Cianchi (2022) used the term as the
environmental responses to eutrophication and the changes from a eutrophic
condition to one of nutrient absence. In the present work, the abrupt shifts of the
water quality occurred in Araruama Lagoon, from high to low turbid conditions and
vice-versa, will be referred as trophic crises.

Araruama Lagoon (AL), like other hypersaline systems, presents high
urbanization and has undergone eutrophication processes over past 50 years
(Souza; Azevedo, 2020). Diffuse sources of sewage and deficient infrastructure
(sanitary sewer, water treatment plants) caused large nutrient inputs during decades.
However, its alkaline waters acted as a buffer for the impacts of eutrophication until
the lagoon reached its critical point and collapsed. In 2005, its clear waters abruptly
shifted to a brownish color, resulting in posterior episodes of harmful algal blooms
(Oliveira et al., 2011) and fish mortality (Wasserman et al., 2017). Shifts from
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phytobenthic to phytoplankton assemblages (Mello, 2007), and the presence of toxic
species like Dynophysis caudata, Oxytoxum scolopax, Amphora ostrearis have been
identified in the lagoon (Neves, 2019-2020, monitoring reports).

In 2019, episodes of fish mortality and high transparency in water column
raised questions that are the subject of the present thesis: What are the descriptors
for trophic crises in the lagoon? Are sediments involved in? Is phytoplankton
supported by sediment fluxes? The present thesis focuses on identifying the
processes responsible for the sudden breaks and recoveries in turbidity in the
hypersaline Araruama Lagoon. The first chapter is a general introduction to the
thesis, motivation, hypotheses, and objectives. The second is a literature review
presenting important concepts on which the research is based on, especially
regarding eutrophication. The third is a general description of the study area and an
overview of the methodological approach. Chapters four, five and six form the main
part of the thesis, comprising specific subjects of dystrophic processes, nutrient
fluxes, and phytoplankton requirements, respectively. The seventh chapter is a
general conclusion about the results produced by this thesis, gaps, and suggestions

for further studies.
1.1  Motivation

Climate crisis is driving global changes on environments and bringing wealth
insecurities for humans and wildlife. Biogeochemical cycles are part of the problem
and are keys for the ecosystem maintenance. In AL, abrupt shifts from low to high, or
high to low primary production led to changes in the trophic state of the lagoon.
Trophic crises are interconnected with nutrient cycles, and both cause negative
impacts on water and trophic state. The importance of this research lies in new
approaches to access biogeochemical processes in coastal lagoons, which are vital

for environmental actions and their management.
1.2 Hypotheses

The hypotheses of the research were:
eH1: The descriptors of turbid conditions will present distinctive range of values for

turbid and non-turbid waters;
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e H2: The trophic crises in Araruama Lagoon are the response to the positive diffusive
nutrient fluxes;
eH3: Sediment in Araruama Lagoon is the main source of nutrients to water column

and phytoplankton production.
1.3 Objectives

The general objective of the thesis is to identify the triggers and the role of
sediments on the shifts of the water column turbidity occurred in 2019, 2020 and
2022 in AL.

The specific objectives of the research are:

e To investigate the descriptors that identify the different turbid conditions of water
column in AL;

¢ To estimate phosphorus and nitrogen diffusive fluxes in sediment—water interface of
AL during different water turbidities;

eTo model a mass balance of the sources of nitrogen and phosphorus and the

nutritional requirements of phytoplankton in AL.
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2 LITERATURE REVIEW
2.1 A brief introduction about energy fluxes and coastal ecosystems

The theory of ecology comprises fundamental principles and includes
environment, organisms, time, space, and evolution interacting one another
(Scheiner; Willig, 2008). Since ecosystems are open, biotic and abiotic exchanges
include energy flow, nutrient cycling, and limiting factors (Kareiva; Marvier, 2001)
affecting the persistence of biotic assemblages (Covich, 2001). Different steady
states in complex systems provide more potential connections among levels (Hatrris,
1986; Margalef, 1975). Regardless of the connections among environments, local
combinations of physical properties and chemical reactions permit the existence of
specific organic associations (Van der Ploeg, 1982). Light and nutrient availability are
considered the most important limiting factors for phytoplankton growth, being
essential for photosynthesis and nutrition of phytoplankton species (Lalli; Parsons,
1997).

As part of an ecosystem, energy transference comprises production,
consumption, and decomposition by organisms, and it is important for trophic level
maintenance and nutrient cycling (Covich, 2001; Van der Ploeg, 1982). In marine
environments, particularly coastal lagoons, pelagic production (Carmouze; Knoppers;
Vasconcelos, 1991) and benthic productivity (Alvarez—Borrego, 1994) are important
factors for nutrient and energy transference. However, interactions among biotic and
abiotic components are highly susceptible to changes and even small variations can
lead to great disturbances in the environment. Fluxes of energy flow through the
species, affect the persistence of ecosystems, and are dependent on land—use
changes and geomorphologic factors (Covich, 2001).

Such fluxes are particularly important in marine environments because they
provide important ecosystem services (Wolanski; Mclusky, 2011). Ecosystem
functioning is important for biodiversity, and variation of species can be associated
with dystrophy in coastal lagoons (Danovaro; Pusceddu, 2007). Unstable states allow
community transitions by gradual steps, abrupt shifts or alternate states in response
to environmental disturbances (Kennish; Paerl, 2010). Local water column
geochemistry, for example, can drive shifts in producer community, depending on
nutrient loads (Kennish; Paerl, 2010). In benthic ecosystems, prokaryote diversity

allows varied pathways for ecosystem processes and benthic metabolism (Danovaro;
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Pusceddu, 2007). Tropical coastal lagoons are also more sensitive to environmental
modifications because climate changes can be more pronounced in regional scales
in such systems (Grenz et al., 2017).

Due to this intrinsic relationship of energy fluxes between biotic and abiotic
systems, anthropic activities cause significant risks to equilibrium of coastal zones
(Harris, 2008; Pérez—Ruzafa et al., 2019; Webster; Harris, 2004). The intensification
of disorders in aquatic ecosystems have the capacity to alter biota (micro and macro
communities) and exacerbate biodiversity losses (Danovaro; Pusceddu, 2007).
Natural and anthropogenic disturbances cause shifts in distribution patterns,
including local extinctions or increasing species richness, which affect nutrient
cycling, ecosystem functions and energy flows (Covich, 2001). The most common
responses for these interferences are alterations in hydrological cycle (Mariani;
Lessa; Marta—Almeida, 2022), introduction of marine pollutants (Hamdoun et al.,
2015; Palma; Ledo; Alvarenga, 2015), eutrophication (Cooley et al., 2022) and toxic
phytoplankton blooms (Al-Azri et al., 2015; Seliner; Doucette; Kirkpatrick, 2003).

2.2  General characteristics of coastal lagoons

Coastal lagoons comprise 13% of coastal areas (Barnes, 2001), are
geologically transient landscapes (Kjerfve, 1994), and vary in location, size, salinity,
and connections with the sea (Bird, 1994; Harris, 2008; Kjerfve, 1986). They result
from sea level changes during Late Quaternary (Barnes, 2001; Kjerfve, 1994) and
their development is linked to sediment remobilization via waves (mainly), tides and
currents (Bird, 1994; Nicholls et al., 2007). Coastal lagoons are shallow water bodies
isolated from the ocean by sand bars and connected to the sea by one or more
channels (Barnes, 2001; Bird, 1994; Kjerfve, 1994; Nicholls et al., 2007). Due to its
location at land—ocean interface, coastal lagoons are strongly associated with marine
and terrestrial ecosystems, establishing an ecological continuum (Padedda et al.,
2019).

Interactions among hydrological cycle, atmosphere, lithosphere and biosphere
modify the water composition (Wolanski; Mclusky, 2011). In arid climates, coastal
lagoons are usually hypersaline due to the high evaporation rates (Bird, 1994). Such
hypersaline lagoons are extreme environments because normal cell physiologies
cannot tolerate salinities higher than 35, and only specialized organisms are adapted
(Esteban; Finlay, 2003; Ramos et al., 2017; Rich; Maier, 2015). Salinity is also
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pointed as a control for zooplankton communities, and low salinities could favor large
herbivores while higher salinities favor phytoplankton communities (Esteves et al.,
2008). Franco (2022) demonstrated that salinity was a key element for composition
of trophic and habitat grouping of fish species.

2.3 Anoverview of water and sediment biogeochemistry in coastal lagoons
2.3.1 Water biogeochemistry

Physical properties of water, particularly salinity, temperature and turbidity,
affect ecological systems and biological processes and vary in both space and time
(Dodds; Whiles, 2010; Wolanski; Mclusky, 2011). Embayments, like coastal lagoons
and estuaries, are exposed to different processes, such as sedimentation, biologic
production and nutrient fluxes, which modify water characteristics (Wolanski;
Mclusky, 2011). Moreover, water quality in coastal lagoons reflects a complex
relation between compound concentration and water residence time which varies due
to physical and geological processes (Miranda; Castro Filho; Kjerfve, 2002).

Oxidation—reduction reactions (redox) are crucial for all living organisms and
affect the biological availability and mobility of various elements (Bleam, 2012;
Dennis, 1987; lbanez, 2007). In natural waters, composition and depth are relevant
to establish the redox conditions depending on the dissolved oxygen (DO) content.
Most oxidizing environments (high DO) are at the top layers while the reducing
conditions (low DO) are at the bottom or lower layers (Ibanez, 2007). Further, acid—
base reactions are responsible for processes such as dissolution and precipitation,
ion exchange, and catalysis that occur at the interface between mineral surfaces and
agueous solutions (Moses, 2016).

Wind plays an important role in water mixing (Sethuraman, 1979), influences
the seasonality and distribution (horizontal and vertical) of phytoplankton (Durham et
al., 2013; HARRIS, 1986), availability of light (Reynolds, 1998), nutrients (Arfi; Guiral,
Bouvy, 1994; Chen et al.,, 2023; Macintyre, 1998) and evolutionary adaptation
(Moore—Maley; Allen, 2022; Wheeler et al., 2019). Wind action mixes the water
column, affecting heat distribution and dissolved oxygen concentration modifying
local hydrodynamics, resuspending bottom sediments and its deposition and
distribution (Arfi; Guiral; Bouvy, 1994).
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2.3.2 Sediment biogeochemistry

In coastal lagoons, the supply of sediments occurs from erosion/deposition of
surrounding shores, material washed or blown over the enclosing barriers, and
accretion from river runoff (Bird, 1994). However, sediments are not solely
compartments of ocean or lacustrine material (Stumm; Morgan, 1981), they are
important reservoirs of nutrients and other pollutants resulting from different
2002; Wolanski; 2011).

circumstances, they are also the source of these compounds to the water column

interaction processes (Burton, Mclusky, In certain
(Stumm; Morgan, 1996), and regeneration at the sediment—water interface influences
nutrients in surface waters (Harris, 1986). Various processes occur in sediments are

in Table 1, while processes concerning organic matter are in Figure 1.

Table 1 — Definition of processes in sediment
PROCESS DEFINITION

Diagenesis!

the physical, chemical, and biological processes in sediments and
sedimentary rocks just after deposition; it involves sediment,
organic matter, and pore water at shallow areas under near
surface temperatures (30° C)

Sedimentation?

process in what organic or inorganic matter settles out of the
suspension in water due to gravity effect

Diffusion3

transport responding to concentration and thermal gradients

Advection?

transport responding to a pressure gradient or body force

Mineralization*

decomposition of organic particles into inorganic forms by bacteria

it is a reversible process where molecules or ions are attached to

Qgsscc))rrpttilggé or detached of a surface of a solid; it is important for ion
P exchanges and enzymatic reactions
Dissolution® process of decomposition of plant material, bacteria and algae

releasing dissolved compounds

Resuspension®

the movement of particles from sediments due to water movement

Bioturbation3

mechanical mixing of bottom sediments due to living organisms

Sediment it is characterized by energy yields and electron acceptor
zonation’ variation, and it is linked to diagenetic processes
Benthic heter_otrophic o_rganisms are important for storage and trophic
grazing® cycling of nutrients, anc_i are often related with abundance of
primary producers
Degradation® the disintegration of mainly photosynthetically produced organic

matter by microorganisms

Source: *Montafiez; Crossey (2018); 2Gregory; Edzwald (2010); 3Corey and Auvermann (2003);
4Huettel et al. (1998); SArtioli, (2008); 6 USGS (2017); "Fenchel; King; Blackburn (2012); 8Cebrian

(2004); ° Arndt and LaRowe (2018).
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Figure 1 — Pathways of the general processes of organic matter
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Source: modified and adapted from Turner and Millward (2002).

LEGEND: a) Generic N and P loads and faith at a COI (continent-ocean interface). In the specific case
of Araruama Lagoon, the main contribution is from non-treated sewage (highlighted in bolded words).
Colored boxes indicate the reservoirs of N and P - l water column; l sediment; I phytoplankton.
Climate changes impact each media in a different manner and boost the processes. b) Processes
linking sediment, water column, suspended particles, and consumers according to Table 1.
SWi=sediment-water interface. Diffusive fluxes can be in both directions - positive (from sediment to
water column) or negative (from water column to sediment). {nadvection turbulence (winds).

The early diagenesis occurs in the sediment pore water, where the reactions
can be depicted from spatial-temporal distribution. The thickness of the oxic surface
layers is variable depending on primary productivity, porosity and chemical
composition of the bottom water (Schulz; Zabel, 2006). In the absence of bioturbation

or any physical disturbance, the sediment (pore water) shows a characteristic
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chemical zonation (Froelich et al., 1979) (Table 2) for the main aerobic and anaerobic

mineralization processes (Kasten, 2011; Wolanski; Mclusky, 2011).

Table 2 — Sequence of the electron acceptance in early diagenetic processes

MINERALIZATION CHEMICAL REACTION AG

PROCESS (kJ mol C™1)
Res';iergit:;ﬁ (1) CeH1206 +602 — 6CO2 +6H20 -471
P 5C6H1206 + 24NO3™ — 12N2 + 24HCO3~
Denitrification (2) + 6CO2 + 18H20 —444
Manganese CeH1206 + 18CO2 +6H20+125-MnO2 — _397
Reduction (2) 12Mn?* + 24HCO3"~
Iron CeH1206 + 42CO2 + 24Fe(OH)3 — 24Fe?* + _131
Reduction (2) 48HCO3™ + 18H20
Sulfate 2CeH1206 + 65042~ — 6HoS + 12HCOs ~76
Reduction (3)
Methanogenesis (3) 2CsH1206 — 6CH4 + 6CO2 -49

Source: Froelich et al., 1979.
LEGEND: Biochemical zones according to Froelich et al. (1979) — (1) oxic; (2) suboxic; (3) anoxic.

The main electron donors are organic matter, which are abundant in muddy
and silty sediments. The hydrophobic texture of these particles associated with the
restricted transport of acceptors, lead to the development of redox gradients. Under
anaerobic conditions, the hydrophilic sediments promote low decomposition of
organic matter. Such sediments allow advective transport of water, dissolved solutes,
and fine suspended particles with low organic matter. Coarse grains are more
available for suboxic chemical diagenesis, and the solute fluxes from sediment to

water column are faster than from fine—grained sediments (Wolanski; Mclusky, 2011).
2.3.3 Diffusive fluxes at the sediment-water interface

Molecular diffusion is the microscopic random motion of compounds in a fluid
or solid (Thibodeaux; Germano, 2012). At the sediment-water interface (SWI),
diffusive fluxes are driven by temperature, pressure, and composition (Liang, 2018),
and are affected by bioturbation (Barbanti et al., 1992), and winds (Rodellas et al.,
2020). Diffusive fluxes are also affected by algal bloom decomposition, which act as
a key nutrient reservoir of P, S and Fe to sediments. The increasing concentrations
of labile forms of P, S and Fe occurred in both sediment and water column. Such a
large decomposition changed the oxireduction conditions in SWI, favoring Fe
oxyhydroxides reduction and dissolution and then P releasing (Han et al., 2015). In
Thau Lagoon (France), seasonal changes in P concentration in pore water at the
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SWI influenced diffusive fluxes and were responsible for P releasing to water column
(Mesnage; Picot, 1995).

In two coastal lagoons in Macaé, state of Rio de Janeiro, the sediment oxygen
consumption regulated the rate and extension of denitrification in the sediments by
creating oxic-anoxic conditions (Enrich-Prast et al., 2016). The study also identified a
pattern in which salinity was an important factor for nitrification in sediments with low
benthic algae density. In AL, Silva (2019) quantified high amounts of nutrients in
sediments, and Guimarades et al. (2021) observed diffusive fluxes of N and P in

mesocosm experiments simulating in situ conditions.
2.4 Biogeochemistry of nutrients

Mineral nutrients are resources required to form living organic compounds and
the quantities vary according to the specificities of each one (Begon; Townsend;
Harper, 2006; Harris, 1986). Nutrients are found in the different compartments, forms
and redox states, interact simultaneously according to geochemical conditions, and
produce a variety of compounds (Gallardo—Rodriguez et al., 2019). Such interactions
occur in complex biogeochemical cycles that allow nutrients to pass from the abiotic
to biotic environment and back (Odum, 2001). These cycles are interconnected,
influence life on Earth in geological time (Ruttenberg, 2003), and vary depending on
local conditions (Van der Ploeg, 1982).

Mineralization is the transformation of organic matter back to inorganic forms
of elements, and it happens in both water column and pore water. Ecologically, the
rate at which growth—limiting nutrients are recycled is the most important aspect of
recycling in the sea. These rates vary in time from rapid (seasonally) to slow
(geological time) depending on the site Scale (Lalli; Parsons, 1997; Wolanski;
Mclusky, 2011). Besides, the behavior of primary production has a delayed response

to nutrient inputs (Figure 2).
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Figure 2 — Relation between nutrient input and response—time of primary production
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For the purposes of this thesis, only sulfur, carbon, nitrogen, and phosphorus
will be described because they play a significant role on biogeochemistry of aquatic

ecosystems.
2.4.1 Sulfur

Sulfur is abundant in seawater as sulfates (Van der Ploeg, 1982) and its
importance relies on both organic and inorganic processes : i) it is used in many
metabolic reactions for nutritional demands like production of proteins (Wetzel,
2001); ii) the widespread distribution of its different forms affects other nutrient and
metal cycling (Dodds; Whiles, 2010). Organisms assimilate almost all sulfur as
sulfate, however, during bacterial decomposition of organic matter, it is released as
sulfide (specifically by sulfate reducing bacteria). The reduction of sulfate and
oxidation of sulfide modify the conditions for mobilization of other nutrients. In anoxic
sediments, the production of iron sulfide reduces the availability of sulfur in water
column and allows phosphorus availability which could enhance primary production
(Norici; Hell; Giordano, 2005).

The higher amount of sulfate in the seawater and the very reducing conditions
of the sediments in Araruama Lagoon make sulfur an important element to the
biogeochemical cycles. Studies indicated the importance of ORP (oxy-redox
potential) on P concentration and the role of sulfide production in sinking or releasing
phosphorus in coastal sediments (Li et al., 2016). Ku et al. (1999) relate S coupling to
carbonate dissolution in shallow low—Fe carbonate sediments. In such case,
decomposition of organic matter by sulfate reduction/sulfide oxidation enhances

carbonate content. (Gallagher et al.,, 2012) demonstrated that sulfate—reduction
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bacteria change the local geochemistry and favor carbonate production depending
on electron donor.

Blackburn and Blackburn (1993) noted the importance of sulfate and sulfide in
the diffusion of nitrogen (nitrate and ammonium) in shallow sediments. Cotner et al.
(2004) corroborates the connection between sulfur forms and N/P fluxes and the
persistence of phytoplankton production. Han et al. (2015) reported degraded algal in
surface sediments as a major source for fluxes of phosphorus and sulfur to the water
column and sediment. The authors also verified that as algal decomposition
progressed there was a development of favorable conditions for Fe—oxyhydroxides
reduction promoting Fe—sulfide precipitation.

In spite of the thesis did not measure concentration of sulfur compounds, it
was necessary to introduce the element due to its relevance to local process.

2.4.2 Carbon

Carbon (C) is the main construction block of life (Weathers; Strayer; Likens,
2021) due to: i) it is the major component of living forms; ii) biochemical reactions
carried by carbon compounds are important for storage and transport of energy
(Weathers; Strayer; Likens, 2021). Carbon is presented in environment in organic
and inorganic forms. Organic compounds are: i) dissolved organic carbon (DOC)
which refers to a mixture of simple and complex acids which are considered the
major source of carbon for aerobic microbes; ii) particulate organic carbon (POC)
which comprises material from plants, phytoplankton, microbes, any other organism
and detritus (Vincent; Jennerjahn; Ramasamy, 2021). Inorganic forms are classified
as dissolved inorganic carbon (DIC), present in water as carbon dioxide (CO2),
carbonate (CO3?"), and bicarbonate (HCOs3").

In water, the conversion between inorganic and organic carbon is via
photosynthetic algae, which are later decomposed by heterotrophic organisms
(Canuel; Hardison, 2018). In the ocean, the carbon pump is responsible for removing
atmospheric carbon to deep ocean and sediments due to environmental or biological
factors (Fakhraee; Planavsky; Reinhard, 2020). In shallow aquatic systems, carbon is
present in two distinct paths according to oxygen levels. In oxic sediments, the labile
organic carbon stimulates autochthonous consumption, and the sediment

oxygenation enhances mineralization. While in anoxic sediments, microbes use this
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DOC but the transference to higher trophic levels is not efficient, so this compartment
acts as a pool for carbon in long term scales (Middelburg, 2018).

Carbon cycle varies from millions of years to days or thousands of years for
geological and biological components respectively (Canuel; Hardison, 2018). The
biological contribution to the carbon cycle depends on the balance of both carbon
production/consumption and carbonate precipitation/dissolution (Abidi; Amor;
Gueddari, 2018). This relation is responsible for the alkalinity of aquatic systems and
leads to a buffering effect in natural waters (Gallardo—Rodriguez et al., 2019).
Coastal lagoons are important zones of filtration and modification of matter at land—
sea interface and link the terrestrial and marine carbon cycle (Knoppers, 1994).
Additionally, warmer tropical or subtropical oceanic regions, which includes
hypersaline lagoons, are preferential places for carbonate precipitation (Grotzinger;
Jordan, 2014). Particularly in these high—carbonate environments, the increasing
diffusion of atmospheric CO2 promotes dissolution of CaCOs, while the opposite

causes its precipitation (Krauskopf, 1995).
2.4.3 Nitrogen

Like other macronutrients, nitrogen is crucial for life and it is found in
numerous biomolecules (Mancinelli, 1989) such as proteins, DNA, RNA (Van der
Ploeg, 1982) and ATP (Dunn; Grider, 2023 ). In aquatic ecosystems, nitrogen is often
considered a limiting nutrient for the primary producers (Begon; Townsend; Harper,
2006). However, nitrogen cycle has drastically changed due to industrial processes
of nitrogen fixation for fertilizer production, altering nitrogen pools and affecting
ecosystems (Palta; Hartnett, 2018). While assimilation by organisms originates
particulate organic nitrogen (PON) and dissolved organic nitrogen (DON),
decomposition of organic matter transforms nitrogen to inorganic compounds via
remineralization (Begon; Townsend; Harper, 2006). In terrestrial and aquatic
systems, the reduced and oxidized forms of nitrogen, which are sensitive to pH and
dissolved oxygen, are largely cycled by organisms, and it is sensitive to pH and
oxygen (Cartigny, 2018).

In oxic conditions, nitrification converts ammonia to nitrite and then to nitrate
while in anoxic conditions, anammox occurs (Bernhard, 2010). The opposite
pathway, denitrification, or nitrate reduction, delivers Nz to the system again (Palta;

Hartnett, 2018). In general, ammonium at photic zone of oxic waters is low due to its
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use by primary producers, while in anoxic zones ammonium is formed
(ammonification). Nitrite is promptly oxidized and usually presents small
concentrations, except in eutrophic lakes, where organic pollution is high. Nitrate
often tends to have the opposite behavior of ammonium, and as oxidation occurs,
more nitrate is formed (Wetzel, 2001). Howarth and Marino (2006) observed that
nitrogen is a limiting factor for eutrophication, more than carbon or phosphorus. This
deficiency is attributed to the long—term storage of fixed N and its pathway back to
atmosphere as N2 (Marcarelli; Fulweiler; Scott, 2022) while organisms present in an

ecosystem alter concentration of N forms (Shen et al., 2020; Zhou et al., 2017).
2.4.4 Phosphorus

It is vital for biochemical reactions and it is important for DNA, RNA, ATP, and
other organic structures, and essential to build photosynthetic organisms biomass
(Van der Ploeg, 1982; Westheimer, 1987). Since phosphorus is highly required for
the formation of biological compounds, it is often a limiting factor for primary
production and can control carbon fixation (Li et al., 2017; Mackey; Paytan, 2009).
The main form in the environment is orthophosphate, or simply phosphate (PO4),
the most oxidized state, however it can be found also as HPO4?~, H2PO4~, H3POa.
Phosphorus cycle has been significantly altered by human activities (agriculture,
mining, land—use changes, wastewater discharges), and aquatic ecosystems are
more sensitive to phosphorus pollution (Smil, 2000).

Like other elements, phosphorus associations vary with time, space, and
ocean depth and interactions will depend on local biogeochemistry (Defforey; Paytan,
2018). Microbially mediated processes also occur and promote release and removal
of phosphate by cells under anoxic and oxic conditions, respectively (Mackey;
Paytan, 2009). Contrasting to the other nutrient cycles that are governed by redox
conditions, phosphorus is regulated by physical, biotic and chemical factors
(Weathers; Strayer; Likens, 2021). However, the association with other elements is
determined by the compound solubility characteristics, which can vary with ORP and
determines P availability. Phosphorus solubility is also determined by pH and the
presence of cation species which P is bound to (Koski—Vahala; Hartikainen, 2001).

Coastal environments with prominent upwelling and low terrigenous loadings

are enriched in authigenic apatite (Cas(PO,)s). Microbial activity during diagenesis
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results in positive fluxes of dissolved phosphate from pore to overlaying waters
(Ruttenberg, 2003). Experiments have shown that, in high Ca/P molar ratios,
phosphate precipitation presents intermediate phases from the apatite—precursor to
apatite formation. Also, results show that biogeochemical P cycling in natural
environments is controlled by adsorption of POa@g onto Ca—carbonates and in Fe,
Mn, Al-mineral phases (Liang; Blake, 2007). During events of algal decomposition,
sulfides mediate reduction of Fe—oxides and the connection of S—Fe cycle promotes
substantial Fe—P mobilization in sediments (Zhang et al., 2021).

2.5 Eutrophication

Eutrophication is the continuous increase of supply of organic matter in
aquatic systems associated with nutrient loads (nitrogen and phosphorus) (Nixon,
1995). It is a natural process over the years, but it is intensified by anthropogenic
activities and causes drastic changes in aquatic ecosystems (Carpenter et al., 1998;
Dodds; Whiles, 2010; Stumm; Morgan, 1981; Vollenweider, 1992). Often, in coastal
zones, the most vulnerable areas for eutrophication are those which present limited
interaction with the sea, for example fjords, estuaries, and lagoons (Vollenweider,
1992). The associated effects of eutrophication are deterioration of water quality,
harmful algal blooms, shifts in phytoplankton community, changes in trophic linkages
and reduction of biodiversity (Dorgham, 2014; Kennish; Jonge, 2011).

As advances on eutrophication knowledge increased, it arose the necessity to
determine the eutrophication stages of a certain environment and a variety of trophic
indexes were developed. Trophic state of aquatic environments indicates the
extension of cultural eutrophication (=anthropic origin), and it is measured by a
variety of parameters (Tugrul; Ozhan; Akcay, 2019). These indexes usually classify
eutrophication in terms of ecosystem production: i) oligotrophic or low nutrition; ii)
mesotrophic; iii) eutrophic or high nutrition; and iv) hypertrophic or very high nutrition
(Dodds; Whiles, 2010). Despite of eutrophication and harmful algal blooms (HABS)
can occur in natural and oligotrophic conditions, eutrophication is related to: i) an
increasing of anthropogenic nutrient loading; ii) persistent and recurrent events; and
iii) deleterious consequences on environments (losses of structure and function)
(Lemley; Adams, 2019).

Oligotrophic environments do not sustain high primary production while
eutrophicated environments are often extremely productive (Lalli; Parsons, 1997;
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Marafidn, 2019). The result of eutrophication is that only a few species are able to
tolerate such conditions which favors the dominance of certain organisms (Dodds;
Whiles, 2010). Unlike natural occurrences of high productivity areas, eutrophication is
increased by anthropic nutrient loads, recurrent, deleterious to the environment. An
example is the progressively reduction of diatom production by independent-Si algae
and cyanobacteria in high eutrophicated environments due to removal of silica by
sedimentation (Struyf et al., 2009; Wetzel, 2001). Lirling et al. (2018) demonstrated
that nutrient pulses promote larger blooms of cyanobacteria than climate changes
alone.

Grain size is an important factor for pore water processes and contaminant
retention (Wolanski; Mclusky, 2011). As it happens in water column, sediments
reflect processes in aquatic environments (Coelho et al., 2004; Han et al., 2015),
consequently they are important indicators of contamination by different pollutants.
For the same reason, nutrients in sediment are important to diagnosis potential
sources for primary production (Dell'anno et al., 2002; Mesnage; PICOT, 1995).
However, in tropical lakes, due to high temperatures (>20° C), the organic matter
cycling is faster, and the concentrations may not reflect the production level
(Chapman; Wang, 2001). Beyond that, biological disturbance and vertical alternation
between production and consumption in pore waters are also important for nutrient

fluxes in sediments (Matos et al., 2016).
2.6  Phytoplankton

Despite controversies and uncertainties about the term (Harris, 1986),
phytoplankton comprises bacteria, protists and plants that present some sort of
movement in rivers, lakes, and oceans (Harris, 1986; Lalli; Parsons, 1997). They
have crucial function in the aquatic food chain as the dominant autotroph organisms
(Lalli; Parsons, 1997), particularly in estuarine areas, and affect nutrient cycling
(Wolanski; Mclusky, 2011). Species vary in size and shape (Harris, 1986; Lalli;
Parsons, 1997) due to seasonality (Harris, 1986; Seguro et al., 2015), photosynthetic
pigments (Begon; Townsend; Harper, 2006; Harris, 1986) nutrient limitation
(Falkowski; Woodhead; Vivirito, 1992), among others. Moreover, phytoplankton
species present different growth rates and adaptions to recognize environmental
changes (Harris, 1986).
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Algal bloom is the term used to indicate an occurrence of phytoplankton cell
density above the average in a region or water body. They are indicated by
ephemeral peaks of biomass and chlorophyll in the annual cycle of phytoplankton,
when growth rates are higher than mortality (Assmy; Smetacek, 2009). The
combination of physical and chemical elements favors algal blooms (Vollenweider,
1992) that reduces light availability at greater depths (Begon; Townsend; Harper,
2006) alter biotic communities in coastal waters, affecting benthic and demersal
assemblages, cause water discoloration and increase anoxia (Kennish; de Jonge,
2011). Anthropogenic nutrient increment also results in HAB (high concentration of
monospecific algae that produces toxic substances) raising ecological health risks
(Glibert, 2017; Hwang, 2020). There are annual records of humans death due to
consumption of seafood contaminated with toxins from HAB (Hallegraeff, 2004).
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3 METHODOLOGY

Due to the chosen organization and subdivisions of this work, this chapter
describes the general geomorphological characteristics of Araruama Lagoon in the
section 3.1. The section 3.2 presents the methodological approach of the thesis and
how it will lead to the attainment of the general objective. To avoid repetition of
collection and analysis for water and sediment, these subjects are also presented in
Section 3.2.

3.1 General characteristics of the study area

Araruama Lagoon (Figure 3) is a coastal choked lagoon (Kjerfve, 1994)
presenting a watershed of 320 km?, which includes the 210 km? of the waterbody
itself. The geology (Figure 4) comprises Paleoproterozoic orthogneisses from Regiéo
dos Lagos Domain, and paragneisses from the supracrustal rocks of Buzios
Complex. Plutonic alkaline rocks are associated with the event of the South Atlantic
Ocean opening about 80 My BP. The Quaternary cover concord with the structural
directions of the crystalline basement, whose embayment received sediments from
the adjacent highlands. The transgressive events were not regular and continuous
due to glacial activities and originated the lagoonal systems from Cabo Frio to Niteroi
(Turcq et al., 1999; Souza; Schmitt; Stanton, 2017).

The lagoon system evolved from 123,000 years BP, the last Pleistocene
interglacial stage, with the formation of the first sandy bars by waves (Silva, 2001,
Turcq et al., 1999). Biogenic carbonates indicate a sea level more than 100 m lower
than the present, about 19,000 years BP in the Brazilian coast (Mahiques et al.,
2010; Veiga, 2005). Like other lagoon systems in Brazil, the lagoons of Regido dos
Lagos developed from 7,000 to 5,100 years BP, when inner and outer sandy barriers
were formed (Martin; Landim Dominguez, 1994; Silva, 2001; Turcq et al., 1999). The
water covered the flat coastal areas while the sea level was 5 m higher and finally
lowered to reach present level (Martin; Suguio et al., 1996; Martin; Suguio; Flexor,
1993; Silva, 2001). Cuspate sand spit features delimit the lagoon in seven elliptical
shapes developed later by the wave dynamic processes in the lagoon (Alves, 2006;
Kjerfve et al., 1996).
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Figure 3 — Location of Araruama Lagoon
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Figure 4 — Geology of Araruama Lagoon
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Bathymetric studies revealed a shallow waterbody disposed along a
longitudinal axis. The presence of paleo—channels near Sao Pedro da Aldeia
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embayment covered by muddy sediments suggests an ancient drainage erosion.
Wind and erosion in the lagoon are associated with the cuspate features and dunes
formation (Muehe, 2006). The local hydrodynamics is mainly determined by wind (up
to 20 cm s%), and the tidal effect inside the lagoon is reduced by filtering of the
Itajuru channel. Moreover, the wind circulation acts differently on each ellipsoidal cell
in alternating cyclonic and anticyclonic circulation depending on the seasonal wind
directions, NE or SW (Kjerfve; Oliveira, 2004). Also, these homogeneous internal
cells (ellipsoids) control the nutrient distribution (Souza et al., 2003; Vicente et al.,
2021). Trevisan et al. (2021) measured salinity and temperature using a CTD device
and the profiles T-S confirmed the well mixing of water column (Appendix A).

Due to the filtering effect of Itajuru canal (connection with the ocean), the
flushing half—life of the lagoon was calculated in 83.5 days, and it is considered long
when compared with other local lagoons (Kjerfve; Knoppers, 1999). The water
column is not stratified, including in the deepest areas, due to the strong wind that
mixes well the lagoon (Kjerfve et al., 1996; Trevisan et al., 2021). The origin and
maintenance of the hypersaline condition (salinity>35, according to Rich 2015) in
Araruama Lagoon are due to: i) the semi-arid condition (Bsh - Képpen, according to
Barbieri, 1975) with high evaporation rates and the proximity from the upwelling zone
(Kjerfve et al., 1996); ii) the small drainage basin and small freshwater inflows that
are not sufficient to diminish the salinity (Kjerfve et al., 1996); iii) the strangled and
long Itajuru canal, a natural tidal filter and the only seawater entrance, does not favor
the exchange within the lagoon (Knoppers; Kjerfve, 1999; Perrin, 1999).

Anthropic pressures in AL began after 1970, after the construction of Rio—
Niterdi Bridge, which reduced travel time by two hours. The lagoon was known for its
beauty and recreational uses and, because of its hypersalinity, the lagoon has been
considered a buffer for the eutrophication process (Kjerfve et al., 1996). Lower
salinity, higher amounts of nutrient loads, changes in soil use and population growth
(Kjerfve; et al.,, 1996; Souza et al., 2003) resulted in environmental impacts,
promoting a severe reduction in economic attractiveness. Changes in the salinity also
affected primary production (Moreira—Turcqg, 2000), zooplankton distribution (Rosa;
Batista, 2020) and piscivore communities (Cruz; Santos; Santos, 2018). HABs were
described by Oliveira et al. (2020) and were responsible for fish mortality episodes in
the lagoon in 2005.
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In 2009 and 2011, there were other two episodes of fish die-off and the Rio de
Janeiro State Environmental Agency (INEA) collected and analyzed different
parameters to identify the state of the water column in AL. The results were
published by Vicente et al. (2021) and revealed that the quality of water was affected
by sewage loadings. The authors observed that in an atypical precipitation period
during summer 2010, there was a severe decrease in salinity, lasting for months and
reflecting on the water quality. In 2019, 10 days after the first field campaign of the
present work there was another fish mortality, indicating that the lagoon still faces
serious environmental problems. Figure 5 shows some ecosystem services provided

by Araruama Lagoon.

Figure 5 — Ecosystem services provided by Araruama Lagoon

Source: Elaborated by the author, 2023.
LEGEND: Examples of ecosystem services provided by Araruama Lagoon. a) habitat for different
marine birds; b) natural beauty; c) traditional fishing culture.
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3.2 Methodological approach

An initial and important consideration about the methodological approach is
that the research was developed in a joint effort among Universidade Federal
Fluminense, the local watershed committee — Comité da Bacia Hidrografica
Lagos/Séao Jodo (CBHLSJ), and the local water treatment plant (ProLagos). The first
campaign was part of a project to evaluate the trophic state in Araruama Lagoon to
support calibration models for future environmental actions, led by Fundacéo
Coordenacéo de Projetos, Pesquisas e Estudos Tecnoldogicos (COPPETEC). The
subsequent campaigns were run under demands of the CBHLSJ, that reported any
different water conditions. The thesis was the result of such commitment of different
sectors of the society to understand the controlling factors of water quality in AL.

To cover the general objective of this thesis, the methodology included three
different approaches (Figure 6), each one linked to an specific objective: i) trophic
crises — descriptors of trophic crises that modified turbidity in the water column; ii)
diffusive fluxes of nutrients at sediment—water interface — quantification of N and P
forms present in the water column and the pore water in AL; and iii) phytoplankton
requirements and main sources of nutrients — nutritional needs of primary producers
and mass balance to identify the main supplying of nutrients in AL. Data used in each
topic (Table 3) varied according to: i) trophic crises — water column from campaign 1
to campaign 9; ii) nutrient fluxes — sediment and water column from campaign 5 to

campaign 9; and iii) phytoplankton from campaign 9.

Figure 6 — Methodological approach of the thesis
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Source: Elaborated by the author, 2023.
LEGEND: Samples in each approach — WC= water column; SED= sediment; PHYTO=phytoplankton.
The chapters 4, 5, and 6 indicate the respective specific objectives 1, 2 and 3.
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Table 3 — Field campaigns

CAMPAIGN \ DATE OF COLLECTION ‘ SEASON
C1 Feb 12 and 13, 2019 Summer
C2 Jun 21, 2019 Winter
C3 Sep 24,2019 Spring
C4 Oct 10, 2019 Spring
C5 Mar 5 and 6, 2020 Summer
C6 Jun 17 and 18, 2020 Fall
C7 Jul 16 and 17, 2020 Winter
C8 Dec 11, 2020 Spring
I o Sep 10, 17, and 18, 2022 Winter

Source: Elaborated by the author, 2023.
LEGEND: colored boxes follow the approach used in the thesis (Figure 6) . — descriptors of trophic
crises; == nutrient fluxes; = phytoplankton requirements and mass balance of the nutrients.

3.2.1 Water collection and analyses

We performed 9 field campaigns (C1 to C9; Chapters 4 and 5) in 2019, 2020
and 2022, and they covered different seasons and water column turbidity. Sampling
collection and related material used in chapters 4, 5 and 6 varied according to Figure
6 and Table 3. As concluded by Vicente et al. (2021), the lagoon could be well
characterized by 10 stations (Figure 7) and. Stations were distributed as follows: sea
water control station outside the lagoon (P1, Praia do Forte) and 10 stations inside
the lagoon (P2 to P11, one in each ellipsoidal unity). This sampling effort tried to
cover spatial-temporal variations of the biogeochemical parameters of the lagoon and
to improve the interpretation of its processes.

Water samples were collected in 9 field campaigns (C1-C9), Table 3, using a
Van Dorn bottle for different depths. Samples were immediately filtered in situ by a
Manifold filtration system, vacuum pump and Whatman™ GF/C glass microfiber
filters (circa 0,7 um aperture). Falcon tubes containing the filtered water were frozen
for later analysis of dissolved nutrients. Filters were packed in petri slides and frozen
until the analysis of the concentration of suspended particulate matter. In each
station, pH and ORP (mV) were measured with a multi-probe Hanna®, DO with a
multiparameter meter YSI, turbidity (NTU) with a Policontrol digital turbidimeter and
the transparency of the water was obtained with a Secchi’'s disk. Salinity and
temperature profiles were measured with a CastAway CTD (conductivity,

temperature, and depth) from SonTek — YSI.
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Figure 7 — Sampling stations
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LEGEND: Stations and date of the collection of the 9 campaigns. Green boxes indicate the stations
where phytoplankton samples were collected (C9).

Dissolved fraction of both water column and pore water was analyzed for
phosphate and ammonium (Grasshoff; Ehrhardt; Kremling, 1983), nitrite
(Bendschneider; Robinson, 1952; Shinn, 1941), and nitrate (Zhang; Fischer, 2006).
The analysis of suspended particulate matter included gravimetry, chlorophyll-a,
phaeopigments and particulate organic carbon (Strickland et al., 1972). Particulate
nitrogen and phosphorus were also analyzed in the filters by oxidation with a
persulfate solution. The resulting nitrate was analyzed according to Zhang and
Fischer (2006) and the resulting phosphate was analyzed after Grasshoff; Ehrhardt
and Kremling (1983). Detection limits of these procedures were presented in Table 4.
Samples for BODs were kept refrigerated at 20°C and in the dark and after 5—days

incubation were analyzed according to Strickland et al. (1972).

Table 4 — Methods and detection limit (DL) of the analytical procedures

ANALYTE | DL | METHOD (REFERENCE)
Ammonium (umol L) 0.17 | Grasshoff, Ehrhardt; Kremling (1983)
. _ Bend Schneider; Robinson (1952);
1
Nitrite (umol L) 0.04 Shinn (1941)
Nitrate (umol L) 1.29 Zhang and Fischer (2006)
Phosphate (umol L) 0.08 | Grasshoff, Ehrhardt; Kremling (1983)
Particulate nitrogen (umol L) 0.21 Zhang and Fischer (2006)
Particulate phosphorus (umol L) | 0.09 | Grasshoff; Ehrhardt; Kremling (1983)
Chlorophyll a (mg L) 0.02 .
Phaeopigments (mg L) 004 Strickland et al. (1972)
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3.2.2 Sediment collection and analyses

From campaigns 5 to 9 (Chapter 5), measurements of temperature, pH, and
ORP were made in situ using a multi-probe Hanna® electrodes previously calibrated
(pH buffers 7 and 10; ORP — Hanna®). Dried sediment was used to determine
granulometry (GRAN), carbonate (CARB) and organic matter contents (OM).
Granulometry was analyzed using a digital particle analyzer CAMSIZER Rutsch® and
class sizes were classified in a ternary diagram by Gradistat® software. Sizes were
grouped in three main fractions (silt/clay, fine/medium sand, and coarse sand).
Carbonate fraction in sediment was determined addingl0 mL of HCI (1M) in glass
beakers containing the samples, previously desalinated, dried, and weighted. The
content is calculated by the difference between the dried weights before and after the
HCI addition (Vieira—Campos; Costa; Yogui, 2017).

Total carbon (TC) from sediment samples were desalinated with deionized
water and centrifuged, dried and then analyzed according to Strickland et al. (1972).
Organic matter concentrations were determined adding H202 (1 M) to glass beaker
containing the dried samples until the remaining material does not vary in mass.
Phosphorus and nitrogen of sediment samples were determined after sediment was
dried and weighted. Samples were oxidated using persulfate solution and total
nitrogen and phosphorus were determined according to Zhang and Fischer (2006)

and Grasshoff; Ehrhardt and Kremling (1983), respectively.
3.2.3 Phytoplankton collection and analyses

The method used to collect phytoplankton samples is described in the Chapter
6 because it is exclusive for the approach to phytoplankton requirements. However,
analysis of particulate nitrogen and particulate phosphorus used to calculate the
nutritional needs follow the same methodology used for water column
characterization. Particulate nitrogen and phosphorus were analyzed by oxidation of
the filters with a persulfate solution. The resulting nitrate was analyzed according to
Zhang and Fischer (2006) and the resulting phosphate was analyzed after Grasshoff;
Ehrhardt and Kremling (1983).
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4 DESCRIPTORS OF WATER CONDITIONS DURING THE TROPHIC CRISES

Regarding the definitions of dystrophy presented in Chapter 1 (Wetzel, 1983;
Valiela, 1984; Lenzi; Cianchi, 2022), and due to the lack of consensus about them,
the term “trophic crises” is introduced in the present work. It refers to the abrupt shifts
occurred in the water column in AL during this study, from high to low turbid
conditions and vice-versa. As the trophic state is classified by different variables
(Carlson, 1991), it is possible to identify changes in aquatic systems by quantification
of such variables over time. Although trophic state is related to the nutritional
conditions of the aquatic environment (Tugrul; Ozhan; Akcay, 2019), linking the
phenomena (trophic crises) and the causes (responsible factors) is not as simple as it
seems.

First, it is necessary to define clarity, because there are a variety of
measurements for it. Turner; Fall and Friedrichs (2023) referred to clarity as the effect
of light penetration and visible objects through water, measured by a variety of
methods depending on the applications (Table 5). This work focused on Secchi
depth, turbidity, chlorophyll a and total suspended solids because they were the
methods available to measure the transparency of water. And despite water clarity is
a property usually claimed to measure water quality, it is not the only one. Color,
concentration of algae and inorganic turbidity are referred as displeasing by the
public if they are associated with certain uses of the water bodies (Lee, Jones—Lee;
Rast, 1995).

Table 5 — Methods for water clarity measurement
METRICS \ METHODS (UNIT) \ APPLICATIONS

Secchi disk depth (m) transparency/visibility
General (apparent | light attenuation coefficients (Kg; m™) light penetration
optical properties) turbidity (NTU*1) light scattering
beam attenuation (m) proxy for POC
Component-basic colored DOM (CDOM; m™) dissolved substances
(amount of chlorophyll a (mg m~3) primary production
components) total suspended solids (mg L) particle content

Source: Turner; Fall; Friedrichs, 2023.
LEGEND: *INephelometric Turbidity Units (USEPA, 1993). Bolded methods were measured in this
work and will be described in the text.

Secchi depth is frequently related to the photic zone and is a function of
reflection of light in the water and is affected by the amount of color, phytoplankton,

and inorganic clastic materials (Wetzel, 1986)). Turbidity is the light scattering an is
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influenced by size and shape of suspended solids, the presence of phytoplankton,
dissolved humic substances and dissolved mineral substances (Bilotta; Brazier,
2008; Branco; Kremer, 2005). Total suspended solids vary in size up to 0.45 um and
include both biogenic material and abiogenic particles (Turner; Millward, 2002).
Chlorophyll a is commonly used as a proxy of primary production because it is the
main pigment in phytoplankton and is easily measured by fluorescence (Turner; Fall;
Friedrichs, 2023).

Ferndndez—Alias et al. (2022) and Webster and Harris (2004) pointed that
when an assimilation limit is outpaced in an ecosystem, it triggers dystrophic crises.
This abrupt changes lead to a system instability and causes shifts between top—down
to bottom—up control due to nutrient overloads and change plant dominance from
benthic to phytoplanktonic assemblages. Rapid P-cycling, refractory dissolved
organic carbon or secondary production can trigger rapid changes in environments
(Carpenter; Pace, 1997). Seasonal changes in phytoplankton reduce diversity and
promote a fast grow of opportunistic species (sharp fluctuations) until a limit
expressed by unfavorable conditions (Harris, 1986).

Other factor is the predator—prey interactions that are tied to size and growth
rates and would improve the access of nutrient cycling through time (Behrenfeld,;
Boss; Halsey, 2021). Zooplankton, for example, exhibits different contents of C, N,
and P if compared to phytoplankton assemblages (Kutter et al., 2014). Pulses of
bacteria usually happens during the senescent phase of a phytoplankton bloom in
consequence of the increase of phytodetritus and releasing of dissolved compounds
(Kennish; de Jonge, 2011, Lalli; Parsons, 1997).

Basset et al. (2013) determined important predictors for trophic crises in water
(TP, CHLa, DO), sediment (NH.;, ORP, TN and TP), and phytoplankton (cell size and
CHLa). Other descriptors are turbidity (Bilotta; Brazier, 2008; Lopez—Abbate et al.,
2019), wavelength dependance (Rose et al., 2009; Danilov; Ekelund, 2001), DOC
(Carpenter; Pace, 1997; Hessen,; Tranvik, 1998), salinity and pH (Chandrasekara et
al., 2014), and fluctuations of dissolved oxygen and iron availability (Viaroli et al.,
2001). Metabolites found in sewage water (biotin, thiamin, vitamin B12) act as
inhibitors or inducers of productivity and are modified by certain pollutants like
detergents (Aubert, 1990).
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4.1 Study area

Araruama Lagoon provide many ecosystem services (Esteves et al., 2008)
and it has been a touristic point for the last 5 decades. But lagoon underwent impacts
by numerous anthropogenic activities as changes in land use, such as salt extraction
and irregular urbanization (Costa; Seabra, 2021; Bertucci et al., 2016; Carmouze;
Barroso, 1989; Carvalho; Costa; Rosa, 2014; Costa et al., 2022). In 2005, a sudden
shift in water column color and transparency occurred and the original benthic
primary producers were substituted by phytoplanktonic assemblages (Mello, 2007).
After this event, negative consequences were recorded (Figure 8) and many works
were conducted that identify these processes in water (Figure 9).

In 2019, a very turbid condition in water column in AL (Trevisan et al., 2021)
was followed by an event of fish mortality 10 days later. Unexpectedly, in June
(2019), an abrupt shift of water quality was observed, and an event of high
transparency in the water column occurred. Shifts in water turbidity were registered
for two years (this work) and it was possible to identify the main factors that affected
the water transparency. Figure 10a shows the point where the pictures were taken to
exemplify the two distinct turbidity conditions in AL: a turbid condition (Figure 10b)

and a non-turbid condition (Figure 10c).

Figure 8 — Timeline of the impacts caused by changes in water conditions in AL
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Source: *®SOUZA, 1997; *2MELLO, 2007; *3SOUZA, 1997; *INEA; *SINEA; *610 days after the first
campaign of the present work; *’NEVES, 2011-2020.
LEGEND: After the shift from benthic microalgae to phytoplanktonic assemblages in 2005, the
episodes of HABs, fish mortalities, and the presence of toxic phytoplankton were observed. The
episode of fish mortality in 2019 occurred 10 days after the first campaign of this work.




Figure 9 — Timeline of some studies conducted in AL by different authors and their findings
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Source: Elaborated by the author, 2013.

LEGEND: Graphic emphasizing the studies and main conclusions of some studies in AL. Following the sequence of boxes, the studies reported: 1) the
desalination could diminish the buffer capacity of water column and the opening of a second channel at the west side would reduce the water quality (Kjerfve
et al., 1996). 2) A high pluviosity year reduced the water salinity and the decrease of benthic microalgae enhanced TSS and turbidity (Moreira-Turcq, 2000). 3)
the first observation of the presence of toxic phytoplankton related to the anthropic impacts (Sylvestre et al. 2001). 4) the reduction of salinity would promote
destabilization of the system (Carvalho, 2018; Cunha, 2003; Debeney et al. 2001). 5) anthropic activities caused intense entry of organic matter in the AL
system, triggering the shift of the trophic state (MELLO, 2007). 6) Sediment would be the source of positive diffusive fluxes of nitrogen and salinity variation
would influence the benthic fluxes (Guimaraes, 2022). 7) The origin of the nutrients and the fecal coliforms were identified as being from anthropic activities
(Vicente et al. 2020). 8) Identification of phosphorus fractions in sediments (mostly authigenic and easily absorbed) and the potential of sediments to release
N and P (Silva, 2019; Silva et al. 2019). 9) CTD data confirmed the good mixing and oxygenation of water column, dissolved nutrients data corroborated the P
limiting of primary production, and the poor water quality in the west portion of the lagoon due to hydrodynamic and anthropic pressure (Trevisan et al. 2020).
10) Monthly reports showed the presence of toxic phytoplankton species (Neves, 2011-2022). t Fish die-off (10 days later the first campaign of this thesis).
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Figure 10 — Pictures of the same point showing the two different water conditions
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Source: Elaborated by the author, 2023. Pictures are from the author’s file.

LEGEND: a) Map of AL showing the point where pictures of Figure 10b and 10c were taken (yellow

square). b) C1 (turbid condition); ¢) C2 (non-turbid condition). In C1, the high turbidity does not allow

to see the bottom at the shoreline, while in C2, the bottom can be seen for a larger distance from the
shoreline due to non-turbid conditions.

b

4.2 Materials and methods

Because water transparency involves different measurement criteria (Table 6),
a first statistical approach was to investigate some possible scenarios and their
relationship with Secchi. In a satellite remoting study run by Braga; Vianna and
Kjerfve (2003), points where SEC were equal to total depth were excluded to not
underestimate water transparency. However, due to the approach of the thesis, all
SEC were included in statistical analysis to characterize water conditions. The initial
consideration was that parameters would present similar ranges of data depending

on turbid/non—turbid conditions and specific minimum and maximum limits of Secchi
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depth. These ranges and limits would indicate the group of descriptors of each

condition.
Table 6 — Suggested scenarios to analyze trophic crises in AL

1 total data all parameters, campaigns, and depths

2 surface data all parameters and campaigns, only surface depth

3 bottom data all parameters and campaigns, only bottom depth

4 (SEtCl:J;k;I_C(I) m) all parameters and depths of campaigns C1 and C5

5 non turbid all parameters and depths of campaigns C2, C3,

(SEC<1.0m) C4, C6, C7,C8, C9

6 mean data mean values qf all campaigns from su_rface and
bottom, assuming the well mixed condition of AL

7 station data all parameters, campaigns, and depths

Source: Elaborated by the author, 2023.

4.3 Results
4.3.1 Basic statistics

Basic statistics (Table 7) detail the variation of the values in all campaigns,
according to Appendix A (Table Al1.1 to A1.3). The highest variations are observed in
ORP, TSS, POC and N:P ratios. Outliers are more frequent in non—turbid water for
the same parameters. The suggested methodology did not identify properly the
groups previously hypothesized, possibly due to some parameters were below of
detection limit. Hence, Secchi was chosen as the guide parameter according to the
scenarios 4 and 5 to investigate the descriptors for dystrophic processes. The choice
was made regarding the mentioned methods to determine transparency, and due to
SEC is easy to be visually detected and collected. To standardize the nomenclature,
hereafter C1 and C5 are called turbid water condition and C2 to C4 and C6 to C9 are
referred as non—turbid water condition.

Due to the number of studied parameters, results were separated in three
groups and Secchi only composes the first group due to the criteria cited above. The
second (physical-chemical) includes pH, ORP, DO, DBOs, SAL, TEMP, TURB, and
TSS; and the third (nutrients and primary production) comprises NH4*, NO2z-, NOs™,
PO4%*, DIN, N:P, PN, PP, CHLa and PHAEO. Stations 1-11 (X axis) were disposed
in reverse order to respect the orientation of points in field campaigns and make the
spatial visualization easier. As well as the sample depths are referred as S (surface),

M (middle) and B (bottom), and a doble arrow indicates the W-E direction.



Table 7 — Basic statistics for water column (total data
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PARAMETERS | VALIDn | MEAN | MINIMUM | MAXIMUM | STD. DEV.
DEPTH (m) 156 5.41 0.30 14.20 3.34
SEC (m) 156 1.33 0.30 3.80 0.80
pH 150 8.13 7.20 9.92 0.30
SAL 154 48.82 33.13 67.01 8.21
TEMP (°C) 151 26.23 19.80 30.76 2.78
ORP (mV) 154 54.45 —90.20 242.10 62.14
TURB (NTU) 138 8.58 0.39 57.70 8.63
TSS (mg L) 146 141.72 4.00 419.28 89.42
DO (mg L) 151 8.90 3.29 16.80 1.64
BODs (mg L) 151 2.35 0.03 12.60 1.96
CHL a (mg L) 155 0.06 0.02 1.55 0.14
PHAEO (mg LY | 155 0.05 0.04 0.28 0.03
POC (mg L) 145 27.00 0.07 435.00 51.50
PN (mg g™ 155 41.35 0.03 1923.03 188.87
PP (mg g 155 25.24 0.12 747.35 76.52
NH4* (umol L) 155 4.43 0.17 64.22 8.59
NOz~ (umol L) 155 1.97 0.03 8.22 1.98
NOs~ (umol L) 137 6.08 1.29 23.79 4.58
DIN (umol L) 155 11.78 1.55 76.95 10.06
PO4> (umol LY | 155 0.29 0.08 2.68 0.34
N:P 155 82.55 3.38 630.22 85.24

Source: Elaborated by the author. 2023.

4.3.2 Secchi transparency depth

Secchi depth (Figure 11) varied from 0.3 to 3.8 m, and in turbid water (C1 and
C5) the values did not exceed 1m, except at the station 1 (control point outside the
lagoon) where values always reached the total depth. The maximum Secchi depths
in non—turbid water varied independently of the total depth. Turbid water presented
the smallest values among campaigns maybe due to the seasonality and increase of
population in summer. It is important to note that in 2020 (C5-C8) there was the
lockdown due to COVID-19, however the pattern of SEC depths was the same. It
means that SEC was smaller in summer and higher in the other seasons. The
western portion of the lagoon generally presented smaller SEC values (1.0 m) than
other portions, while transparency was higher at the central sector (SEC>1.0 m). Itis
possibly related with geomorphological characteristics and anthropic impacts in

western sector as pointed by Vicente et al. (2021) and Trevisan et al. (2022).
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4.3.3 Physical-chemical parameters

Graphics of pH, ORP, DO, and BODs are in Appendix B (Figure B2.1 to B2.4)
and only description of these parameters are described in this section.

Values of pH (Appendix B, Figure B2.1) did not show significant differences
and presented a slightly increase to west among campaigns. Most values varied
between 8 and 9, and values of 7.3 (C7; P4) and 10 (C9; P10).

Despite ORP (Appendix B, Figure B2.2) was similar at surface and bottom,
and most values were positive, there was great variability among campaigns and
stations.

AL presented high values of DO (Appendix B, Figure B2.3) as it was expected
due to the strong winds, and most samples were similar at surface and bottom.

DBOs (Appendix B, Figure B2.4) presented small values and variations which
was expected because of strong winds. Western portion of AL usually presented a
tendence to increase values and DBOs exhibited similar behavior of DO.

Salinity is an important parameter in AL, and due to the local conditions, the
lagoon is permanently hypersaline (>35) (Kjerfve et al., 1996). In this study, salinity
distribution (Figure 12) presented two remarkable features: a spatial salinity gradient
related with the W-E axis, and a temporal decrease salinity among campaigns.
According to the gradient, three sectors were observed; i) eastern sector (stations 1
to 3) — seawater values (32-35); ii) central sector (stations 4 to 8) — highest values in
the lagoon (50-70); and iii) western sector (station 9 to 11) — intermediate values (35-
50). An exception to this pattern was at station 11 (C1) which presented the highest
value of all campaigns (67) and the smallest in C8 (33.1). Surface and bottom
exhibited similar behavior and values decreased from C2 to C9.

Temperature (Figure 13) presented seasonal variation with higher values in
turbid water (summer, 25-33 °C) and lower in non—-turbid water (21-28 °C). In an
unexpected warmer winter (C7), temperature was similar to summer. Despite the
variability, in general, values were slightly higher in western portion of the lagoon.

Values for TURB (Figure 14) were similar between surface and bottom,
despite the spatial-temporal variation, generally more turbid to the western sector.
The smaller TURB values were coincident with higher SEC, indicating a non—turbid

condition, and the opposite behavior was observed for turbid conditions.



Figure 12 — Salinity

70.0 - > 700 - 70.0 -
65.0 1 L YV v = 65.0 c2 ggg ] o
60.0 - y 6001 . . [ 0 1 . « « (sprin
20 : 000 . (wlnter) ool (spring)
<L 500 1 500 1 50.0 1 *
) 450 | C1 450 1 45.0 1
40.0 1 & @sutace . A0.0 ] 40.0 ]
3501 ¥ 4= (summer) . 350 35.0
30.0 T T T T T T T T T v 300 ] 1 v ! I | | | | - 1 30.0 T T T T T T T T
11109 8 7 6 5 4 3 2 1 1110 9 8 7 6 5 4 3 2 1 11109 8 7 6 5 4 3 2 1
70.0 - 700 70.0 -
65.0 1 C4 65.0 C5 65.0 ] Cé
60.0 - sprin 60.0 60.0 - fall
- 550 ] (spring) 55.0 (summer) 550 ] (fall
q 500 E . t uon ¥ = ROO - —a—a—a—%—=a . 50.0 : . By
0] """ . 45071 . - 4507 = . s
40.0 4004 * 400
350 | . 350 . 35.0 ] .
30 +—v—"F—"aF—"v—"v—"—"+—"v—"— 300 F———ab—-v-v-r-—oa-aa - WO
11109 8 7 6 5 4 3 2 1 11109 8 7 6 5 4 3 2 1 1110 9 8 7 6 5 4 3 2 1
70.0 - 70.0 ; 70.0 -
650 1 C7 65.0 | c8 ] C9
60.0 ] winter) 60.0 spring) 60.0 | winter
=1 55.0 ] ( ) 55.0 - (spring) | ( )
< 50.0 ] P 50.0 ; 50.0 -
m 45{]: | ] ] ™ 450 1 . : ] TN : " l n ] " 1 n i .
400 7 "y 400 { 40.0 |
35.0 ] * . 350 c . ~
3':'[] ] T T T T T T T T T 1 3{]0 y v ' J v ! L v ' ' 300 T T T T T T T T T 1
11109 8 7 6 5 4 3 2 1 11109 8 7 6 5 4 3 2 1 11109 8 7 6 5 4 3 2 1

Source: Elaborated by the author, 2023.
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hypersaline (stations 4-8; 45—70) and intermediate (stations 9-11; 35-50).

TG



Figure 13 — Temperature
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Figure 14 — Turbidity
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TSS (Figure 15) presented high variability in depth, stations, and campaigns
except for C2 which presented small values and variability which was related to the
high transparency. No evident pattern was observed, and measurements were not in

agreement with results from SEC and TURB.
4.3.4 Nutrients and primary production

Ammonium (Figure 16) varied spatially and temporally and higher values were
generally distributed in the central area of the lagoon, but many stations presented
values smaller than the detection limit.

The distribution of nitrite+nitrate, here after called Nox, in AL (Figure 17) was
higher values in turbid water and concentration diminished in non—turbid campaigns.

Variation of DIN in AL (Figure 18) shown higher values generally distributed in
central portion of the lagoon and highest values were in C5 and C9. C1, C2, and C3
presented small variation among points, which did not happen in other campaigns.

Phosphate (Figure 19) was smaller than 3.0 umol L™ including values below of
detection limit (0,08 umol L™1).

Despite the spatial-temporal variation of particulate nitrogen concentration
among campaigns, (Figure 20), varied similarly between surface and bottom depths.
The central sector exhibited the higher concentrations, while the smallest and the
highest values were found in non—turbid waters. Values varied from 0.02 mg g~
(station 3, C3) to 760 mg g (station 4, C6).

Higher values of particulate phosphorus (Figure 21) were generally found in
the central portion of the lagoon. The distribution of PP is coincident with PN, except
in C2 and C3 (the first occurrences of non—turbid waters). The smallest value was
0.10 mg g (C3, station 6) and the highest was 505 mg g (station 5 C9), both in
non-turbid water.

N:P ratios (Figure 22) varied widely spatially and temporally, and few points
were below of 16:1 in C1, C4, C7 and C9, confirming the P—limitation in AL. The
highest N:P ratio reached up to 560 in C9.

POC (Figure 23) presented high variation among campaigns and stations and
there was a tendence of values diminish from turbid to non—turbid water, even with
high variation. Non—turbid water presented the smallest values (0.37 mg g1), and the

highest values (440 mg g1).



Figure 15-TSS

+—>
1000.00,5 a 1000.00
& 100004 o ¢ 0" * "o, 10000 . o
@ 2 T ] @ @
> 1000 P 10.00
E 1.00 O Osurface C1 1.00 CZ
& $midde .
0.10 o oo (summer) 010 (winter)
D.D1 T T T T T T T T T T 1 0'01 4 - - T T T T T T T 1
11109 8 7 6 5 4 3 2 1 1109 8 76 5 4 3 2 1
1000.00 1000.00 1000.00
= 10000] © T e " ° 10000% ° e e @ "5 5 & 10000F g * . " & & _ °
I_l o -] o @ | ] ]
E‘; 10.00 - 10.00 _ 10.00 e 5 ¢
"g'" 1.00 c4 1.00 cs 1.00 Cﬁ
= 010 (spring) 0.10 (summer) 0.10 (fall)
U1 1 T T T T T T T T T 1 DD1 - - - T 1 T . - - r 1 001 T T T T T T T T T 1
1110 9 8 7 6 5 4 3 2 1 11109 8 7 6 5 4 3 2 1 1110 9 8 76 5 4 3 2 1
1000.00 1000.00 1000.00
s o e s o s 2 s o o o
= 100.00 o @ 8 om " omoo w000 Y oz o & & ° " 100004 = © ° 4 @ °
| - &
o 10.00 o 10.00 10.00
g 100 o7 AR cg 1O c9
= 010 (winter)  0.10 (spring) 010 (winter)
EH 1 T T T T T T T T T 1 ﬂ{]‘l 1 T T T T T T T T T 1 DD1 T T T T T T T T T T 1
11109 8 7 6 5 4 3 2 1 11109 8 7 6 5 4 3 2 1 11109 8 7 6 5 4 3 2 1

Source: Elaborated by the author, 2023.

LEGEND: TSS presented high spatial and temporal variation, and the highest value (station 10, C4) was circa 425 mg L=%. TSS did not vary following TURB or

CLH a behavior as it was expected.
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Figure 16 — Ammonium
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LEGEND: Dashed lines indicate the detection limit of the method. Ammonium presented values smaller than 10 umol L2, including values below the detection
limit, and the highest values (stations 5 and 6, C9) reached about 65.0 pmol L2,
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Figure 17 — Nox (Nitrite + Nitrate)
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Source: Elaborated by the author, 2023.
LEGEND: Nox presented most values smaller than 20 umol L-1, and the highest value (station 10, C5) reached 27.5 umol L-1. In a general way, Nox was
higher in turbid conditions.
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Figure 18 — DIN
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Figure 19 — Phosphate
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LEGEND: Dashed lines indicate the detection limit of the method. Phosphate presented most values lower than 0.4 umol L1, including stations below of the
detection limit. The highest value (station 11, C9) reached 2.7 pmol L.
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Figure 20 — Particulate nitrogen
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reduction of the PN concentration from C1 to C4, an increase from C5 and C6 and another reduction in C7 and C9.
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Figure 21 — Particulate phosphorus
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LEGEND: PP distribution was similar to PN, despite PP was higher than PN; the highest value (station 4, C6) reached 700.0 mg g~!. In a general way, there
was a reduction of the PP concentration from C1 to C4, an increase from C5 and C6 and another reduction in C7 and C9.
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Figure 22 — N:P ratio
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LEGEND: Dashed lines indicate the Redfield ratio for N and P. N:P ratios varied spatially and temporally from 5 (N limitation, mainly in C1) to circa the

maximum 560 (P limitation; station 5, C9). Except for C1, the other campaigns were generally higher than 16.
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Figure 23 — Particulate organic carbon
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LEGEND: POC exhibited high spatial and temporal variation, with a tendence of higher values in the western sector of AL. The highest values were in C8.
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CHLa (Figure 24) presented values below of detection limit maybe related
with higher SEC. C1 presented highest value of CHLa and a spatial variation among
points. Despite C5 was considered turbid, most of points are below of the detection
limit. Appendix B (Figure B2.6 and Figure B2.7) shows, respectively, chlorophyll
wavelengths and an example of a result obtained by UV-VIS in C1.

PHAEO (Figure 25) were below of detection limit in most campaigns. Except
in campaigns 4, 6, 8 and 9 where few stations were above the detection limit (0.04
mg L) and are most distributed in central-western portion of the lagoon.

To identify the main parameters of trophic crises, a box-plot is shown in
Figure 26. It is possible to note the great variation among parameters between
turbid and non-turbid conditions.

Phytoplankton (Neves, 2019-2020) was collected few days later from our
campaigns, but the cellular density was still coherent with SEC measurements. The
cellular density (Figure 27) was higher in turbid water, which was possibly related to

the higher temperatures and amount of nutrients in summer (C1 and C5).
4.4  Discussion

Comparing values from other studies (Table 8), results from Souza et al.
(2003) also identified a great variation among the cells in AL. The concentration of
dissolved nitrogen was higher, while phosphate was smaller in the current
investigation. Also, N:P ratios were higher to West in the present work and lower in
the former work. This alteration could be related to the change from the
microbenthic to phytoplanktonic production occurred in 2005. Mello (2007)
highlighted the potential occurrence of trophic crises due to the high residence time
and nutrient loads in AL. Author also identified variation in N:P ratios varying from
<16:1 to circa 35. In Vicente et al. (2021), results were smaller from this work

possibly due to the abnormal high pluviosity occurred in 2010-2011.



Figure 24 — Chlorophyll a
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Figure 25 — Phaeopigments
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Figure 26 — Box-plot with distribution of the main parameters for trophic crises
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Source: Elaborated by the author, 2023.

LEGEND: Gray and blue box-plots show the variation of parameters in turbid and non-turbid conditions, the internal horizontal line are the mean values and
whiskers represent the minimum and maximum values. Despite the behavior of parameters were similar, some differences were noted. Higher mean values of
SEC, NH4*, NO2, N:P, and PN were recorded in non-turbid conditions. TURB, TSS, NOs", Nox, PO4%* and PP were higher in turbid waters. Salinity varied little
between the two water conditions, while temperature was slightly lower in non-turbid conditions. There was a great variation between minimum and maximum
values, but N:P and PP presented the highest variation. PCA is in Appendix B (Figure B2.8).
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Figure 27 — Phytoplankton distribution during 2019-2020
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Table 8 — Nutrient variation over the years in AL and other coastal lagoons
NH4*

NUTRIENT

umol L2

NO2~
umol L2

NO3s~
umol L2

PO4*
umol L2

SAL

Araruama Lagoon* 0.3-39.0 0.2-6.0 0.3-18.0 0.01-6.0 | 22-56
Araruama Lagoon? 0.005-0.4 | 0.00-0.21 | 0.01-1.07 | 0.03-0.56 | 38-8
Araruama Lagoon3£f | <0.1-0.4 <0.1 <8'(1)I_ <0.01-0.1
Araruama Lagoon* 0.1-64.2 0.01-16.4 | 1.29-23.8 | 0.08-2.68 | 33-67
Celestun Lagoon | 4 75 615 | 0.32-2.15 | 2.8-60.8 | 0.62-1.22 | 3-33
(Mexico)
Las Marites Lagoon |4 7 54 | 005006 | 1.2-16 | 04-0.6 |36-41
(Venezuela)
Coorong Lagoon B B 0.005—- .
(Australia) 72 50-100 0.005-0.01 0.015 20-90

Source: 1Souza et al. (2003); 2Mello (2007); 3Vicente et al. (2021); this study (2019-2022);
SHerrera—Silveira (1996); 6Lopez—Monroy (2017); 7 Mosley (2023).
LEGEND: £fmg L.

In Celestun and Chelem lagoons (Mexico), nutrient inputs stimulated
productivity, organic decomposition, and sediment resuspension, causing changes
in water quality. The exhibited seasonally pattern was the result of the mixed
temperature conditions, rainfall, and winds (Gonzalez, Herrera-Silveira, Aguirre-
Macedo, 2008). Particularly, in Celestum Lagoon, the seasonality also influenced
nutrient fluxes, which varied one or two orders of magnitude greater during the cycle
rainy season than in the dry and the cold seasons . Phosphate was higher from
November to February, and the lagoon was a source of phosphorus for the inner
zone (Herrera—Silveira, 1996).

In Las Marites (Venezuela), due to the small depth (< 4m) the action of
temperature is more accentuate and in the drought season there was an increase of
nutrients and N:P in the water column (Lopez—Monroy, 2017). In AL, generally,
ammonium was lower in wet season (coincident with turbid conditions) while the
oxidized forms of nitrogen and phosphate were higher. Coorong Lagoon (Morey,
2023) presented an increase of salinity gradient due to the higher distance of the
river mouth, and similarly to AL, the system was P-limited. AL presented higher
concentration of Nox and phosphate and smaller ammonium if compared to the
Coorong Lagoon.

Particularly, ORP, TSS, POC, and N:P showed higher variations among
campaigns if compared to the other parameters, as demonstrated by the box plots
(Figure 26). Although, data variation in water column was generally small between

surface and bottom because of strong wind that mix the water column (Kjerfve et
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al.,1996; Trevisan et al., 2022). The spatial and temporal variability was also
probably caused by the individual behavior of the elliptical cells (Vicente et al.,
2021; Souza, 2003). The fish mortality in 2019 could be related to the conditions in
C1 that favored a toxic algal bloom (Rath; Mitbavkar; Anil, 2021). This assumption
was based on the presence of toxic species in AL and the strong winds that do not
allow DO depletion (anoxia).

Regarding the different measurements used to determine water transparency
in AL, only TURB (Figure 14) identified changes in the water column, being
inversely correlated with SEC (Figure 11). TSS and TURB derived from riverine
flows were expected to be low in AL due to its small drainage basin and low
amounts of terrigenous material (Souza et al., 2003). Moreover, even the currents
(20 cm s™!) caused by the strong winds (Kjerfve et al., 1996) are not enough to
resuspend the sediments. The resuspension can occur only near the shoreline of
AL, where depth is very low, and winds affect sediments. Then TURB (Figure 14)
and TSS (Figure 15) measured in the lagoon were mainly from the autochthone
biogenic material. Trevisan et al. (2022) measured very low values for SEC depth
due to the very high primary production in summer 2019.

CHLa (Figure 24) and TSS (Figure 15) were not enough to be associated
with the cellular density of phytoplankton (Figure 27), during non—turbid waters in
AL. The effect of CHLa over TSS was identified in prolonged algal blooms
conditions (Baldizar; Rybicki, 2007). As pointed by Lee, Jones-Lee and Rast
(1995), CHLa varies according to species, age of cells and can impact SEC
measurements. Since different pigments allow primary production in low light
environments/conditions (Blain; Shears, 2019), studies to identify such potential
pigments should be done in AL. Phytoplankton is distributed in water column as a
response for vertical heterogeneity of light and nutrient availability (Litchman, 2007).
Padedda et al. (2019) observed that cell density was not linked with CHLa but with
phosphate and TP in some mediterranean lagoons.

Seasonal patterns like rainfall regimes (Carmouze, Knoppers; Vasconcelos,
1991; Baumann et al. 2015), or interannual variations (Barrera—Alba; Abreu;
Tenenbaum, 2019) are responsible for the variability of primary production. The
pluviosity in AL (Appendix B, Figure B2.7) did not exhibit any relevant effect on
phytoplankton productivity, even in C8 when higher pluviosity preceded the field

work. Primary production presented higher cellular densities in summer and lower in
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winter (Neves, 2019-2020), except in C7 (winter). In this specific campaign,
temperatures were as high as summer, the cellular density remained low, so other
factors possibly influenced the primary productivity.

Beyond the climatic factors, peaks of primary production can occur in
different seasons due to the consumer strategy adaptation (Cloern, 2018), or the
competition among species for the same nutrient (Zhou et al., 2017). It could be
occurring in AL because some local phytoplankton assemblage described in
monitoring reports (Neves, 2019-2020) have preference for ammonium (Ketchum,
1954). Cyanobacteria are the prevalent phytoplankton species in AL, and it is
possible that the nitrogen is being used in high quantities than phosphate in terms
of nutritional requirements.

A mass balance (Souza, 2005) revealed a decrease in net autotrophy and
net N fixation rates during that period. The observed increase in phosphate, though
not of ammonium, resulted in a low DIN:DIP molar ratio. The authors considered
that the low ammonium concentration was the result of a rapid ammonium uptake
by the phytoplankton, or the transformation of this element into more oxidized forms
such as nitrite and nitrate. Silva et al. (2013) showed that these trends continued in
surveys carried out during a transition from the dry to the rainy period in 2003—2004.
Low DIN:DIP and ammoniacal nitrogen in the lower estuary indicated phytoplankton
limitation by N, while eutrophication in the inner estuary increased.

Particulate organic carbon varied largely, and it was not possible to associate
to the trophic crises. However, refractory dissolved organic carbon (Carpenter;
Pace, 1997; Hessen; Tranvik, 1998) or bacterioplankton (virus) (Stramski, 1991)
could reduce SEC by altering color and light scattering. Also, variations in
phytoplankton concentration control seasonal changes in UV and photosynthetically
active radiation but do not influence Secchi (Rose et al.,, 2009). Also, higher
temperature was an important factor for phytoplankton production, and SEC was
negatively related with CHLa in Tai Lake (Guo et al., 2017). SEC was negatively
associated to DBOs, which could be associated to sewage inputs previously
identified by Vicente et al. (2021) and Trevisan et al. (2022).

Factors responsible for variations in SEC may not be linearly correlated with
SEC measurements and can vary according to temporal scales. In a study from Sun
et al. (2023), sea surface temperature and salinity were positively related to SEC in

an interannual scale. While wind direction was responsible for effects at longer
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scales due to the alteration in ocean dynamic processes. Salinity affected
negatively the turbidity at Negombo lagoon (Chandrasekara et al., 2014), and
Kjerfve et al. (1996), Moreira—Turcq (2000) have pointed the negative influence of
desalinization in AL. In AL, the salinity and temperature were negatively correlated
with SEC, which could be linked to a higher primary production in summer as
demonstrated by the monitoring reports from Neves (2019-202). Phosphate
increased in water column at higher salinity in Celestum Lagoon (Herrera—Silveira,
1996).

Ward (1984) described an increase of bacterial oxidation of ammonium at
increasing depth and distance from shore. In shallow areas, the author observed
that ammonium turnover was dominated by phytoplankton assimilation. While depth
and salinity were positively associated with ammonium and nitrite oxidation rates,
negative relations were described for dissolved oxygen and light (Heiss, 2016). In
AL, it was possible to occur in some deeper stations, where ammonium
concentrations were higher in bottom than in surface (Figure 16). Heiss (2016)
emphasized that ammonium and nitrite oxidation were influenced by different

environmental conditions and maybe not be always coupled.
4.4.1 Model of descriptors of trophic crises

A model was proposed (Figure 28) to summarize the descriptors in water
column associated to trophic crises in AL. First, a spatial compartmentation was
suggested for the lagoon, based on the salinity gradients and maximum depths (see
Appendix B for bathymetry). The three sectors were named: i) marine sector (32—
35) comprised stations 1 to 3; ii) central sector (50-70) included stations 4 to 8; and
iii) interior sector (35-50) comprised stations 9 to 11. Shallower areas were found in
the interior and marine sectors, while the depths at the central sector were greater.

Among all the parameters analyzed, few elements were identified as relevant
for the shifts in water column. The indirect descriptors were temperature, salinity,
and turbidity, while direct indicators were Secchi’s disk, phosphate, ammonium, Nox
and N:P ratios. Non—turbid water occurred at higher temperatures and smaller
turbidity, while salinity decreased from C1 to C9 and may have favored species
more adapted to those changes. Ammonium and phosphate concentrations were

smaller in turbid waters, while Nox was smaller in non—turbid conditions.
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Figure 28 — Model of the descriptors of trophic crises

TURBID N,
interior central marine @ g
2-35) b
aline _®
g
| > TURBIDITY (1-100 NTU) | @, E 1
&8 w
| > TEMPERATURE (25-33 °C) I “8 3
- e ==
= < o
MAXIMUM SECCHI=1 m IR e
............ L T XL I
— 3
-2
o, \ gé
1.4-30 §E _J
(10.5) pmol L S5
a

anoxic

NON-TURBID

interior central marine

sectors

< TURBIDITY (0.3-60 NTU)

physical
parameters

< TEMPERATURE (21-28 °C)

l— TROPHIC CRISES —J

chemical
parameters

anoxic

b

. 2 . ‘ . F
ESOMEE SpaiSen advective s #cell density 4, sewage
ESEAX yen) turbulence -

Source: Elaborated by the author, 2023.

LEGEND: Physical and chemical descriptors of trophic crises — a) turbid water; b) non—turbid water.
Bolded boxes indicate higher concentrations between the two conditions. The main indicators were
temperature, turbidity, salinity, NHa*, Nox, PO43*, and N:P ratios. Despite the greater spatial-temporal
variability of parameters, there was a pattern in turbid and non-turbid conditions. Higher turbidity,
temperature, salinity, Nox, and phosphate, and smaller ammonium and N:P ratios marked turbid
water in relation to non—turbid conditions. The variation of phytoplankton (cellular density)
corroborated the results. The advective turbulence mixes the water column and promotes the
uniform distribution of physical-chemical parameters.
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As described in the earlier sections, two water conditions were identified in
Araruama Lagoon and presented the behavior: the alternance between turbid and
non-turbid condition. Few descriptors of such trophic crises were associated to
them, in opposition to a first inference that many factors would lead to changes in
water transparency.

Temperature, turbidity, and salinity were indirect descriptors for trophic
crises, while ammonium, Nox, phosphate, and N:P were direct markers. Higher
turbidity, temperature, salinity, Nox, and N:P ratios and smaller ammonium and
phosphate determined turbid water, whereas non-turbid waters presented the
opposite behavior. The variation of phytoplankton (cellular density) corroborated the
results. There was a variation between N and P limitation in the lagoon, but it was
not related with trophic crises. In the case of phosphate, even small variation in its
concentration can favor algal production.

In this study, there was a lack of correlation among SEC, TSS and/or CHLa,
possibly related to the reduction of light action. This could be a potential topic to
study the role of primary producers’ strategies to live in more turbid water. Other
suggestion is the investigation of the nutritional needs of heterotrophic organisms to

increase data about the interactions at the trophic chain.
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5 DIFFUSIVE FLUXES OF NUTRIENTS AND THE TROPHIC CRISES

Coastal lagoons are among the most productive areas in the world
(Rodrigues—Filho et al., 2023), usually presenting small depths, and predominance of
benthic over planktonic production (Kennish; de Jonge, 2011). However anthropic
pressures due to agriculture/aquaculture, wastewater/untreated sewage (Lund, 1967,
Malone; Newton, 2020; Valenzuela—Siu et al., 2007) result in eutrophication — the
nutrient enrichment in aquatic systems (Nixon, 1995). Shallow coastal areas,
especially those with small tides, long residence time, and near to densely populated
regions present elevated concentrations of nutrients. As previously considered,
geochemical conditions of sediment influence nutrient fluxes (Bonometto et al., 2019)
affecting the biotic communities (Gallagher et al., 2012; Nielsen et al., 2003), nutrient
cycling (Valenzuela—Siu et al., 2007) and aquatic ecological status (Barbanti et al.,
1995; Cornwell; Glibert; Owens, 2014).

Zooming at the sediments, two key processes control nutrient fluxes at
sediment—water interface (SWI): sedimentation of solid particles and entrapment of
water in sediment pores. In this zone, chemical species with different concentrations
moves between both media by diffusive fluxes according to Fick’s Law (Poirier;
Geiger, 2016). In this process, the exchanges between pore water to water
(Hakanson, 2012) are affected by salinity, pH, water oxygenation, temperature and
grain size (Schulz, 2006). All these interferences caused by nutrients increase
biologic productivity and subsequently lead to trophic crises (Carlson, 1991). As
defined by Lenzi and Cianchi (2022), dystrophy results in dissipation of accumulated
organic matter and the starting of a new growth cycle.

Granulometry is an important factor for diffusive fluxes (Chapman; Wang,
2001). Coarse grains are more susceptible to suboxic chemical diagenesis, and the
solute fluxes from sediment to water column are greater than from fine—grained
sediments (Wolanski; Mclusky, 2011). Valiela (1984) described reversible episodes
of dystrophy in aquatic environments related to diffusion of sulfides from sediments in
anoxic conditions, and this could impact N and P fluxes in AL.

Looking at hypersaline environments, despite their importance, studies of
nutrient fluxes are still scarce and the conditions of recent dystrophic episodes in
Araruama Lagoon are unclear. Fluxes of nutrients can boost the concentration of

nutrients in water column and favor the primary production. The objective of this
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chapter is to quantify nutrient fluxes and determine if they are connected to trophic

crises.
5.1 Study area

Araruama Lagoon (AL, Figure 3) is highly productive and provides many
ecosystem services (Esteves et al., 2008), however is under pressure of anthropic
activities (Amaral et al., 2018; Lloret; Marin; Marin—Guirao, 2008). This hypersaline
environment experienced reduction of the water quality and modifications in trophic
state due to changes in the land use, such as salt extraction and irregular
urbanization (Costa; Seabra, 2021; Bertucci et al., 2016; Carmouze; Barroso, 1989;
Carvalho; Costa; Rosa, 2014; Costa et al., 2022). Water is well mixed by winds
(Trevisan et al.,, 2022) and the hydric deficit increases salinity inside the lagoon
(Kjerfve; Oliveira, 2004). However decreasing in salinity impacted the ecological
equilibrium of AL (Amaral et al., 2018; Moreira—Turcq, 2000).

Shallow coastal lagoons often present benthic primary production over
phytoplanktonic, however eutrophication influences biogeochemical processes at
bottom sediments and overlying water altering this plant structure to phytoplanktonic
(Kennish; de Jonge, 2011). Knoppers and Kjerfve (1999) determined a unimodal
pattern of biologic production in the AL, measured as chlorophyll a content, with
maximum concentrations in late summer and early fall fed by the autotrophic
production. When primary producers were microphytobenthic mats, sustained by
ammonia and orthophosphate from the sediment, the lagoon water column presented
an oligotrophic state.

Regarding the increase of pollution in AL, studies identified changes through
the years. Souza et al. (2003), in a study from 1991-1992, reported the variation of
trophic status from oligotrophic to mesotrophic in the lagoon, and large amounts of
nutrients in sediments. The occurrence of some species of benthic diatoms were
observed between 1997-1998, and indicated polluted water at the northern and
western portions of the lagoon (Sylvestre et al., 2001). Mello (2007) confirmed a shift
from phytobenthic to phytoplanktonic communities in AL during 2005-2006. This
change occurred because of water quality deterioration due to the enhancement of
nutrient cycling in sediments and hypertrophic conditions.

Trevisan et al. (2022) confirmed the good oxygenation of the lagoon and the

homogeneity of water column due to the intense winds. Authors also identified a
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decreasing water quality gradient westwards, where higher POC and POP were
quantified. Laut et al. (2020) characterized distinct trophic conditions at eastern part
of AL which were related to high hydrodynamic (good conditions at Itajuru canal),
hypersalinity (moderate conditions, associated with the station 4 here), salt extraction
(poor conditions between stations 2 and 3 of this thesis) and anthropic origin of
organic matter (very poor conditions at the middle point of Itajuru canal).

Silva, Guimarées, and Wasserman (2019) quantified high concentrations of
total nitrogen and total phosphorus in sediments that were associated with sewage
loads. In vitro studies of nutrient fluxes determine a release of nitrogen and
phosphorus from low—carbonate sediments in AL that could enhance primary
production (Guimaraes et al., 2021). Vicente et al. (2021), using data from 2010 and
2011, verified that the water quality of AL was highly impacted by an unusual
summer precipitation. In the study, authors observed that western portion of the
lagoon were more affected than other sections, probably because the low
hydrodynamic conditions. Lower salinity was cited as an important parameter for the
release of nutrients to the water column in the lagoon (Guimaraes et al., 2021; Silva,
2019). Kjerfve et al. (1996), Due to the low water exchange, the residence time is
high (about 85 days) which contributes to the increment of nutrient supplies
(Wassmann, 2005).

Despite of its primary production, AL is P limited (Lourenco et al., 2005; Mello,
2007; Moreira—Turcq, 2000; Souza, 1997; Souza et al., 2003, Wasserman; Silva—
Filho, 1995). However, Wasserman (2017) observed that N-limitation episodes are
mainly due to phosphorus availability probably released from the sediments. Other
conclusion was that ammonium reaches the lagoon mostly by wastewater loads due
to the high population surrounding the lagoon. Guimardes et al. (2021) in a
mesocosm experiment identified positive fluxes of nutrients when salinity decreases.
Such negative impacts affected the water quality in the lagoon were observed by
Moreira—Turcq (2000).



78

5.2 Materials and methods

Due to the purposes of this chapter and the concepts involved in it, the water
collected at bottom depth is referred as “overlaying water”. However, the graphics will

present a “B” to identify the depth of the sample.
e Determination of nutrient fluxes

Results of dissolved species (ammonium, nitrite, nitrate and phosphate) from
overlaying and pore waters were used to calculate nutrient fluxes according to Fick’s
law (Equation 1, Schulz, 2006). However, the particular condition of diffusion in
sediment is lower than in a free solution environment due to sediment porosity. Thus,
additional equations included: i) sediment diffusion in function of porosity depending
on grain properties (Equation 2); ii) tortuosity expressing the path deviation to
calculate the diffusion coefficient in sediments (Equation 3); iii) porosity calculated in
function of pore water content (Equation 4); and iv) water content related to the

difference between dry and wet weights (Equation 5).
Jsed = — ¢.Dsed% (Equation 1)
Where:

Jsed= molar diffusion flux of dissolved compound (mol m=2 d-2)

¢= sediment porosity

Dseq= diffusion coefficient, or diffusivity, of a specific ion in porewater (m=2 s;
temperature and porosity dependent)

C= molar concentration of a dissolved species (umol L)

x= depth of the extracted sediment (cm)

The negative sign denotes a diffusive flux in opposition to the gradient’s

direction, i.e., from high to low concentration.

Dsed= Dei;v (Equation 2)

Where:

Dsed= diffusion coefficient, or diffusivity, of a specific ion in porewater (m=2 s;
temperature and porosity dependent)

Dsw= diffusion coefficient of a specific ion in free solution of seawater (m=2 s2)

0= tortuosity

The diffusion coefficient for free solution of seawater was calculated based on
temperature variation and the dissolved chemical species (Appendix C, Table C3.1)

gives the temperature variation and the values of Dsw for the studied compounds.
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02=1-/(¢? (Equation 3) (BOUDREAU, 1997)

Where:
8= tortuosity
¢= porosity
¢= fw+(1-fw)pw/ps (Equation 4)
Where:
¢ = porosity

fw= water weight percentage
pw= density of sediment particles
ps= density of pore water

fw= 1 — XY (Equation 5)

wet wt

Where:

fw= water weight percentage
dry wt= sample dry weight
wet wt= sample wet weight

Each cell was delimited, and its area calculated using Google Earth®, Figure
29 and Table 9. To calculate the total flux in the lagoon, each punctual flux was

multiplied by its respective area.
e Statistical analyses

After calculation of fluxes, nonparametric correlation coefficients (Spearman,

p<0.01) were applied to identify patterns in nutrient fluxes among C5, C6, C7 and C9.
5.3 Results

Section 5.3.1 brings the results of dissolved nutrients from C5, C6, C7 and C9,
while section 5.3.2 exhibits the related fluxes. C8 was not included in this discussion
because there was no data of granulometry. Data of bottom water were used, and in
this chapter, they were named “overlaying water” due to the connection with
sediment-water interface. Also, because of the number of data, the figures and the

tables cited but not displayed in this section are plotted in Appendix B.



Figure 29 — Boundaries of each cell for flux calculations

Source: Elaborated by the author, 2023.

Table 9 — Area of each cell

Source: Elaborated by the author, 2023.
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5.3.1 Overlaying and pore waters

Concentration of nutrients in water column at bottom depth (BW) is referred
here as overlaying water due to the context of sediment—water interface. Data used
in this calculation are listed in Appendix A (Tables Al.1 to Al1.4) and Appendix C
(Table C3.2). Concentration and distribution of nutrients (Figures 30 to 32) exhibited
high variability, and pore water presented concentration many times higher than in
overlaying water.

Phosphate in overlaying water (Figure 30) was below of detection limit (0.08
umol L) in most of the stations in C5 and C6. However, the highest value was 1.3
umol L=t in C9 (station 2). Concentration in pore water varied from 0.7 umol L™ (C5,
station 2) up to 88 pmol L™ in non-turbid water (C6, station 8). The variation of

phosphate between pore and overlaying water reached up to 450 times higher in
turbid water (C5, station 9).

Figure 30 — Concentration of PO43- in pore and overlaying waters
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Source: Elaborated by the author, 2023.
LEGEND: BW= overlaying water; PW= pore water. Values bellow of detection limit of phosphate
(0.08 umol L) in overlaying water prevailed in most of stations in C5 and C6 and increased in C7
and C9. Pore water (about 1 to 100 umol L) there was a prevalence of higher concentrations in
central sector of the lagoon.
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Ammonium concentration (Figure 31) in both overlaying and pore water
presented a high spatial and temporal variability in the lagoon. The overlaying water
varied from below of detection limit (0.17 pmol L) to circa 65 pmol L™ in non-
turbid water (C9, station 5). Concentration of pore water varied from 2.8 pmol L™ in
C9 (station 3) to 663.35 umol L™ in turbid water (C5, station 10). Ammonium was
the nitrogen—form that presented the highest values in sediment, possibly due to the
association with nitrogen loads and reducing conditions in lagoon. Despite
variations, phosphate tended to increase from east to west.

Nox (Figure 32) plresented high variation but with a tendence of higher
values in central sector of AL during turbid conditions. The smallest value for Nox in
overlaying water was 1.84 pumol L™ in non—turbid water (C6, station 11) and the
highest was 25.85 pumol L=tin turbid water (C5, station 6). Pore water presented the
smallest value in non-turbid water 0.2 pumol L= (C7, station6) and highest in 199. 4
umol L™t (C5, station 4).

Figure 31 — Variation of NH4* in pore and overlaying waters
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Source: Elaborated by the author, 2023.

LEGEND: BW= overlaying water; PW= pore water. Ammonium presented high spatial-temporal
variation and pore water is almost 4 orders greater than overlaying water.
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Figure 32 — Variation of Nox (NO2"+NOz3") in pore and overlaying waters
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Source: Elaborated by the author, 2023.
LEGEND: BW= overlaying water; PW= pore water. Nox varied from C5 to C7 and was almost
constant in C9. Pore water was almost 3 orders greater than overlaying water.

5.3.2 Nutrient fluxes

Sediments (Figure 33 and Appendix C — Table C3.3, Figure C3.4) were
classified as sand > slightly gravelly sand > gravelly sand based on Wentworth
scale (Wentworth, 1922). Carbonate content was higher than 30%, (Figure 34,
Appendix C and Table C3.2), which characterized them as carbonate sediments
and the carbonate shelves presented great variability in size (up to 10 mm-radius).
Moreover, the granulometry and size of shelves were distributed in AL following the
suggested compartmentation (Chapter 4). Except for carbonates in C5 (turbid), C6
and C7 (non-turbid) were slightly similar but in C9 (non-turbid) values were relatively
higher. Also, Figure 34 also shows the variation of OM which were higher in C5
(turbid condition), while C6, C7 and C9 presented lower concentrations. Stations 4
(C5), 7 (C7) and 8 (C8) recorded the highest values of OM. The distribution of
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carbonates seems to fit the three suggested sectors of the lagoon. Due to the lack

of data, this behavior was not well observed in OM, and only C5 barely followed it.

Figure 33 — Distribution of granulometry in Araruama Lagoon
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Figure 34 — Carbonate and organic matter in sediments
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LEGEND: Carbonate content (left side) and organic matter (right side) varied spatially and temporally
in all campaigns, but C5 (turbid condition) was higher for both parameters.
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Important to note that advective fluxes were not considered in this work, and

Fick’s law did not consider bioturbation, so this estimative comprised the minimum
fluxes quantified in AL. Also, the massive presence of shelves could affect the

fluxes in AL, depending on their distribution in sediments.
5.4 Discussion

Diffusive fluxes of nutrients varied spatially and temporally in AL (Figure 35
and Appendix B - Table B3.5) and turbid water presented higher fluxes than non—
turbid. Phosphate fluxes tended to increase from east to west despite the variability
among campaigns. It reduced the water quality and implied in worst sediment
quality which led to higher fluxes of nutrients. Positive phosphate fluxes
corroborated the results found in mesocosms experiments for AL from Guimaraes
et al. (2021). DIP coupled with carbonate dissolution/precipitation and carbonate
sands were relevant for benthic DIP fluxes (Delgado—Gonzélez et al., 2021; Ning et
al., 2020). Like Silva (2019), the present investigation corroborated the link between
phosphate in pore water to granulometry and carbonate.

The importance of anaerobic conditions over concentration gradients for P
fluxes was identified by Moore, Reddy and Fisher (1998) in which anaerobic
conditions favor P fluxes. In AL, the importance of sediment—water interface for P
release was observed in anaerobic conditions and results agreed with Kraal et al.
(2013). The cited authors observed positive phosphate fluxes even in oxidizing
conditions due to high local eutrophication level. This means that, in eutrophic
zones, the capacity of sediment supplies P surpasses the capacity of water
oxygenation to retain P in sediments.

Phosphate can be rapidly mobilized in pore waters due to sulfate reduction in
saline environments under anoxic conditions. This reduction would promote
precipitation of Fe—sulfides and P-releasing to bottom waters (Williams; Lauer;
Hackney, 2014). Phosphorus fractionation in sediments from AL did not identified
high P—Fe fractions (Silva, 2019) possibly explained by the small availability of Fe in
the local sediments. Studies from De Montigny and Prairie, (1993) reported an
independent pattern for P and Fe in which most of dissolved iron would be

combined with humic acids not phosphorus.
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Low DIP concentrations in bottom waters were measured in all campaigns of
this study and were also observed by Guimardes et al. (2021) and in Coorong
Lagoon by Huang et al. (2023). Silva (2019) observed that labile—P (authigenic and
organic) were associated with a higher concentrations of DIP, possibly related to OM
decomposition. AL presented a small content for phosphorus in water column,
however the sediments contained substantial amounts of phosphate. The correlation
between phosphate and OM is possible to occur due to the fast kinetics of phosphate
on tropical Ca—carbonate sediments (about 30 min). This reactions could favor the
continuous P efflux (Millero et al., 2001). In Chesapeake Bay, like in AL, ammonium
and phosphate fluxes were higher in the warm seasons. But NOX was predominantly
negative in Chesapeake Bay while in AL values were positive (Boyton; Kemp;
Osborne, 1980).

Reactions such as adsorption of phosphate to carbonates is reduced by the
formation of (Mg, Ca) sulfates or sulfate coating on carbonate particles (Millero et al.,
2001). Moreover, Van Cappellen and Berner (1988) identified fine—grained
carbonates responsible for nucleation of P—apatite and the P liberation could occur
up to 1 hour, depending on oxireduction conditions. These two conditions may be
happening in AL and affecting the phosphorus fluxes, due to the high concentration
of carbonates. However, there was no studies about this kinetics in the lagoon.

N—processes, can be controlled by grain size because coarse grains present a
tendency to higher potential for nitrification while fine sediments for denitrification (Li
et al., 2020). Ammonium fluxes presented a reduction between C5 and C6, turbid to
non—-turbid condition, respectively. Nox fluxes were similar to the ammonium but
presented higher values and a sharp reduction between turbid to non—turbid water.
This pattern was described in Salt Creek and Swan Island and Coorong Lagoon
indicating a preferable ammonium concentration in anoxic conditions and higher
fluxes to water column (Huang et al., 2023). Those authors also correlated the anoxic
sediments with a nitrification control and inhibition of nitrate production due to the
sulfidic conditions in sediments. Other possibility was denitrification associated with
the amount of nitrate (Nielsen et al., 2003), i.e., in reducing sediment zones, nitrite—
to—ammonium conversion would enhance ammonium fluxes to water column.

Disparities among nitrogen behavior could be due to its chemical forms
present in the sediment (exchangeable, residual, or hydrolysable). Despite the great

difference between AL and the Tibetan plateau, results from Wang (2018) described



88

these three N—forms in sediments and the effects over N—fluxes. Such processes
could occur in AL, but it would be necessary further studies to confirm such
hypothesis. Anoxic conditions in sediments from AL and the constant positive DIN
efflux could reflect the nitrifying and denitrifying organisms acting in sediment—water
interface to maintain this condition (Li et al., 2020). In AL, Nox was higher than
ammonium, possibly by the good oxygenation of the lagoon, but the spatial and
temporal behavior was similar to both.

Ammonium and nitrite fluxes were sensitive to temperature, and it was
coincident with the study conducted by Velinsky et al. (2017). The authors associated
such higher fluxes with the higher presence of denitrifying bacteria. Koomklang et al.
(2018) also verified higher positive fluxes in summer and results did not show relation
with organic matter in sediments. Higher positive fluxes of ammonium in Chesapeake
Bay were observed in the spring/summer, while NOX was predominantly negative
(Boyton; Kemp; Osborne, 1980). The present research and both cited studies related
denitrification processes with temperature. Results of DIN agreed with Camacho—
Ibar, Carriquiry and Smith (2003) that identified association among DIN fluxes and
salinity gradients and an upwelling in San Quentin Lagoon. N fluxes were higher in
the central sector of the AL where the salinity was higher In San Quentin Lagoon
there is a biweekly upwelling cycle which supplies N and promotes high primary
production.

The quantification of the diffusive fluxes in AL, in different seasons and
covering all ellipsoids, identified positive fluxes of phosphorus and nitrogen and it
could be attributed to: i) a massive retention of nutrients in sediments, indicated by
the very high concentrations in pore water; ii) part of these nutrients may be used by
benthic organisms, especially those related to N transformations; and iii) positive
phosphate fluxes in oxidizing bottom conditions highlights the impact of

eutrophication in benthic phosphorus fluxes.
5.4.1 Coupling nutrient fluxes to trophic crises

The focus on coupling diffusive fluxes to trophic crises was to determine the
role of nutrient diffusion on trophic crises events, which resulted in turbid/non—turbid
water. Adding the results of this chapter to those from Chapter 4, it was possible to
identify close relations between both topics. The suggested model (Figure 36) shows

the descriptors of trophic crises and diffusive fluxes in each water condition.
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Figure 36 — Coupled model of descriptors and nutrient fluxes in trophic crises
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LEGEND: Diffusive fluxes in trophic crises — a) turbid water; b) non—turbid water. Nutrient fluxes were
included to the previously descriptors for trophic crises (see Chapter 4, Figure 28), and it is possible to
note the link between trophic crises and diffusive fluxes of nutrients. The shifts in water conditions
were driven by nutrient fluxes, particularly by nitrogen. In turbid conditions, fluxes of Nox and
ammonium were higher than in non—turbid waters. Phosphate was slightly higher in turbid conditions,
corroborating the role of P in the primary production in the lagoon. The variation in granulometry and
shelf content could potentially affect the fluxes in the different sectors of the lagoon.
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Results revealed interesting points: i) nitrogen and phosphorus, instead of only
phosphorus, were responsible for the trophic crises; ii) phosphate presented lower
fluxes if compared to N—forms; iii) N:P ratios, despite the great variations were higher
in turbid conditions.

In Burano lagoon (Italy), there was a shift in water column conditions for 6
months, and a sequence of blooms of distinct species occurred. Phosphate ranged
from 0.43 to 1.9 puM, ammonium from 0.07 to 143 yM, nitrite from 0.1 to 2 pM and
nitrate from 30 to 557 pM. Both nitrogen and phosphorus were abundant, despite
there was an imbalance favoring nitrogen, as it was also verified in AL. Fernandez—
Alias et al. (2022) described trophic crises in a Mediterranean coastal lagoon and
identified a top—down to bottom—up control and it was the triggering dystrophic
processes. In the study, authors found N:P ratios circa 5 in “break” conditions, and
nitrate was responsible for the crisis. Basset et al. (2013) quantified TN for Lesina
lagoon (Italy) and values varied from 0.73 to 21.98 ug L~ for TP and 3.05 to 9.66 for
TN which were higher than those found in AL.

Silva (2019) determined P—fractions in AL and the major presence was
authigenic apatite and loosely—sorbed P which could favor the releasing of
phosphorus. Moreover, faster decomposition of phosphorus than nitrogen (Redfield,
1958) associated with the long residence time and mixing in AL could favor P
recycling over N. The low pelagic P and high benthic N content explain the low P and
high N fluxes, causing imbalances in nutrient cycling. The results found in this work
were similar to those from Knoppers et al. (1996) that measured benthic fluxes of
phosphate in Araruama Lagoon. For the authors, sediment—water interface was the
main source of ammonium to the water column. Whereas fluxes of phosphate were
irrelevant, indicating a primary production limited by phosphorus. Moreover,
processes such as authigenic apatite, inclusion on organic coats of carbonates and
direct precipitation of amorphous calcium phosphate would be responsible for P—
retention.

N-fluxes might be related with primary production seasonality, because from
C5 to C6 (summer to fall) there was a very strong reduction in ammonium fluxes to
water column. The cause of this shift in nitrogen fluxes could be due to the efflux of
ammonium rapidly converted in nitrate in water column. In anoxic sediments,
diffusion of sulfides could control NH4* diffusion, due to the high contents of sulfides
Compete With Nhs* For O2 Which Reduces Nitrification (Blackburn; Blackburn,
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1993). Since sediments in AL present very reducing conditions, it could probably
happen because it was measured ammonium flux higher than nitrate.

Advances in molecular stoichiometry shows an interplay between N and P
starvation and uptake, each one regulating the other (Helliwell, 2023). The author
identified strategies that could be used in P limiting conditions and enhance nitrogen
uptake. Bourceau et al. (2023) identified sulfate reducing organisms that change their
typical respiratory arrangements and use dissimilatory nitrate reduction to ammonium
(DNRA). This shift occurs in alternate redox conditions and leads to reduction in
denitrification rates and increase ammonium content, however in AL there is no study
about the topic.

In this chapter, diffusive fluxes of nutrients were introduced to explain the
variations in water column turbidity. The results identified the importance of sediment
in nutrient fluxes and so to water column quality especially in central sector of AL.

Nutrient diffusive fluxes in AL presented high variation among seasons and
stations. The predominant nutrient flux was nitrogen (as both ammonium and Nox),
and nitrogen also presented the highest concentrations in water column and
sediments. Higher fluxes of N-forms were determined in turbid conditions, while in
non-turbid waters there was a great reduction in such fluxes, but in both situations,
Nox fluxes were higher than ammonium. Phosphate did not present significant
diffusive fluxes despite the concentration in pore water was higher than in overlaying
water. However, these fluxes contributed to maintain primary production in AL.
Phosphate fluxes exhibited a slightly tendency to increase values to west, which was
possibly related to restrict hydrodynamic conditions.

This study corroborated the previous works about the association between low
water quality and nutrient loads in AL. The western cells present smaller size and
depths and are under lower wind stress, if compared to other cells. Despite the
relevance of fluxes on water conditions, some points about the drivers of diffusive
fluxes need to be done. Previous studies have demonstrated the importance of upper
layers (up to 3 cm) for nutrient reactions in sediments, so more detailed sediment
samplings would need to be analyzed.

Studies with isotopes that include autotrophic and heterotrophic production in
both water column and sediment should be developed to have a complete view of
nutrient cycling. Due to the variation of ORP at the sediment-water interface, nitrite
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may be considered a key factor in nitrogen fluxes and conversion between nitrite to

ammonium or nitrate could be decisive to promote higher phytoplankton production.
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6 MASS BALANCE OF NUTRIENTS FOR PRIMARY PRODUCTION

Phytoplankton is the base of the aquatic trophic chain, and is widespread in
ocean, lakes, and rivers. Variation among the physical-chemical parameters,
including nutrients in water drives the maintenance and abundance of different
species at spatial and temporal scales (Harris, 1986). In confined coastal waters,
large waste discharges may cause eutrophication problems if a critical capacity is
and water renewal is not favorable (Economopoulos, 1993). Different autotrophic
populations in aquatic systems can be classified as phytoplankton based, benthic
microalgal and macrophyte systems, and algal mats. These primary populations will
succeed in response of geomorphological features, sea water connection, flushing
rates, nutrient limitation and salinity (Knoppers, 1994).

Availability (number) of elements — species, habitats, etc. — in an ecosystem is
also linked to geological and pedological characteristics determining productivity of
phytoplankton (Rizhinashvili, 2022). High primary production is caused or intensified
by eutrophication resulting in environmental problems such as turbidity, bad smell,
and harmful algal blooms (Anderson, 2009; Gowen et al., 2012; Webster; Harris,
2004; WHO, 2021). However, species necessities vary depending on certain
characteristics. The selective absorption describes a sense of “choice” by the
phytoplankton: if two nutrients are present in a system, one in excess while other is
limiting, species assimilate high proportion of the limiting nutrient, but would not
absorb the one in excess if it was not necessary (Ketchum, 1954).

The most common factors which lead to the increasing of phytoplankton are
light incidence and nutrient loading (Gowen et al., 2012), and temperature (Bestion et
al., 2020). Primary production is also affected by dissolved oxygen, depth, water
transparency, wind, rainfall, EI Nifio/La Nifa, residence time of water (Barrera—Alba;
Abreu; Tenenbaum, 2019; Kubryakov; Zatsepin; Stanichny, 2019; Winder; Cloern,
2010) and heavy metals (Cordero et al., 2005; Okamura; Aoyama, 1994; Shahi et al.,
2015). Whereas turbulence in water column enhances nutrient vertical distribution
and controls phytoplankton assemblages (Dell’Aquila et al., 2017; Durham et al.,
2013; Macintyre, 1998).

The current understanding is that nutrient requirements for living species in an
ecosystem affect both growth potential and food web behavior (Glibert, 2017).

Phosphorus and nitrogen are currently the limiting nutrients in water bodies and their
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variation plays an important role for phytoplankton growth (Davidson et al., 2014;
Gowen et al., 2012). Elser et al. (2007) concluded that N and P limitation depends on
the species but also the local ecological factors such as habitat, size of organisms,
and species association. Also, the alteration of a specific nutrient could lead to
guantitative changes in ecosystem production and qualitative shifts in nature of
nutrient limitation (grazing or stoichiometry). And eutrophication in coastal zones
poses concern about environmental quality.

Factors that influence P requirements are life stage and P—species present in
water. Life stage was also relevant for P content in cells, being the older cells
carrying more content of P than the younger. The form of phosphate also interferes
on organism uptake, i.e., pyro—phosphate is used less effectively than ortho—
phosphate for some organisms, while others can use alternative P—forms to grow
(Ketchum, 1954).

According to Ketchum (1954), four concepts are necessary to understand the
different approaches of nutritional requirements: i) the absolute requirement — algal
growing, reproduction and photosynthesis cannot occur if the nutrient is lacking in
environment and no other can replace it; ii) normal requirement — based on the
statement of an ideal or normal cell composition, i.e., the quantity of a nutrient
contained in each cell during growth if there is no nutrient limitation; iii) minimum
requirement — it is the quantity of nutrient limiting the growth of a population, even if
other nutrients are present in excess; such deficient cells would contain greater
amount if it was available; iv) optimum concentration — is the range of concentration
that allow the maximum growth rate, reproduction and photosynthesis of an algal
population; it varies from the minimum required but not as high to be toxic.

At this point, it is necessary to introduce the size classification of
phytoplankton, because they present high variation depending on the species.
Despite many classifications of phytoplankton, this thesis is based on Dussart (1965),
who considers: i) macrophytoplankton (>2000 um); ii) mesophytoplankton (200—
2,000 pm); iii) microphytoplankton (20—200 pm); iv) nanophytoplankton (2—20 pm); v)
ultraphytoplankton (<2 um; also called picophytoplankton). As pointed by Marafion
(2015) both cell size and temperature control metabolic rates, as follows: the higher
the cell size, which is smaller the metabolic rate. The light absorption by chlorophyll a
is also a matter of size and it is lower in larger cells due to the self-shading effect.
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Regarding nutrient requirements, small species have advantage in nutrient—
deficient conditions due to high surface—to—volume ratio (known as specific surface).
The large cells need higher concentrations, due to a deficient capacity to remove
nutrients from the water column (Chisholm, 1992; Erdogan et al., 2021). According to
Marcarelli; Fulweiler and Scott (2022), environmental stoichiometry is a link between
organism and nutrition requirements and a way to understand the spatial-temporal
dynamic of communities. Cell size and environmental stoichiometry are indicators for
environmental alterations caused by climate changes, while climate changes lead to
modification in phytoplankton community structure (Finkel et al., 2009; Litchman;
Klausmeier; Yoshiyama, 2009). Nutrient rich or in environments that present large
pulses favor uptakes by larger cells, while small cell prefer environments with no
disturbance or lower pulses (Harris, 1986).

The amount of nutrients required for cells is small for larger cells, which means
that the higher the cell the lower nutrient concentration per unit of cell volume. Small
cells are considered as having a lower uptake ability because the internal space
available for biochemical reactions is reduced (Marafion, 2019). Different cell sizes
also can contain different number of chloroplasts (Hasle, 1997), which influences on
OM production. In AL, the sinking rates are low, due to the predominance of small
phytoplankton over larger (Neves, monitoring reports, 2019—-20). However larger cells
present higher sinking rates, because they are heavier, and more advection is
necessary to maintain these cells floating. Besides, nutrient can be chemically
retained in sediments taking years to be released after their depletion (Coelho et al.,
2004). High ammonium concentrations are favorable for cyanobacteria; chlorophytes
and dinoflagellate Burkholder (2003), while increase in nitrate benefits diatoms
(Glibert, 2017).

In an attempt to identify environmental behaviors, a variety of models permit
guantify compartments and evaluate changes, responses and stocks of nutrients and
pollutants (Béthoux et al., 1998; Kjerfve et al., 1996; Lobo et al., 2023; Tasnim et al.,
2021; Trevisan et al., 2020; Vicente et al., 2022). Nutrient modeling uses data from
different compartments and are able to identify seasonality or influences of specific
parameters on nutrient cycling (Biswas et al., 2017; Cunha; Wasserman, 2003) as
well as trophic chains demands (Almeida—Silva et al., 2015; Cruz; Santos; Santos,
2018; da Silva et al., 2005). In AL, it remains unclear if whether accumulation and
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remineralization in sediments are more important as source of nutrients than direct
sewage discharges.

This chapter evaluated the capacity of sediment and sewage to support the
phytoplankton production in AL. The objective was to quantify the nutrient
requirements of local phytoplankton and identify the main sources capable to nourish
the primary production in the lagoon. Local phytoplanktonic assemblages include
diatoms species wide distributed in the lagoon and indicate anthropic impacts by
freshwater and organic sewages discharges (Sylvestre et al., 2001).

6.1 Study area

Araruama Lagoon (Figure 3), like other hypersaline environments, presents
specific characteristics regarding the biotic community and a complex food web
(Almeida—Silva et al., 2015; Leao et al., 2018; Ramos et al., 2017). It is essentially a
touristic region, with a restricted drainage basin, where agricultural, livestock, and
industrial activities are insignificant (Barroso; Bernardes, 1995). The main source of
contamination in water is domestic sewage because local geology does not present
any relevant anomaly of nutrients in soils and rocks (Penha, 1999). Seasonal shifts
from autotrophs to heterotrophs assemblages is an important control in chocked
tropical and sub-tropical lagoons. They usually present unimodal or bimodal pattern
of primary production with highest rates in late summer (Knoppers, 1994). Monitoring
reports (Neves, 2019-2020) indicated the presence of three main groups of
phytoplankton by number of cells: cyanobacteria > dinoflagellates > diatoms. The
main species presented sizes varying from 2 to 20 um (nanophytoplankton).

However, it remains unclear if accumulation and remineralization in sediments
are more important as source of nutrients than direct sewage discharges. To answer
this question, a balance of primary production was developed, after the concept
shown in Cunha and Wasserman (2003). The model allowed to identify if the nutrient
supply from sewage is sufficient to support phytoplanktonic production in lagoon.
This was a first study to quantify nitrogen and phosphorus requirements for different
sizes of phytoplankton and is important for environmental management of coastal

lagoons.
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6.2 Materials and methods
e Phytoplankton collection and analyses

Water surface samples were collected in Sep 17, 18 and 19, 2022, using a
van Dorn bottle and filtration was made in situ with a multifiltration system specially
designed for this work (Figure 37). The equipment allowed to get simultaneously
different phytoplankton sizes using membranes with varied apertures (Sp): i) Sp<25
pm; i) 25 pm<Sp<100 pm; iii) 100 um=<Sp<150 pm; iv) 150 ym <Sp<200 um; v) Sp=
200 um. Membranes were kept in coolers and then analyzed in laboratory. The water
sample that passed through the smaller membrane (25 pm) was filtered in the

laboratory with a Manifold kit with glass fiber filters of circa 0.70 um. After filtration,

the particulate fraction of each size was analyzed for PN and PP as described in
Section 3.2.

Figure 37 — Multifiltration system

Source: Elaborated by the author, 2023.

LEGEND: This system was used to sort the
phytoplankton by size and to determine their
nutritional requirements in AL. The equipment
is composed by four sections, each one for a
different aperture size of a membrane (from
25 to 200 um). They are connected in a single
multifiltration system, which the topside is the
compartment from where water passes
through to the below level. The white box
indicates the smallest aperture (0.7 um), and it
is not part of the equipment. It corresponds to
the fraction of the remaining water which will
pass through a fiber-glass filter. Due to the
species presented in AL, the fraction used to
quantify N and P was that of the fiber glass
filters (0.7 um). Important to note that the
system can be used at the field or in laboratory
and it is adjustable if necessary. The number
of compartments can vary, and the
membranes can be replaced by other sizes,
depending on the case to case.
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e Mass balance model

Nutrient mass balance model for phytoplankton is composed by 4 groups of
data according to a flux of information, Figure 37: i) data from sewage production,
related to demographic data and water production by water treatment plants (WTP);
i) data of sediment reservoir was accessed via nutrient fluxes from Chapter 4; iii)
water column reservoir; iv) phytoplankton requirements, data from different sizes
collected and analyzed for N and P. In each reservoir, the mean concentration of
nutrients and the stock during the residence time were calculated. Nitrogen and
phosphorus were calculated for four reservoirs (sewage, sediment, water and
phytoplankton) and compared to each other, allowing to evaluate the contribution of
each one to phytoplankton production.

Figure 38 — General overview of the nutrient paths for phytoplankton nutrition model

SEWAGE PRODUCTION (SP) WATER RESERVOIR (WR) | SEDIMENT RESERVOIR (SR) I
!
WATER
CONSUMPTION
‘ WATER STOCK SEDIMENT STOCK
SEWAGE
PRODUCTION
\
SEWAGE N, P CONTENT
STOCK J’
J, PC>3P, SR (insufficient)

N, P CONTENT | ——" Pc<SP, SR (sufficient) ’\4 N, P CONTENT

T

N, P CONTENT

PHYTOPLANKTON
REQUIREMENTS

PHYTOPLANKTON CONTENT (PC)
(Multifiltration system)

Source: Elaborated by the author, 2023.
LEGEND: Colored boxes indicate the nutrient reservoirs in AL and arrows indicate the pathways for
the phytoplankton nutrition.

The sequence for calculate the stocks is shown in Figures 38 to 41.
Depending on the compartment, a sequence of equations was developed. The water
compartment used data from water column (Chapter 4), nutrient fluxes (Chapter 5)

and phytoplankton requirements (next section).



Figure 39 — Sequence for calculation of N and P concentration in sewage

water sewage nutrient
STEP 1 consumption STEP 2 loading STEP 3 concentration STEP 4
pop (hab) WC = water consumption per capta [N]..., = N in sewage (mg L") V7! = volume in a residence time (m?)

(L day-' hab) [P] cors = P in sewage (mg L) V = volume of the waterbody (m?3)

Twc=total water consumption (m*day')  T_= residence time (day) V. '=V x 63%

Twc=pop x WC Myse, = mass of N due to WC TN..,= total N concentration in sewage
(kg day) (mg L)
Mp.e,, = mass of P due to WC TP...= total P concentration in sewage
(kg day') (mg L)
MNsew = [N] sew X TWC TN sew — Nse\l\r‘f VTB_II
MPsew = [P] sew X TWC P sew = Psew’ ‘)'Te-'1

N..,, = total N in sewage (kg)
P... = total P in sewage (kg)
Nsew = MNsew X Te_1
Psew= I‘l"'IIIPsev.rx Te_1

Source: Elaborated by the author, 2023.

LEGEND: the contribution of nutrients from water treatment plants (TNsew and TPsew) is based on demographic data, reducing 35% of the total, in average
for liquid wastes, due to efficiency of treatments (ECONOMOPOULOS, 1993).

Figure 40 — Sequence for calculation of N and P in water column

nutrients in
STEP 1 water column STEP 2
[N]wc (mol L' )=mean DIN concentration in water column V (L)=volume of the water body
[PN],,c (mol L' )=mean particulate N in water column V1.1 (m3)=volume in a residence time= V.63%
TN, (mol L1 )=N amount in water column=[N],,c.[PN].. N,.. (mol)=N in water column=[N],,c.V1.™
[P]wc (mol L1 )=mean DIP concentration in water column P..c (mol)=P in water column=[P],c.-V1™"

[PP],.. (mol L-' )=mean particulate P in water column
TP, (mol L' )=P amount in water column=[P],,c.[PPlwc

Source: Elaborated by the author, 2023.
LEGEND: Calculation of water column reservoir was based on data of the Chapter 4 of this thesis.
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Figure 41 — Sequence for calculation of N and P in sediment

STEP 1 nutrients in STEP 2

sediment

d (m)=depth of sediment

A (m?)=area of the water body

es (%)=pore water in sediment

Vw (L)=volume of pore water= d.A.es
Ngseq (Mol)=N in sediment=[N],,.Vpw
Pseq (Mol)=P in sediment=[P],,.Vp,w

[N],w (mol L-")=mean N concentration in pore water
[P],. (mol L-")=mean P concentration in pore water

Source: Elaborated by the author, 2023.
LEGEND: Calculation of water column reservoir was based on data of the Chapter 4 of this thesis.

Figure 42 — Sequence for calculation of N and P required for phytoplankton

nutrients in
STEP 1 phytoplankton STEP 2
A= ; - 1= volume in a residence time (m?3)
[PN],1vto (Mg g')=total N in each size Vi =vo ;
[PP];::IO (mg g-')=total P in each size [TN]phyto (Mol L-T)=total N in phytoplankton

[TPlphyto (Mol L-")=total P in phytoplankton

LEGEND: Source: Elaborated by the author, 2023.
Calculation of phytoplankton reservoir was based on material collected using the multifiltration system (this chapter, Figure 32).

00T
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6.3 Results
e Sewage discharges

Data from sewage production were obtained from water treatment plants,
and calculated based on regular inhabitants surrounding AL, not considering
floating population during holidays. Population includes municipalities of Araruama,
Cabo Frio, Iguaba Grande, Arraial do Cabo, and Sado Pedro da Aldeia. Despite
Saquarema belongs to the AL surroundings, it occupies a small portion of lagoon
and population is irrelevant. Population of Buzios and part of the Cabo Frio
(corresponding to Tamoios district) were not included because their sewage is not
discharged in the lagoon. Initially, the nitrogen and phosphorus loads released into
the AL via domestic sewage were calculated solely based on Figure 33 and the
regular population (not considering fluctuations due to seasonality).

According to Economopoulos (1993), community, social and personal
services produce atmosphere emissions, effluents and solid wastes as usual
pollutants. The typical properties of municipal wastes in Brazil present 47.8% of
putrescible components (comprise sludges from wastewater treatment plants
among others, which do not present high content of toxic substances). Tables 10 to

13 are the results of the sequence shown in Figure 39.

Table 10 — Population of AL vicinities
CITY | INSIDE THE WS \ INHABITANTS

Araruama 77,000 77,000
Cabo Frio 139,500 186,000
Iguaba Grande 23,000 23,000
Arraial do Cabo 29,000 29,000
Séao Pedro 100,000 100,000
Saquarema NR
Total (hab) 368,500

Source: IBGE (2010).
LEGEND: WS= watershed area; NR not relevant.

Table 11 — Water consumption corresponding to the sewage generation*
PARAMETER (UNITY) VALUE

Water consumption! (WC; L day* per capta) 225

Total consumption surrounding the lagoon (Twc; m® day™) 82,912.50
Total consumption surrounding the lagoon (Twc; m3 s1) 0.96
Water distribution in Regido dos Lagos? (m® s™) 1.90

*It was not considered the treatment made by the water companies due to the uncertainties on
nutrient removal. Source: 1CEDAE, Rio de Janeiro. 2Data from local water companies (Aguas de
Juturnaiba/PROLAGOS).
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Table 12 — Nutrients due to sewage loadings
PARAMETER (UNITY VALUE

Residence time! (Te™!; days) 45
Nitrogen in sewage? ([N]sew; mg L) 22.3
Mass of nitrogen (Mnsew; kg day™) 1848.9
Total N in sewage (Nsew; kg; per residence time) 83,202.7
Phosphorus in sewage? ([P] sew; mg L) 3.0
Mass of phosphorus (Mpsew; kg day™) 248.7
Total P in sewage (Psew; kg; per residence time)) 11,193.2

Sources: 'Residence time (Te™1) — time to exchange 63% of the volume of a water mass in a system
(Monsen et al., 2002). 2Economopoulos (1993).

Table 13 — Nutrient concentration due to sewage loadings

PARAMETER (UNITY) VALUE
Area of AL* (m?) 220,086,099
Mean depth?! (m) 2.5
Volume of AL of exchanged water in a residence time? (Vre™; 346,634,031
63%; m3)
Total N concentration in sewage (TN sew mg L) 0.240
Total N concentration in sewage after treatment® (TN sew mg L) 0.156
Total P concentration in sewage (TP sew; mg L) 0.032
Total P concentration in sewage after treatment® (TP sew; mg L) 0.021
Mass of N in sewage after treatment in a residence time (ton) 54.1
Mass of P in sewage after treatment in a residence time (ton) 7.3

Source:*Google Earth® (this work); Wasserman et al. (2006); 2Residence time (Te™!) — time of
exchange for 67% of volume of a waterbody (Monsen et al., 2002). *Economopoulos (1993).
Considering a secondary treatment for the sewage by the WTP, and an efficiency performance of
about 35% in wastewater treatment processes for activated sludge.

TNsew and TPsew, 0.240 and 0.032 mg L~ respectively, are values expected in
water column due to sewage loadings from demographic data without treatment.
Values after treatment (0.156 mg L' and 0.021 mg L™ for TNsew and TPsew
respectively) were calculated based on secondary treatment and an efficiency of
35% (Economopoulos, 1993). This concentration considers a complete mix during
the residence time, when 63% of water volume is exchanged (Monsen et al., 2002).
It is assumed that the remaining 37% is not affected by nutrient loadings nor
exchanged. Furthermore, the hydrodynamic conditions of the lagoon were not

considered and seasonal patterns that could affect the sewage were simplified.
e \Water reservoir

This section quantifies the water content of nutrients to compare with those
from nutrient requirements for phytoplankton. Table 14 presents the results of the
concept developed in Figure 40.
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Table 14 — Water concentration (average C1-C9
PARAMETER (UNIT

Concentration (mg L) 0.08 0.09 0.38 0.03
N:P 43.76

Vre 1 (L) ‘ 346,6‘34,031
: . 27.63 31.46 130.70 9.39
Dissolved concentration in a RT (ton) 189.79 396
Particulate concentration (mg L) 0.025 0.055
Particulate concentration in a RT (ton) 8.78 19.23
Total mass (ton) 189.47 28.63

Source: Elaborated by the author, 2023.

e Sediment reservoir

In sediments, as demonstrated in Chapter 5, pore water presented
remarkably high concentration of nutrients, and favored positive fluxes to the water
column. Following Figure 41, Table 15 shows the results of nutrient reservoir in

sediments from AL.

Table 15 — Results of nutrient reservoir in sediments from AL

SEDIMENT RESERVOIR

PARAMETER (UNIT) NH4* NO2~- NOs~ PO43-
Concentration ug L 4,536.26 210.37 | 3,121.45 | 2.315,33
mol L1 252.01 4.57 50.35 24.37
Area (m?) 220,085,099
Depth of sediment (m) 0.05
Volume of sediment (L) 11,004,254,950
Volume occupied by porewater*
(51.9%: 1) 5,711,208,319
. 2591 | 120 | 17.83 13.2
Total content in pore water (ton) 249 130

Source: Elaborated by the author, 2023.
LEGEND: *based on the mean values of porosity from C5 to C9.

e Phytoplankton requirements

Table 16 shows the frequency of main species found in AL. The distribution
of species follows a seasonal pattern (Neves, 2014-2020, monitoring reports),
despite the variations in frequency of species during the period of 40 months (Table
19). Among the most frequent phytoplankton, the presence of toxic species in half
of the monitoring reports is matter of concern. The nutrient estimations per cell were
calculated using the summation of average density of the species of phytoplankton

during the 40 months of data. The average density of species was 3,631,854 cells
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L~ (Neves, 2014—-2020, monitoring reports), and the mean values of nutrients were
32.8 ug N gt and 26.7 ug P g*. The results are 6.9 pg N cell* and 4.7 pg P cell™.
Evidently, results from Table 16 showed the general value of nutrient requirements,

and culture assays would determine more accurate values for each species.

Table 16 — List of most common species in AL
SPECIES FREQUENCY

Pleurosigma sp. 39
Scripsiella Trocoidea sp.
Prorocentrum compressum 38
Oscillatoria sp.
Thalassiora sp. 33
Prorocentrum micans 30
Prorocentrum lima 8
Chaetocerus
Cylindroteca closterium 27
Ceratium furca 26
Ceratium candelabrum
Manguinea rigida 24
Proboscia alata
Synecochoccus sp. 23
Protoperidinium stenii
Diplopalis sp. 22
Navicula sp. 21
Rhizolenia robusta
Ceratium fusus
Dynophysis acuminata 20
Gyminodyminium sp.
Enteroccocus faecalis 30

Source: Neves (2015-2020).
LEGEND: Frequency of species (data of 40 months; frequency=20). Bolded species are toxic.

The main groups of phytoplankton found in AL varied between 2-20 pum
(NEVES, 2019-2020) and cellular density was cyanobacteria > dinoflagellates >
diatoms. Despite the collection had been made to quantify nutrients in different
sizes, the only fraction of interest was small than 25 um and larger than 0.70 pm.
Hence, the fraction retained by the 0.70 um filter was used to quantify the nutrient
necessities of the phytoplankton. Tables 17 and 18 show the concentration and
requirement of nutrients of phytoplankton in AL based on Figure 42. The
multifiltration equipment developed in this study to group phytoplankton by sizes

allowed to determine the local nutrient requirements with a good estimation.



105

Table 17 — Nutrient concentration in phytoplankton retained in 0.7 um—filter
STATION (surface N (umol L1 P (umol L1

3 1.45 0.62

4 0.07 0.19

5 1.56 0.60

7 1.52 0.34

10 1.99 0.60
Mean (sd) 1.32 (0.72) 0.47 (0.19)

Source: Elaborated by the author, 2023.
LEGEND: sd= standart deviation.

Table 18 — Nutrient requirements of phytoplankton in AL
PHYTOPLANKTON REQUIREMENTS

PARAMETERS (UNIT) N P
umol Lt umol gt umol Lt umol g
Mean concentration (<25 pm) mlg-]3|;2— 1 rr12§3;1 mogi4|_7— 1 mOg.]896_1
0.02 0.032 0.02 0.027
Vret (L)? 346,634,031
Nutrient in a volume during a 617 (kmol) 191 (kmol)
residence time 8.6 (ton) 5.9 (ton)

Source: Elaborated by the author, 2023.
LEGEND: Volume in a residence time (VTe™1) — time to exchange 63% volume of a waterbody
(Monsen et al., 2002).

Table 19 shows the stocks and concentration in sewage, water column,

sediment, and phytoplankton in AL.

Table 19 — Nutrient comparison among compartments in AL
NUTRIENT EVALUATION

COMPARTMENT STOCK (Te™) AVERAGE COI\IIC_ElNTRATION
(SOURCE) (ton) (umol L)

N P N P
Sewage? 54.1 7.3 0.16%* 0.02*
Sediment? 44.9 13.2 252.01 24.37
NHas* NO2- NOs~ PO43
Water® 198.57 1 28.63 | 443 | 197 | 608 | 0.29
Phytoplankton 0.7 pm 6.40 5.53 1.32 0.47

Source: Elaborated by the author, 2023.
LEGEND: *the original data from wastewater treatment plants are in mg L. lafter treatment; 2based
on concentration of the pore water (this work); *summation of dissolved and particulate fractions
(stock; this work).

6.4 Discussion

The mass balance (Figure 43) summarizes the results of the content and
concentration of reservoirs in AL obtained by the model (Table 19). Despite water

and sewage were great reservoirs of nutrients, sediment presented the highest P,
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while sewage the highest N. These reservoirs favor the fluxes to water column
(Chapter 4). Souza et al. (2003) quantified dissolved nutrients and, at the time, the
average concentration (umol L) was 6.6 (ammonium), 1.4 (nitrite), 3.3 (nitrate) and
0.5 (phosphate). The authors also observed a P-limitation, N:P=38:1 and
suggested such a limitation would be the result of the preferential ammonium
releasing by benthic communities. However, the present work N:P the average was
circa 50:1, and the nutrient fluxes might be one of the factors for this increasing.

In AL, nutrients in particulate fractions were 0.018 and 0.015 mg L~* for N and
P respectively, and N:P ratio in phytoplankton was 2.6. Klausmeier et al. (2004)
modeled the N:P stoichiometry and values varied from 8.2 to 45 and N-fixing
organisms often presented higher N:P stoichiometry than non—fixing species. For
the authors, the association of biology and stoichiometry of ribosomes and proteins
and the mixture of exponential growth and equilibrium phases were the main
elements of the optimal values. These behavior could be present in the

phytoplankton assemblage and influence the nutritional requirements in AL.

Figure 43 — Concentration and reservoirs of N and P in sewage, water column,
sediment, and phytoplankton

Source: Elaborated by the author, 2023.

LEGEND: The stock is referent to the residence time, except for sediment which is based on the
pore water concentration. Diffusive fluxes of nutrients, from the minimum to the maximum, including
all campaigns. Total mass of nitrogen and phosphorus in the compartments of AL was given in ton to
better interpretation of the stocks.

Increase in ammonium concentrations favor cyanobacteria, chlorophytes and
dinoflagellates (Burkholder, 2003), while nitrate benefits diatoms (Glibert, 2017).
Seasonal variations were verified in phytoplanktonic productivity and assemblages
in AL, with higher biodiversity and lower production in winter and the opposite in
summer (Figure 24, Neves, 2019-2020). Data showed a reduction in cellular
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density from C1 to C2, particularly in the central stations, where the depths were
higher. In campaigns considered non-turbid water, the distribution of phytoplankton
was not regular in AL, and some points presented concentrations like those for
turbid water. Cellular density presented a gradient from the external sections to the
central portion, which could be related to the salinity gradient in AL. These
differences may influence both nutritional requirements and uptake, and be
influenced by nutrient fluxes, since higher efflux in turbid conditions are coincident
with higher cellular density.

Seasonal changes in phytoplankton were noted by reducing diversity (Neves,
2019-2020), when opportunistic species grows fast (sharp fluctuations) until a limit
expressed by unfavorable conditions (Harris, 1986). Other factor that could affect
primary production is the predator—prey interactions that are tied to size and growth
rates and would improve the access of nutrient cycling through time (Behrenfeld;
Boss; Halsey, 2021). Zooplankton, for example, exhibits different contents of C, N,
and P if compared to phytoplankton assemblages (Kutter et al., 2014). Pulses of
bacteria usually happens during the senescent phase of a phytoplankton bloom in
consequence of the increase of phytodetritus and releasing of dissolved compounds
(Kennish; de Jonge, 2011, Lalli; Parsons, 1997).

Bacterioplankton and phytoplankton present an important role in DIP removal
even at low DIP and light conditions. Moreover, P pulses from sediment could favor
planktonic production and small cells compete with larger phytoplankton nutrients at
low supply or pulse of nutrients (Berthold; Schumann, 2020). The authors also
concluded that the uptake rates were more associated with storage strategies than
for growing necessarily. In that case, the dominant small cyanobacteria were
identified as more able to live in environments with high N:P ratios. In AL, most
phytoplankton are from 2 to 20 um long (Neves, 2019-2020), mainly composed by
cyanobacteria. So, P and N variation could be associate with the internal
requirements of phytoplankton.

This chapter emphasized phytoplankton requirements and the supply of
primary production in AL. The quantification of N and P determined the nutritional
requirements of local phytoplankton (cyanobacteria, dinoflagellates, and diatoms) at
32.76 yg N g* and 26.66 ug P g*. Values indicated the importance of sediment in
P—stocks even at small fluxes in water column, while sewage content was also an

important source of nitrogen. The N and P present in the sediment and wastewater
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reservoirs and the high residence time in the lagoon allowed the pulses of nutrients
to the water column. These pulses favored primary production in AL and promoted
the shifts of water conditions (turbid to non-turbid and vice-versa).

P-limiting conditions (N:P>16) were observed mostly of time in the lagoon,
corroborating the earlier works, however some N:P<16 could indicate a co-limitation
by nitrogen. Focused on the of local phytoplankton determined the nutritional
requirements of used by cyanobacteria, dinoflagellates, and diatoms at 5.1 pg N g~
and 4.0 pg P g. This could be related to the nitrogen requirements of the
phytoplankton present in AL. Other possible explanation would be the different
absorption rates of nitrogen and phosphorus by organisms which could lead to
divergences in stocks. Also, trophic relations such as species succession and
grazing could also contribute to nutrient supply and phytoplankton needs. The
multifiltration system, developed to filtrate water sample at different aperture sizes,
was valuable to group the local phytoplankton and allowed to have a good
quantification of their nutritional requirements.

Sewage and sediments require attention due to the potential risk for algal
blooms, including toxic species which could pose serious health problems. In
Araruama Lagoon, a condition of high nutrients in water column, especially N-
concentration as it was observed in turbid conditions, could favor such species.
Particularly, sediment can be considered an environmental liability and address the
importance of this characterization for stakeholders and environmental regulatory
agencies.

Suggestions for further investigations include studies of in vitro cultures to
quantify the nutritional requirements of each specie present in AL for both turbid and
non-turbid waters. And despite the predominant size of phytoplankton is 2-20 pm in
AL, other fractions may also present different N and P values and their relations

must be investigated.
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7 CONCLUSION

The trophic crises in Araruama Lagoon were defined by a concurrent
association of few elements connecting physical, chemical, and biological systems.
First, it was observed a spatial compartmentalization of the lagoon particularly
associated to a W-E salinity gradient and different depths. The three sectors were
identified as: i) marine sector (32—35) comprised stations 1 to 3; ii) central sector
(50-70) included stations 4 to 8; and iii) interior sector (35-50) comprised stations 9
to 11. Shallower areas were found in the interior and marine sectors, while depths
were greater in the central sector. The shifts in water conditions were more intense
in the central sector of the lagoon, while marine and interior sectors did not undergo
such a variation.

The descriptors of trophic crises were turbidity, salinity, temperature, NH4",
Nox, PO43*, and N:P. Higher turbidity, temperature, salinity, Nox, and N:P ratios and
smaller ammonium and phosphate determined turbid water, whereas non-turbid
waters presented the opposite behavior. Turbidity was better to determine
differences in primary productivity because chlorophyll a values were most of times
bellow the detection limit of the method. It highlighted the importance of fluorimetric
measurements to improve the quality of the data. Salinity and temperature were
linked to climatic descriptors; salinity was linked to phytoplankton distribution, while
higher temperature favored higher primary production. These parameters reflected
the changes in local conditions, but also emphasized the global climatic crisis as an
important factor for distribution of phytoplankton species.

Diffusive fluxes were credited as the main cause of the trophic crises,
remarkably nitrogen, despite the primary production in AL is P-limited. The
dissolved forms of nitrogen presented a relevant role in water turbidity in AL.
Nitrogen fluxes (ammonium and Nox) were significantly higher than phosphate and
impacted the water condition. In turbid conditions, N-fluxes from sediment to water
column were higher than in non-turbid conditions and were important to maintain
primary production in AL. Phosphorus was the limiting factor in the lagoon and
despite its low fluxes, it was also important to phytoplankton production in less P-
limiting conditions. The poor water quality in the western sector of the AL confirmed

the urban pressures on this ecosystem.
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Sediments were a large reservoir of phosphorus, while wastewater presented
higher content of nitrogen, allowing the permanent phytoplankton production in
Araruama Lagoon. Sediment reservoir could be considered as an environmental
liability because of the high amounts of nutrients. So, dredging activities, often
proposed as a solution for lagoon problems, are not indicated due to the nutrient
releasing caused by changes in ORP. Some proposals for the environmental
management to reduce the damages caused by wastewater and diffusive fluxes are
suggested: i) nutrient cleanse in sediment using algae (environmental remediation);
and ii) reduction of diffuse input (sewage) by improving the local infrastructure.

Phytoplankton requirements were determined using a filtration system
specially developed for this work which provided a better quantification of the local
nutritional needs. It was identified nitrogen concentrations higher than phosphorus
which was in accordance with the main local species requirements.

Because high amounts of nutrients are still reaching AL, it poses risks to
environmental quality in Araruama Lagoon. Environmental management plans,
including improve the local infrastructure and the use of phycoremediation, need to
be done to reduce nutrient in sediments and the risks of algal blooms. Otherwise,
the high phytoplanktonic production will possibly be maintained or enhanced during
the next years because of the releasing of nutrients from the sediment stock.

Despite the contributions of the thesis, some points remain unclear and are
subject of future studies: i) identification of colored dissolved compounds, that
reduced transparency in water column and the light efficiency - they could help to
elucidate why SEC and TSS did not vary in the expected pattern; ii) the role of
bioturbation on nutrient fluxes in AL, since the present study did not cover this
subject and it can intensely modify the ORP and the behavior of N and P; ii) nitrite
behavior and its importance to differentiation between ammonium and nitrate due to

the variation in ORP at sediment-water interface.
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Table Al.1 — Physical-chemical parameters in water column
POINT | DEPTH | SECCHI | | TEMP | ORP
pH SAL \
| m | m | | C | mv
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C1.1S 3.00 3.00 8.4 35.5 25.4 61.4
Cl.2S 3.43 0.85 8.3 39.4 27.8 56.1
Cl_2™M 3.43 0.85 8.2 39.4 27.8 56.1
Cl 2B 3.43 0.85 8.2 39.5 27.9 56.2
Cl1_3S 3.45 0.50 8.4 56.6 28.9 43.2
Cl_3M 3.45 0.50 8.4 57.9 28.9 44.2
Cl_3B 3.45 0.50 8.4 61.2 29.3 43.4
C1.4S 12.79 0.50 8.4 62.1 28.9 65.5
Cl 4M | 12.79 0.50 8.4 62.6 28.6 67.7
Cl 4B 12.79 0.50 8.4 62.9 28.5 52.0
Cl1.5S 4.17 0.50 8.4 63.1 29.2 59.9
Cl_5M 4.17 0.50 8.5 63.1 29.2 59.2
Cl 5B 4.17 0.50 8.5 63.1 29.2 56.7
Cl.6S 8.00 0.45 8.4 63.2 30.1 165.4
Cl_6M 8.00 0.45 8.4 63.4 28.8 171.9
Cl_6B 8.00 0.45 8.4 63.4 28.8 176.6
Cl1. 7S 5.76 0.43 8.4 62.6 29.9 165.1
Cl /M 5.76 0.43 8.5 62.8 29.2 165.8
Cl 7B 5.76 0.43 8.5 63.2 28.3 110.0
C1_8S 8.00 0.45 8.5 63.2 30.3 128.3
Cl 8M 8.00 0.45 8.5 62.9 28.8 127.7
Cl 8B 8.00 0.45 8.5 64.1 29.1 127.6
C1.9S 4.50 0.40 8.5 64.9 30.1 954
Cl 9™ 4.50 0.40 8.5 65.2 29.8 94.5
Cl1. 9B 4.50 0.40 8.5 65.3 28.7 93.4
C1_10S 2.50 0.35 8.6 64.0 30.8 81.3
Cl_10B 2.50 0.35 8.6 65.0 30.1 80.4
Cl1_11S 0.30 0.30 8.7 67.0 28.6 -51.0
C2_3S 1.90 0.70 8.6 55.2 24.5 30.2
C2_5S 4.80 2.30 8.3 57.5 24.6 -37.7
C2_6S 12.30 2.00 8.3 59.6 25.0 -10.5
C2_8S 8.20 1.80 8.3 58.7 24.9 42.8
C2_10S 3.40 1.70 8.3 58.6 25.3 33.2
C3_3S 1.80 0.60 8.2 52.1 22.4 112.9
C3_5S 3.50 1.80 8.1 58.5 23.8 60.5
C3_6S 4.10 2.30 8.1 58.4 24.0 45.5
C3_8S 8.30 2.40 8.3 58.1 24.0 134.0
C3_10S 3.30 0.84 8.2 56.5 23.2 —58.3
C4_1S 3.00 3.00 7.9 35.0 22.7 35.1
C4_3S 3.30 0.52 8.1 42.1 25.0 71.6
C4_3B 3.30 0.52 8.1 44.1 23.5 112.4
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DEPTH | SECCHI

C4_4S 10.50 1.40 8.1 49.3 24.9 37.0
C4_4B 10.50 1.40 8.1 49.1 24.5 57.0
C4_5S 2.30 1.38 8.1 49.2 25.7 55.0
C4 5B 2.30 1.38 7.4 50.1 22.3 200.0
C4_6S 9.20 1.75 8.1 49.5 254 99.0
C4_6B 9.20 1.75 8.1 49.5 24.6 113.0
C4_7S 5.50 1.45 8.1 49.6 22.7 42.8
C4_ 7B 5.50 1.45 8.1 49.3 22.5 88.0
C4_8S 7.90 1.35 8.2 49.3 25.0 45.0
C4_8B 7.90 1.35 8.1 47.4 24.7 105.3
C4_9S 4.90 1.10 8.4 48.0 25.7 34.8
C4 9B 4.90 1.10 8.3 47.6 24.8 19.5
C4_10S 3.20 0.70 8.2 47.1 25.6 22.2
C4_10B 3.20 0.70 8.1 47.5 25.2 33.2
C4_11S 1.90 0.50 8.2 42.5 25.0 43.9
C5_1S 3.00 3.00 8.0 33.4 25.5 62.1
C5_2S 2.50 0.60 8.3 48.9 30.0 2.5
C5_2B 2.50 0.60 8.4 49.1 29.8 0.7
C5_3S 1.80 0.70 8.2 50.7 29.1 31.1
C5_3B 1.80 0.70 7.9 50.7 28.5 29.5
C5_4S 14.20 0.85 8.3 51.3 28.1 25.0
C5_4B 14.20 0.85 8.0 51.3 29.1 -30.0
C5_5S 4.70 0.70 8.2 51.1 27.4 39.2
C5_5B 4.70 0.70 8.1 50.6 26.9 38.8
C5_6S 9.80 0.90 8.3 50.2 27.9 29.0
C5_6B 9.80 0.90 8.3 50.1 25.1

C5_7S 5.80 1.00 8.3 50.8 27.1 0.2
C5_7B 5.80 1.00 8.2 50.3 28.0 -15.7
C5_8S 8.10 0.91 8.1 50.0 28.3 33.6
C5_8B 8.10 0.91 8.0 51.1 26.8 40.0
C5_9S 5.00 1.00 8.3 45.4 28.2 -24.9
C5_9B 5.00 1.00 8.0 48.7 27.8

C5_10S 3.40 0.75 8.4 41.4 28.8 -5.0
C5_10B 3.40 0.75 8.3 44.3 28.5 -19.5
C5_11S 1.80 0.60 8.5 33.2 29.2 —7.1
C5_11B 1.80 0.60 35.2 28.7 -18.0
C6_1S 3.00 3.00 8.2 33.6 21.2 227.8
C6_2S 1.80 1.60 8.0 41.9 22.4 122.7
C6_2B 1.80 1.60 7.8 43.3 22.2 134.3
C6_3S 1.70 1.70 7.6 41.9 22.8 47.5
C6_3B 1.70 1.70 7.7 43.3 19.8 15.6
C6_4S 3.60 1.35 7.9 49.7 23.8 28.0
C6_4B 3.60 1.35 7.9 49.6 23.4 59.4
C6_5S 4.80 1.35 8.0 48.9 25.0 55.1
C6_5B 4.80 1.35 7.9 49.2 24.1 -4.5
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Table A1.1 — Physical-chemical parameters in water column (continuation

POINT DEPTH SECCHI

C6_6S 10.00 1.50 8.0 50.3 23.3 92.3
C6_6B 10.00 1.50 8.0 50.2 22.1 128.1
C6_7S 5.90 1.30 7.8 49.7 22.3 -14.5
C6_7B 5.90 1.30 7.8 49.3 23.8 5.7
C6_8S 8.00 1.35 7.9 49.9 21.7 88.7
C6_8B 8.00 1.35 8.0 49.8 22.4 96.8
C6_9S 5.00 1.00 8.0 47.7 23.5 85.2
C6_9B 5.00 1.00 8.1 48.0 23.5 83.4
C6_10S 3.30 1.00 8.0 45.8 24.5 64.3
C6_10B 3.30 1.00 7.9 45.5 23.0 44.2
C6_11S 1.60 0.80 8.1 38.6 23.5 242.1
C6_11B 1.60 0.80 7.8 38.7 23.5 102.3
C7_1S 1.80 1.80 8.2 35.0 25.4 80.5
C7_2S 3.10 2.80 7.9 37.0 27.8 70.0
C7_2B 3.10 2.80 8.1 38.4 27.8 68.9
C7_3S 1.30 1.30 7.9 42.1 28.9 134.9
C7_4S 13.50 2.00 7.2 49.3 28.9 64.9
C7_4B 13.50 2.00 7.8 49.4 28.6 77.0
C7._5S 4.10 3.60 7.4 49.2 29.2 42.9
C7_5B 4.10 3.60 7.5 50.1 29.2 54.9
C7_6S 10.00 1.70 8.0 49.5 30.1 30.0
C7_6B 10.00 1.70 8.0 49.5 28.8 5.7
C7_7S 5.80 1.40 8.0 49.6 29.9 47.6
C7_7B 5.80 1.40 8.0 49.3 29.2 43.1
C7_8S 8.00 1.35 8.0 49.3 30.3 39.7
C7_8B 8.00 1.35 8.0 47.4 28.8 40.0
C7_9S 5.40 0.80 8.1 48.0 30.1 22.5
C7_9B 5.40 0.80 8.1 47.6 29.8 -7.1
C7_10S 3.40 0.65 8.1 47.1 30.8 24.7
C7_10B 3.40 0.65 8.6 47.5 30.7 2.6
C7_11S 1.60 0.40 8.2 42.5 28.6 13.8
C8_1S 1.50 1.00 8.3 33.4 25.4 -0.8
C8_2S 0.30 0.30 8.4 34.2 26.4 -15.0
C8_4S 12.00 3.80 7.8 45.6 27.8 72.7
C8_4B 12.00 3.80 7.7 46.2 274 67.4
C8_5S 4.60 2.20 7.6 43.9 26.8 14.3
C8_5B 4.60 2.20 7.6 46.2 23.9 234
C8_6S 10.20 2.40 7.8 46.2 25.1 5.1
C8_6B 10.20 2.40 7.6 47.2 27..9 —6.1
C8_7S 6.00 2.20 8.5 45.9 24.3 -64.0
C8_7B 6.00 2.20 8.4 46.9 23.2 —44.3
C8_8S 8.20 1.30 8.1 46.1 274 -40.0
C8_8B 8.20 1.30 8.0 47.1 27.2 -30.8
C8_9S 5.00 1.10 8.1 42.9 27.6 -90.2
C8_9B 5.00 1.10 7.8 45.1 274 -70.8
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Table A1.1 — Physical-chemical parameters in water column (continuation

C8_10S 3.50 0.90 8.2 39.8 25.1 -49.5
C8_10B 3.50 0.90 8.3 42.7 28.1 -27.8
C8_11S 1.70 0.75 8.2 33.1 28.5 38.0
C8_11B 1.70 0.75 8.2 33.2 28.6 -32.3
C9_1S 0.50 0.50 33.2 21.3 57.3
C9_2S 2.30 2.15 8.1 36.8 22.7 33.8
C9_2B 2.30 2.15 8.1 37.5 22.5 33.5
C9_3S 1.40 1.40 8.1 44.1 22.2 106.0
C9_3B 1.40 1.40 8.1 44.1 22.1 175.0
C9_4S 11.70 2.50 8.1 46.4 21.9 185.0
C9_4B 11.70 2.50 8.0 45.3 22.0 222.0
C9_5S 4.80 2.00 7.6 47.2 24.1 7.6
C9 5B 4.80 2.00 8.4 47.1 26.0 -19.8
C9_6S 10.20 2.40 46.9 23.2 77.0
C9_6B 10.20 2.40 46.7 24.0 85.2
C9 7S 5.60 2.15 8.0 46.9 55.0
C9_7B 5.60 2.15 8.0 47.0 90.0
C9_8S 8.00 3.00 47.2 24.2 51.2
C9_8B 8.00 3.00 47.0 23.8 76.0
C9 _9S 5.00 1.82 7.9 47.2 79.7
C9_9B 5.00 1.82 7.9 47.1 21.2 79.2
C9_10S 3.30 1.20 9.9 46.7 113.0
Co_10B 3.30 1.20 8.0 46.5 117.4
C9_11S 1.50 1.50 7.8 42.6 22.6 155.0
Co_11B 1.50 1.50 7.9 42.9 22.4 176.6

Source: the author, 2023.
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Table Al.2 — Physical-chemical parameters in water column
POINT TURB TSS DO BODs CHL-a PHAEO POC

| NTU | mg L?

C1 1S 2.39 72.60 8.56 1.96 0.02 0.04 1.67
Cl 2S 6.22 104.82 7.55 2.35 0.02 0.04 12.50
Cl 2M 5.31 111.05 7.72 3.82 0.02 0.04 11.67
Cl 2B 5.99 116.98 7.67 3.17 0.02 0.04 11.67
Cl 3S 14.70 | 167.02 8.96 3.20 0.06 0.04 24.58
Cl13M | 14.70 | 195.30 8.57 5.57 0.06 0.04 20.42
Cl 3B 15.10 | 206.40 7.85 3.65 0.06 0.04 22.92
Cl 4S 14.20 15.13 9.12 2.90 0.06 0.04 16.33
Cl 4M | 19.40 27.87 7.94 3.24 0.05 0.04 22.22
Cl 4B | 20.60 40.44 10.00 5.90 0.08 0.04 18.89
Cl 5S 16.20 | 192.11 9.70 4.40 0.12 0.04 53.33
Cl5M | 13.10 | 183.38 9.18 5.38 0.23 0.04 56.67
Cl 5B 16.80 | 187.42 8.81 5.61 0.12 0.04 51.67
Cl 6S 15.70 27.33 9.44 3.10 0.03 0.04 23.33
ClL 6M | 14.60 21.37 8.88 5.68 0.10 0.04 15.56
Cl 6B 13.20 24.72 7.62 3.12 0.04 0.04 14.81
Cl 7S 15.50 21.33 10.57 4.30 0.09 0.04 20.00
CL7M | 16.80 29.72 11.15 7.25 0.08 0.04 26.67
Cl1 7B | 20.20 32.00 11.71 2.71 0.04 0.04 20.00
Cl 8S 11.30 24.24 11.30 2.96 0.06 0.04 34.17
Cl1 8M | 16.80 26.06 16.80 12.60 0.03 0.04 19.17
Cl 8B 15.60 | 180.76 | 15.60 3.40 0.03 0.04 46.67
Cl 9S 18.00 | 217.19 9.89 2.12 0.05 0.04 60.83
Cl9M | 1870 | 136.61 9.15 5.75 0.01 0.04 56.67
Cl1L 9B | 21.80 | 193.73 5.83 3.23 0.16 0.04 45.00
C1 10S | 26.90 82.27 11.65 3.51 0.02 0.04 26.19
Cl1 10B | 35.70 | 367.56 9.75 3.22 0.13 0.04 54.17
Cl1 11S | 57.70 | 249.11 8.91 2.07 0.11 0.04 100.00
C2 3S 6.29 86.66 0.02 0.04 51.75
C2 5S 0.81 43.01 0.02 0.04 57.75
C2 6S 2.55 56.13 0.02 0.04 50.25
C2 8S 2.12 63.38 0.02 0.04 45.00
C2.10S | 1.91 33.61 0.02 0.04 90.00
C3 3S 6.52 10.53 2.24 0.02 0.04 13.13
C3 5S 0.39 8.99 1.90 0.02 0.04 4.69
C3 6S 0.81 8.41 1.12 0.02 0.04 5.63
C3 8S 1.80 9.38 2.00 0.02 0.04 2.34
C3 10S | 256 8.34 2.46 0.02 0.04 8.44
C4 1S 4.85 172.69 8.82 1.34 0.02 0.04 26.54
C4 3S 1150 | 319.98 | 11.59 2.70 0.02 0.04 55.38
C4 3B 7.11 170.32 7.82 1.29 0.02 0.04 20.77
C4 4S 14.50 7.63 0.99 0.02 0.04 12.69
C4 4B 5.63 18.38 6.37 1.10 0.02 0.05

C4 5S 8.95 30.60 7.50 1.32 0.02 0.04 24.18
C4 5B 6.21 8.56 7.44 1.11 0.02 0.04 10.55
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C4_6S 6.06 228.34 8.05 0.92 0.02 0.04 6.92
C4_6B 1.83 95.85 7.70 0.95 0.02 0.09

C4_7S 5.55 123.47 8.11 1.74 0.02 0.11 11.54
C4 7B 2.85 281.60 7.78 0.36 0.02 0.04 15.00
C4_8S 5.34 232.42 9.31 2.61 0.02 0.04 6.92
C4 8B 2.16 214.05 7.68 0.18 0.02 0.05 11.54
C4_9S 4.86 168.25 9.16 2.59 0.02 0.05 3.46
C4 9B 2.22 233.75 7.43 0.32 0.02 0.05 1.15
C4_10S 8.14 235.71 9.48 3.30 0.02 0.11 21.92
C4_10B 2.78 419.28 6.98 1.11 0.02 0.04 13.85
C4 11S | 14.50 279.25 9.82 5.46 0.02 0.11 66.92
C5_1S 0.95 59.22 8.61 0.42 0.02 0.04

C5_2S 11.10 194.83 9.97 3.37 0.02 0.04

C5_2B 15.50 116.21 10.10 2.76 0.02 0.06 6.43
C5_3S 9.89 147.83 10.13 3.18 0.02 0.04 11.79
C5 3B 13.90 145.67 9.42 1.44 0.02 0.04 8.57
C5_4S 5.70 28.83 10.16 2.65 0.02 0.04 5.36
C5_4B 6.15 5.28 8.02 1.19 0.02 0.04 9.64
C5_5S 5.82 183.33 9.61 2.16 0.02 0.04 16.07
C5 5B 8.20 89.17 9.67 1.87 0.02 0.04 2.14
C5_6S 6.22 53.67 9.46 1.97 0.02 0.04 5.89
C5_6B 8.09 197.31 8.43 0.73 0.02 0.04 11.79
C5_7S 5.92 148.63 9.49 2.10 0.02 0.04 0.00
C5_7B 5.62 124.17 6.48 1.30 0.02 0.04 5.36
C5_8S 2.50 118.50 8.87 1.23 0.02 0.04 10.71
C5_8B 1.55 112.02 6.70 1.20 0.02 0.04 11.79
C5_9S 3.61 136.17 8.37 1.78 0.02 0.04 6.43
C5_9B 7.93 117.07 7.90 2.62 0.02 0.04 4.29
C5_10S 5.91 137.67 9.02 3.83 0.08 0.04 4.29
C5_10B 5.50 128.47 8.11 1.95 0.02 0.04 3.21
C5_11S | 11.90 106.33 9.24 4.35 0.02 0.04 9.64
C5_11B | 10.10 191.50 8.03 3.76 0.11 0.04 10.71
C6_1S 2.76 134.36 9.34 2.03 0.02 0.04 2.73
C6_2S 3.99 17.50 8.95 1.38 1.55 0.04 3.41
C6_2B 7.14 57.53 8.95 1.38 0.02 0.04 2.73
C6_3S 2.87 144.50 9.61 1.39 0.15 0.04 1.36
C6_3B 4.50 108.33 9.73 1.45 0.02 0.20 4.09
C6_4S 7.61 10.50 8.59 1.38 0.02 0.04 3.41
C6_4B 39.60 11.83 8.39 1.02 0.11 0.04 2.05
C6_5S 19.30 155.80 8.87 1.09 0.19 0.04 2.73
C6_5B 8.32 90.84 8.66 1.10 0.30 0.04 6.14
C6_6S 8.51 162.59 8.86 1.53 0.05 0.04 4.77
C6_6B 13.30 57.59 8.74 1.52 0.02 0.04 2.05
C6_7S 6.05 15.00 8.94 1.46 0.02 0.04 4.09
C6_7B 5.82 165.00 9.00 1.68 0.02 0.04 2.05
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C6_8S 4.90 4.00 8.62 1.20 0.02 0.04 3.41
C6_8B 6.40 89.74 8.59 1.41 0.08 0.04 6.14
C6_9S 15.50 96.41 8.38 1.32 0.02 0.08 4.09
C6_9B 10.10 146.07 8.57 2.12 0.01 0.04 4.09
C6_10S 18.30 105.32 7.97 1.77 0.02 0.04 1.36
C6_10B 15.80 69.97 7.85 1.15 0.02 0.04 2.73
C6_11S 6.57 59.90 10.82 4.54 0.02 0.04 4.77
C6_11B 10.10 136.83 11.56 4.46 0.02 0.04 34.77
Cr7_1S 1.66 176.52 8.76 0.38 0.09 0.04 2.68
C7_2S 1.81 108.09 8.46 1.16 0.04 0.04 2.14
C7_2B 1.48 161.31 8.37 0.07 0.07 0.04 2.68
C7_3S 1.35 184.16 8.40 1.02 0.05 0.04 32.14
C7_4S 0.81 92.31 7.78 0.28 0.03 0.04 2.79
C7_4B 0.76 179.09 8.04 0.45 0.06 0.04 3.00
C7_5S 1.92 78.39 5.15 1.11 0.03 0.04 1.93
C7_5B 1.68 216.39 5.62 1.62 0.07 0.04 2.68
C7_6S 2.37 13.73 8.70 1.17 0.06 0.04 1.71
C7_6B 1.68 182.81 8.35 0.33 0.04 0.04 4.29
C7_17S 3.64 182.38 9.15 1.88 0.05 0.04 4.71
C7_7B 3.08 210.10 8.27 0.89 0.70 0.04 1.61
C7_8S 2.92 204.25 8.34 1.07 0.04 0.04 5.36
C7_8B 2.46 201.39 7.95 0.56 0.07 0.04 6.43
C7_9S 5.84 170.34 9.40 2.99 0.05 0.04 5.14
C7_9B 5.65 170.42 8.32 1.80 0.07 0.04 5.89
C7_10S 9.31 210.87 10.27 4.23 0.07 0.04 9.11
C7_10B 9.65 399.27 7.43 1.39 0.13 0.04 9.64
C7_11S 24.30 376.25 11.16 7.55 0.14 0.04 16.07
C8_1S 51.18 8.66 2.69 0.02 0.04

C8_2S 3.29 3.29

C8_4S 225.84 5.97 0.90 0.05 0.04 27.00
C8_4B 242.28 7.17 1.49 0.07 0.04

C8 _5S 289.56 11.05 4.48 0.05 0.04

C8_5B 146.27 10.15 5.38 0.07 0.04 17.50
C8_6S 171.38 11.35 4.78 0.02 0.06 45.00
C8_6B 44.65 5.97 1.49 0.02 0.06 435.00
C8_7S 11341 8.36 3.58 0.00 0.04 102.50
C8_ 7B 86.86 11.65 6.87 0.02 0.28 32.50
C8_8S 167.45 13.14 8.06 0.02 0.04 277.50
C8_8B 114.46 13.14 6.57 0.09 0.04 258.75
C8_9S 181.77 8.66 2.69 0.02 0.04 156.00
C8_9B 89.16 10.15 4.48 0.02 0.11 26.25
C8_10S 121.01 11.35 6.27 0.02 0.05 27.50
C8_10B 80.51 9.56 1.49 0.04 0.04 41.25
C8_11S 205.51 10.75 5.08 0.02 0.04 7.50
C8_11B 164.77 10.75 5.38 0.02 0.04
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Table A1.2 — Physical-chemical parameters in water column (continuation

C9_1S 2.80 235.37 8.96 1.02 0.13 0.04

C9_2S 1.32

C9 2B 4.14 207.11 8.78 1.94 0.04 0.04

C9_3S 2.87 291.41 8.50 0.91 0.11 0.04 4.29
C9_3B 3.14 300.30 8.15 0.38 0.08 0.04 3.75
C9_4S 1.52 175.78 8.08 0.22 0.05 0.04 27.00
C9_4B 1.42 106.59 7.64 0.51 0.46 0.04 52.50
C9_5S 2.63 8.55 0.54 0.24 0.04 5.63
C9 5B 3.25 8.41 0.40 0.17 0.04 26.25
C9 6S 2.22 189.80 8.87 0.54 0.02 0.07 7.88
Co_6B 2.39 8.17 0.27 0.02 0.10 13.88
C9 7S 1.583 83.30 8.38 0.50 0.07 0.04 1.25
Co_7B 1.88 93.80 8.02 0.20 0.02 0.04 85.00
C9 _8S 0.91 142.23 8.72 0.30 0.02 0.04 105.00
Co_8B 2.99 255.96 8.82 0.12 0.02 0.08 37.50
C9_9S 3.67 160.96 8.03 0.03 0.02 0.04 3.00
C9 9B 39.60 350.96 8.19 0.15 0.00 0.08 31.88
C9_10S 4.86 88.01 9.16 1.16 0.00 0.04 20.00
C9_10B 21.60 148.76 9.21 1.34 0.02 0.04 105.00
C9_11S 2.03 96.65 7.12 0.12 0.02 0.07 9.38
C9_11B 1.9 398.90 177 0.16 0.04 0.04 3.75

Source: the author, 2023.
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POINT . N:P
| pumol L1 |
Cl1 1S | 0.24 | 042 | 0.66 0.07 1.88 2.61 0.33 7.79
Cl12S |081] 095 | 0.18 0.03 2.41 2.62 0.20 | 13.25
Cl2M | 142 ] 1.00 | 0.18 0.09 2.73 3.00 0.20 | 15.17
Cl 2B |067] 1.06 | 0.36 0.07 3.16 3.59 0.24 | 14.73
Cl 35S | 286 | 1.03 | 0.48 0.17 6.03 6.68 0.29 | 23.10
Cl 3M | 227 | 155 | 0.12 0.15 5.71 5.98 0.33 | 17.86
Cl1 3B | 520 | 0.71 | 0.36 0.32 996 | 1064 | 0.65 | 16.26
Cl 4S | 157 | 0.72 1.74 0.25 4.54 6.53 0.33 | 19.50
Cl4M | 158 | 0.93 | 0.42 0.11 6.77 7.30 0.15 | 47.99
Cl4B | 0.72 | 0.90 | 0.84 0.17 6.35 7.36 0.29 | 25.45
C15S |415] 059 | 0.30 0.23 6.45 6.99 0.33 | 20.87
Cl15M | 272 | 086 | 1.20 0.32 4.86 6.37 0.33 | 19.03
Cl15B |219 | 0.78 | 0.30 0.34 5.71 6.34 0.61 | 1042
Cl1 6S |0.72 ] 0.98 | 0.90 0.40 5.18 6.47 0.65 9.89
Cl 6M | 062 | 065 | 0.84 0.46 6.35 7.64 0.79 9.66
Cl1 6B | 0.56 | 0.52 1.50 0.66 7.20 9.36 1.25 7.50
Cl17S 070 | 0.61 | 1.26 0.52 5.92 7.70 0.65 | 11.76
Cl7M | 063 ]| 064 | 156 0.42 6.77 8.75 0.52 | 16.90
Cl1 7B |088 | 1.02 | 0.84 0.62 6.24 7.70 0.65 | 11.76
C18S |0.70| 0.67 | 0.54 0.25 6.45 7.25 0.52 | 14.00
Cl1 8M | 169 | 0.52 1.02 0.34 7.30 8.66 0.79 | 10.94
Cl1 8B | 3.73 | 0.84 | 0.66 0.34 7.09 8.09 0.65 | 12.36
Cl19S [349 | 0.71 | 0.78 0.29 5.82 6.89 0.33 | 20.57
Cl19M | 198 | 0.80 | 1.14 0.36 6.77 8.27 0.75 | 11.08
Cl19B | 224 | 056 | 042 0.38 6.88 7.67 0.56 | 13.63
Cl1 10S|1.20| 1.03 | 0.18 0.25 6.99 7.42 0.33 | 22.16
Cl110B| 291 | 1.35 | 0.66 0.21 5.07 5.94 0.38 | 15.62
Cl 11Ss|0.72 | 1.80 | 0.66 0.27 5.50 6.43 0.52 | 12.42
C2 35 | 0.63 | 045 | 0.10 0.35 6.26 6.72 0.26 | 25.63
C2 55 [ 033] 029 | 1.25 0.21 7.78 9.23 0.26 | 35.23
C2 6S | 0.26 | 0.32 1.10 0.23 7.63 8.95 0.22 | 41.01
C28S | 0.15] 033 | 1.32 0.14 5.65 7.12 0.17 | 40.76
C2 10S| 1.36 | 0.44 | 0.79 0.23 4.75 5.76 0.31 | 18.85
C3 35S | 016 | 142 | 0.69 0.62 2.85 4.16 0.08 | 52.02
C3 5S | 0.02] 0.34 | 0.80 0.72 3.18 4.70 0.08 | 58.77
C3 6S | 0.17 | 0.34 | 0.17 0.49 3.18 3.84 0.08 | 48.02
C38S | 0.13 | 047 | 0.17 0.52 4.01 4.69 0.08 | 58.67
C3 10S| 0.67 | 0.78 | 0.17 0.26 3.02 3.44 0.08 | 43.05
C4 1S | 0.02 | 251 | 0.17 0.17 2.55 2.88 0.08 | 36.02
C4 3S | 0.07 | 3.24 | 0.17 0.41 2.09 2.67 0.79 3.38
C4 3B | 0.10 | 2.03 | 0.17 2.27 2.17 4.62 0.08 | 57.71
C4 4SS | 0.27 | 254 | 0.76 0.74 2.09 3.59 0.11 | 31.78
C4 4B | 0.03 | 2.03 | 157 0.93 1.88 4.38 0.08 | 54.80
C45S | 006 | 1.86 | 0.99 1.28 2.27 0.08 | 28.37
C4 5B | 0.03 | 1.87 | 2.73 1.24 2.05 6.02 0.23 | 26.65
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POINT _ N:P
pumol L1 |

C4 6S | 0.08 | 0.97 0.41 1.80 1.76 3.97 0.08 | 49.57
C4 6B | 0.05] 1.05 | 0.17 1.07 1.60 2.84 0.08 | 35.50
C4 7S | 004 ] 155 | 0.52 1.16 5.11 6.79 0.08 | 84.85
C4 7B | 0.08 | 0.97 0.41 1.03 3.70 5.14 0.51 | 10.11
C48S 012 ] 1.35 | 0.17 151 3.66 5.34 0.08 | 66.75
C4.8B | 006 | 096 | 017 | 1.32 | 3.79 | 528 | 0.56 | 9.34

C4 9SS | 003 ] 145 | 0.17 1.47 3.79 5.42 1.53 3.55

C4 9B | 0.06 | 1.16 | 0.17 1.05 3.41 4.64 0.40 | 11.73
C4_10S| 0.10 | 0.92 0.17 0.76 3.17 4.10 1.13 3.63

C4 10B| 0.22 | 0.93 | 0.17 0.85 4.41 5.42 0.08 | 67.78
C4_11S | 0.24 | 2.57 0.17 0.83 2.96 3.96 0.11 | 35.01
C5_1S | 140 | 1.15 | 9.57 1.16 1.29 | 12.02 | 0.22 | 54.79
C52S | 0.75 ] 424 | 0.17 1.30 | 11.72 | 13.20 | 0.18 | 75.23
C5 2B [ 0.10 | 3.01 | 2.67 1.21 5.17 9.05 0.09 |103.19
C53S | 039 ] 239 | 0.17 126 | 1586 | 17.29 | 0.13 |131.39
C5 3B | 0.62 | 2.47 0.17 1.87 7.93 9.97 0.18 | 56.85
C5.4S | 0.02 | 3.06 | 0.17 | 2.30 | 10.69 | 13.16 | 0.09 | 150.00
C5.4B | 2.20 | 3.38 | 9.07 273 | 1586 | 27.66 | 0.22 |126.11
C5.5S | 577 ] 259 | 0.17 275 | 1586 | 18.78 | 0.09 |?214.10
C55B | 116 | 3.15 | 0.17 244 | 1517 | 1778 | 0.31 | 57.92
C56S | 034 | 217 0.17 1.87 15.17 | 17.21 | 0.31 56.07
C56B | 044 | 249 | 0.17 206 | 23.79 | 26.02 | 0.08 |325.31
C57S 1044 | 211 0.17 1.78 17.24 | 19.19 | 0.35 | 54.69
C5 7B | 0.36 | 1.48 1.61 154 | 12.76 | 1591 | 0.09 [181.42
C58S [ 0.78 ] 156 | 0.17 126 | 12.76 | 14.18 | 0.09 |161.70
C58B [ 088 ] 1.99 | 0.17 1.35 | 18.97 | 20.49 | 0.09 | 233.54
C59S | 0.18 ] 110 | 0.17 1.16 | 1552 | 16.85 | 0.08 |210.60
C59B [ 067 | 271 | 491 1.26 | 15.86 | 22.02 | 0.08 | 275.31
C5_10S | 0.57 | 2.72 0.31 6.49 | 20.69 | 27.49 | 0.09 |313.42
C5.10B| 049 | 1.85 1.74 6.49 | 11.38 | 19.61 | 0.09 |223.57
C5_11S | 0.39 | 3.22 0.17 536 | 1586 | 21.39 | 0.09 |243.82
C5_11B| 041 | 235 | 0.17 5.26 | 13.45 | 18.88 | 0.18 | 107.61
C6_1S | 290 | 0.44 | 0.17 0.09 1.29 1.55 0.08 | 19.42
C6_2S | 851 | 058 | 2.33 2.27 4.48 9.09 0.08 |113.57
C6_ 2B | 3.08| 054 | 570 | 2.33 | 1.29 | 9.32 | 0.08 |116.53
C6_3S | 745 ] 0.26 | 2.61 3.93 8.62 | 15.16 | 0.08 | 189.53
C6_3B | 3.67 | 0.58 | 2.98 410 | 14.83 | 21.90 | 0.08 |273.79
C6_4S [ 897 | 349 | 0.92 3.54 4.14 8.59 0.08 |107.43
C6_4B | 8.74 | 0.52 2.24 3.43 6.55 | 12.23 | 0.08 |152.85
C6_5S | 7.84 | 0.47 0.11 4.35 3.79 8.25 0.08 |103.12
C6_5B | 3.85 | 0.77 0.18 5.51 4.14 9.83 0.08 |122.88
C6_6S | 416 | 0.52 | 1.29 | 2.38 | 10.00 | 13.66 | 0.20 | 69.83
C6_6B | 6.31 | 0.54 1.36 2.19 4.83 8.38 0.08 |104.71
C6_7S | 5.66 | 0.66 1.14 2.29 2.07 5.50 0.08 | 68.77
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POINT _ N:P
pumol L1 |

C6_8S | 856 | 0.35 | 2.54 1.11 | 345 | 7.09 | 0.08 88.69
C6 8B | 3.75]| 042 | 2165 | 086 | 1.29 [23.81]| 0.11 219.01
C6_9S | 3.31 | 0.56 4.08 061 | 483 | 952 | 0.08 119.01
C6 9B | 383 | 059 | 879 | 059 | 345 |12.83| 0.08 | 160.33
C6_10S | 3.96 | 0.87 7.17 099 | 1.72 ] 9.88 | 0.20 50.49
C6_10B | 2.87 | 0.65 | 5.18 | 0.72 | 6.90 {12.80| 0.08 | 159.95
C6_11S | 6.26 | 1.21 | 1842 | 0.28 | 1.72 | 20.42| 0.11 187.89
C6_11B| 595 | 1.34 | 1585 | 055 | 1.29 | 17.69| 0.08 221.07
C7_1S | 0.81 | 0.56 0.17 0.04 | 517 | 538 | 0.13 41.62
C7.2S | 1.72 | 1.00 0.17 043 | 517 | 5.78 | 0.22 26.80
C7_2B | 0.45 | 0.52 2.26 0.54 | 517 | 797 | 0.22 36.98
C7_3S | 1.65 | 0.89 0.17 157 | 517 | 6.91 | 0.09 80.19
C7_4S | 1.54 | 1.29 0.17 5.19 | 5.52 |10.87| 0.08 135.91
C7_4B | 1.27 | 0.72 0.17 5.17 | 586 |11.20]| 0.13 86.59
C7_5S | 0.63 | 0.61 0.17 8.22 | 5.17 |13.57| 0.30 44.96
C7_ 5B | 146 | 0.82 0.17 8.10 | 552 |13.79| 0.17 79.96
C7_6S | 1.40 | 0.79 4.07 3.16 | 5,52 |12.75| 0.08 159.33
C7_ 6B | 1.11 | 0.92 3.11 281 | 6.55 1247 | 0.30 41.33
C7_7S | 1.75] 0.98 0.17 273 | 552 | 841 | 0.09 97.61
C7_7B | 1.46 | 0.83 1.02 258 | 552 | 9.12 | 0.08 113.96
C7.8S | 1.75] 1.13 3.05 147 | 6.55 | 11.07 | 0.08 138.37
C7.8B | 244 | 1.00 0.17 1.57 | 5.86 | 7.60 0.17 44.09
C7.9S | 185] 1.19 0.56 054 | 552 | 6.62 | 0.17 38.39
C7. 9B | 144 | 1.20 4.63 0.48 | 5.86 |10.97| 0.08 137.13
C7_10S| 482 | 1.57 0.17 0.60 | 586 | 6.63 | 0.22 30.77
C7_10B | 597 | 1.69 0.17 043 | 586 | 6.47 | 0.09 75.01
C7_11S| 6.03 | 3.49 0.17 0.04 | 586 | 6.07 | 0.52 11.74
C8_1S | 225 | 1.19 1.82 0.13 1.95 | 0.08 24.34
C8 2s

C8.4S | 097 | 1.52 8.64 4.26 12.89 | 0.08 161.18
C84B | 112 | 1.35 | 16.14 | 4.68 20.81 | 0.08 260.17
C8 5S | 0.89 | 3.84 | 15.00 | 5.19 20.19| 0.08 252.42
C8 5B | 129 | 149 | 19.32 | 548 24.80 | 0.28 87.87
C8 6S | 1.10 | 3.94 9.32 4.19 13.51| 0.16 83.77
C8 6B | 1.30 | 406 | 13.18 | 5.61 18.79 | 0.08 234.93
C8 7S | 112 | 195 | 1045 | 3.90 14.36 | 0.08 179.47
C8 7B | 181 | 285 | 1159 | 4.39 1598 | 0.08 199.73
C8.8S | 2.09 | 4.06 5.91 1.94 7.84 | 0.08 98.06
C8 8B | 1.84 | 2.37 | 1045 | 242 12.87 | 0.08 160.92
C8 9S | 1.30 | 2.46 4.09 0.55 4.64 | 0.08 57.99
C8 9B | 199 | 3.87 | 11.82 | 0.58 12.40| 0.08 154.99
C8_10S | 3.21 | 3.53 2.05 0.45 250 | 0.08 31.21
C8_10B | 4.71 | 4.04 7.73 0.48 8.21 | 0.08 102.64
C8 11S| 445 | 361 4.09 1.16 5.25 | 0.08 65.65
C8 _11B | 6.67 | 2.40 6.59 0.68 7.27 | 0.08 90.85
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POINT . N:P
pmol L1 |

C9 1S [ 0.02| 096 | 0.81 | 0.03 | 1.29 | 2.13 | 0.08 | 26.66
C9 2S | 0.37| 246 | 1159 | 2.08 | 1.42 |15.08| 1.29 | 11.65
C9 2B | 0.38| 1019 | 9.19 | 254 | 2.05 |13.78| 1.25 | 11.02
C9.3S |0.32] 1165 | 341 | 262 | 1.78 | 781 | 0.85 | 9.21

C9 3B | 0.19 | 12.02 | 4.84 | 344 | 142 | 9.69 | 0.31 | 31.00
C9 4S [ 0.39| 234 | 549 | 360 | 1.51 |10.60 | 0.36 | 29.67
C9 4B | 033 | 1.82 | 958 | 431 | 1.96 | 1586 | 0.31 | 50.74
C9 5S | 053 | 227 | 7.64 | 6.67 |17.33|31.64| 0.28 |113.91
C9 5B | 0.13| 1.38 | 6229 | 6.77 | 8.00 | 77.06 | 0.14 |554.81
C9 6S | 043 | 1.78 | 6422 | 6.35 | 4.67 | 7525 | 0.74 |101.58
C9 6B [ 030 1.83 | 9.96 | 6.71 [11.33|28.00| 0.32 | 86.41
C9 7S | 068 | 1.37 | 873 | 350 | 1.46 |13.69| 0.36 | 38.34
C9 7B | 0.39| 415 | 594 | 321 | 1.51 |10.65| 0.45 | 23.87
C9 8S | 051 | 1.18 | 1058 | 4.96 | 5.33 | 20.88 | 0.19 |112.75
C9 8B | 042 | 1.37 | 14.07 | 506 | 6.67 | 2580 | 0.74 | 34.83
C9 9S | 052 | 2.89 | 16.01 | 2.72 | 1.37 |20.10 | 0.58 | 34.64
C9 9B | 563 | 10.83 | 16.53 | 3.90 | 2.01 |22.43| 0.54 | 41.87
C9 10S | 0.66 | 2.22 | 14.51 | 3.92 | 2.47 |20.90 | 0.49 | 42.55
C9 10B|2.78 | 3.32 | 13.02 | 2.45 | 1.60 [17.07| 0.22 | 76.47
C9 11S/0.46 | 1.79 | 19.58 | 2.60 | 2.15 | 24.32| 2.68 | 9.08

C9 11B | 0.66 | 3.58 | 25.88 | 7.93 | 2.28 | 36.09 | 0.76 | 47.56

Source: the author, 2023.
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LEGEND: pH exhibited low variation from C1 to C4 and a slightly higher variation from C5 to C9. C8 presented the higher spatial variation among campaigns.
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Figure B2.3 — Dissolved oxygen
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LEGEND: DO varied little during campaigns and values were typical from well oxygenated waters, however C1 and C8 exhibited high spatial variation
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Figure B2.4 — Biochemical oxygen demand
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LEGEND: BOD was higher in C1 and can be corroborated by the high cell density and turbid values. C8 was also higher, but turbidity was not as high as C1.
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Figure B2.5 — Wavelengths of chlorophyll pigment
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Source: Milne, et al. (2015). "Unraveling the Intrinsic Color of Chlorophyll," Angewandte Chemie
International Edition 54 (7), 2170-2173. Authorized use.
Figure B2.6 — Example of UV-VIS results for chlorophyll (C1, Station 4, middle)
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Figure B2.7 — Dalily pluviosity (Jan 01,2019 — Sep 30, 2022)
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Source: the author, 2023.
LEGEND; Pluviosity was low during the period of the campaigns.
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Figure B2.8 — PCA of turbid and non-turbid conditions
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Source: the author, 2023.
LEGEND: The distribution of factors in turbid and non-turbid conditions. In turbid conditions, SEC
was negatively correlated with TURB and TEMP, and PO4*, while NH4* and N:P ratios were more
important in non-turbid water.
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Table C3.1 — Diffusion coefficient of a specific ion for seawater free solution

T SEAWATER

CAMPAIGN

2 29.90 5.99E-10 | 1.20E-09 | 1.90E-09 | 1.20E-09

3 29.50 5.95E-10 | 1.20E-09 | 1.89E-09 | 1.20E-09

4 29.10 5.91E-10 | 1.19E-09 | 1.87E-09 | 1.19E-09

5 26.90 5.69E-10 | 1.17E-09 | 1.81E-09 | 1.17E-09

c5 6 25.10 5.51E-10 | 1.15E-09 | 1.75E-09 | 1.15E-09
7 28.00 5.80E-10 | 1.18E-09 | 1.84E-09 | 1.18E-09

8 27.55 5.76E-10 | 1.18E-09 | 1.83E-09 | 1.18E-09

9 28.00 5.80E-10 | 1.18E-09 | 1.84E-09 | 1.18E-09

10 28.50 5.85E-10 | 1.19E-09 | 1.86E-09 | 1.19E-09

11 28.70 5.87E-10 | 1.19E-09 | 1.86E-09 | 1.19E-09

3 19.80 4.98E-10 | 1.10E-09 | 1.59E-09 | 1.10E-09

4 23.40 5.34E-10 | 1.13E-09 | 1.70E-09 | 1.13E-09

5 24.10 5.41E-10 | 1.14E-09 | 1.72E-09 | 1.14E-09

6 22.10 5.21E-10 | 1.12E-09 | 1.66E-09 | 1.12E-09

C6 7 23.80 5.38E-10 | 1.14E-09 | 1.71E-09 | 1.14E-09
8 22.40 5.24E-10 | 1.12E-09 | 1.67E-09 | 1.12E-09

9 23.50 5.35E-10 | 1.14E-09 | 1.71E-09 | 1.14E-09

10 23.00 5.30E-10 | 1.13E-09 | 1.69E-09 | 1.13E-09

11 23.50 5.35E-10 | 1.14E-09 | 1.71E-09 | 1.14E-09

2 21.20 5.12E-10 | 1.11E-09 | 1.64E-09 | 1.11E-09

3 20.90 5.09E-10 | 1.11E-09 | 1.63E-09 | 1.11E-09

5 21.70 5.17E-10 | 1.12E-09 | 1.65E-09 | 1.12E-09

C7 6 21.60 5.16E-10 | 1.12E-09 | 1.65E-09 | 1.12E-09
7 21.60 5.16E-10 | 1.12E-09 | 1.65E-09 | 1.12E-09

8 21.50 5.15E-10 | 1.12E-09 | 1.65E-09 | 1.12E-09

9 21.40 5.14E-10 | 1.11E-09 | 1.64E-09 | 1.11E-09

2 22.60 5.26E-10 | 1.13E-09 | 1.68E-09 | 1.13E-09

3 22.15 5.22E-10 | 1.12E-09 | 1.66E-09 | 1.12E-09

4 21.95 5.20E-10 | 1.12E-09 | 1.66E-09 | 1.12E-09

5 25.05 5.51E-10 | 1.15E-09 | 1.75E-09 | 1.15E-09

C9 6 23.60 5.36E-10 | 1.14E-09 | 1.71E-09 | 1.14E-09
7 23.40 5.34E-10 | 1.13E-09 | 1.70E-09 | 1.13E-09

9 21.20 5.12E-10 | 1.11E-09 | 1.64E-09 | 1.11E-09

10 22.30 5.23E-10 | 1.12E-09 | 1.67E-09 | 1.12E-09

11 22.50 5.25E-10 | 1.13E-09 | 1.68E-09 | 1.13E-09

Source: the author 2023.



Table C3.2 — Geochemical parameters of sediment
PORE WATER GRAINS

STATION
CARB | COARSE
mV °C umol L1 mg g2 %

C5 2 169.2 | 1.8 71.8 0.7 60.2 36.6 3.2
C5 3 8.1 | —-300.7 27.5 74.4 98.0 2.0 0.0
C5 4 6.9 | —-207.7 27.0 |589.3| 7.9 1916 | 353 | 27.2| 20 | 941 | 61.6 81.2 18.2 0.6
C5 5 7.0 | =377.6 266 (3712 1.9 64.4 10.2 55.8 76.6 22.3 1.1
C5 6 7.2 | —388.9 250 | 5416 | 2.8 97.1 228 | 41 | 21 | 56.1 | 464 72.7 25.8 15
C5 7 7.0 | -396.8 27.0 |507.3| 8.7 1414 | 298 | 6.8 | 0.8 | 28.8 | 394 68.7 30.0 1.3
C5 8 6.8 | —387.2 26.8 | 320.0| 3.1 59.8 3.0 |246| 45 | 28.6

C5 9 7.0 | =381.0 27.3 | 376.1| 23.2 44.3 541 (162 | 0.5 | 25.8 | 52.2 57.5 39.8 2.7
C5 10 7.1 | -405.0 279 (6634 | 29 58.6 40 (481 7.3 79.7 80.7 18.8 0.5
C5 11 7.3 | =3945 287 | 6614 | 2.6 1345 | 484 | 356 | 2.7 | 75.3 | 66.5 73.3 25.3 14
C6_3 7.8 | -190.9 23.3 1.3 | 0.8 70.2 90.7 8.9 0.4
C6 4 7.8 | —=240.0 22.8 95.0 5.0 0.0
C6_5 7.2 | =319.5 24.3 | 269.8 | 3.7 45.5 225 | 49 | 0.2 59.0 53.2 43.3 3.5
C6 6 7.0 | =322.1 23.5 3.1 3.6 39.3 148 | 3.4 | 0.5 39.7 46.4 47.0 6.6
C6 7 7.3 | —=355.9 23.2 | 2286 | 4.9 77.2 51.7 66.1 72.5 26.9 0.6
C6_8 7.0 | -366.9 23.5 11.7 3.3 545 88.2 | 6.7 | 2.7 0.0 0.0 0.0
C6 9 7.0 | —=315.3 229 |167.0| 1.0 4.1 1.7 50.9 34.7 60.5 4.8
C6_10 7.3 | =331.3 23.8 40.9 1.9 27.6 711 | 53 | 4.1 78.5 48.6 49.7 1.7
C6 11 99.0 6.1 64.8 3.4 29 | 0.2 40.3 0.0 0.0 0.0
C7 2 68.5 89.6 10.2 0.2
C7 4 7.8 | -101.2 26.7 |169.3 | 11.2 9.5 2.4 79.2 20.0 0.8
C7 6 7.1 | -404.0 270 |176.1| 14.2 36.9 51.2 82.1 17.6 0.3
C7_ 7 7.2 | —-404.9 245 |106.8| 3.7 30.8 49.8 87.8 11.8 0.4
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Table C3.2 — Geochemical

arameters of sediment (continuation

bOR ATER
O p ORP P O O P01 P OAR AND DD
mV °C umol L2 mg gt %
C8 8 7.1 | -390.3| 22.0 122.7 8.9 33.0 | 43.3 60.5 35.8 3.7
C8 9 74 | -3825| 25.1 208.0 3.0 23.5 3.4 43.2 49.6 7.2
C8 10 7.8 | =393.7 | 22.5 | 1055.7 14 54.1 | 16.9 0.0 0.0 0.0
C8 11 7.9 | -356.9 | 28.2 143.2 2.5 38.1 1.2 47.0 46.3 6.7
C9o 2 8.1 40.0 22.6 0.1 | 0.8
Co 3 8.1 | -300.0| 22.1 2.8 0.2 279 | 15.8 0.3 15 94.2 6.0 0.0
Co 4 8.0 | -120.0| 21.8 177.7 3.2 7.1 23.8 1.0 1.8 85.0 13.9 1.2
C9 5 84 | -325.9| 26.0 250.8 5.0 29.0 | 15.2 0.3 1.0 74.1 24.2 2.1
C9 6 8.0 | -334.9| 24.0 381.7 2.7 | 1329 | 355 14 | 2.3 67.0 30.1 2.9
Co 7 8.0 | -219.0| 23.8 157.1 0.1 114 | 37.9 0.6 1.5 75.9 23.1 1.0
Co 9 7.9 | -298.0| 21.2 181.1 0.2 20.1 2.9 0.9 1.9 45.1 51.2 4.1
C9 10 8.0 | -300.0 294.4 0.4 13.9 | 70.8 0.7 | 2.0
Co 11 7.9 50.0 22.4 102.2 0.0 19.2 6.5 0.3 1.0

Source: the author, 2023.
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Figure C3.1 — Ternary diagram for granulometry in Araruama Lagoon
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Source: Krumbein; Sloss, 1963; Wentworth, 1922. Graphic generated by Gradistat.
LEGEND; Sediment class sizes — i) sand (> 80% sand); ii) slightly gravelly sand (0.01% to < 5%
gravel); and iii) gravelly sand (sand > gravel > 10%).



Table C3.3 — Nutrient fluxes in AL

NUTRIENT FLUXES
CAMPAIGN STATION IJNO2+NOs"

0.02 7.87 15.60

4 0.32 37.50 70.30

5 0.50 17.10 28.70

6 0.94 35.70 59.10

C5 7 0.07 24.90 45.20
8 1.74 21.40 40.30

9 0.09 16.80 28.10

10 1.15 31.90 51.60

11 1.21 33.70 55.20

5 0.33 8.31 14.00

6 0.26 0.07 1.40

7 0.80 7.50 13.80

C6 8 1.03 -0.25 0.96
9 0.03 6.50 9.80

10 1.50 1.60 3.30

11 0.05 2.90 6.50

6 0.02 1.00 1.40

C7 7 0.03 2.80 4.10
8 1.74 0.49 1.60

9 0.15 3.60 5.10

3 0.32 -0.09 1.10

4 0.22 3.40 3.50

c9 7 1.40 12.20 1.30
9 0.06 9.00 10.00

10 2.26 19.30 20.20

11 0.06 1.60 1.90

Source: the author, 2023.
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ANNEXS

ANNEX A

Article published with the results of salinity and temperature profiles from
CTD measurements from C1 (Tevisan et al., 2022). Please, follow the link
https://doi.org/10.21715/GB2358-2812.202236001 to read the full version of the paper.

Salinity (PSU) Salinity (PSU) Salinity (PSU)

DO 10 .21 718GR23568-2812 202236001
L L ADIA T S A el AL 3442 50 S8 66 34 42 50 S8 66 34 42 S0 S8 66
0 0 i

Short term assessment of : : \ :
nutrients and physicochemical op P 2.
parameters considering different %, £, £,
. . = = b=
depths in a hypersaline lagoon - » 10 # 10
Araruama Lagoon —-RJ 12 12 12
14 Station 2 14 Station 3 14 Station 4
LEGEND: Water column profiles of R A N T T T I
. . . o 0 0
temperature and salinity in C1. Data , . k ,
exhibited a regular profile for both . . .
parameters in most of the stations z, P T,
(except station 8). The strong winds % 4 E N
. . = (=] =}
promote a good mixing of the water 10 10 10
column in Araruama Lagoon. 12 2 12
14 Station 2 14 Station 3 14 Station 4
Salinity (PSU) Salinity (PSU) Salinity (PSU) Salinity (PSU) Salinity (PSU) Salinity (PSU)
034 42 50 58 66 liisl 42 50 58 66 Ii“ 42 50 58 o6 34 42 50 58 o6 lii-t 42 50 58 66 liM 42 50 58 o6
2 2 2 2 2 2
4 4 4 4 4 4
£ E Eg e E E,
= £ £ £ £ £
g8 T8 8 =8 =38 &3
a (=] a a (=] a
10 10 10 10 10 10
12 12 12 12 12 12
14 Station 5§ 14 Station 6 14 Station 7 14 Station 8 14 Station 9 14 Station 10
Temperature (°C) Temperature (°C) Temperature (°C)  Temperature (°C) Temperature (°C) Temperature (°C)
272 29.6 32 272 29.6 32 272 29.6 32 272 29.6 32 272 29.6 32 272 29.6 32
b L i ma [ e M e e I | B e I | e R
2 2 2 2 2 ! J
2
4 4 4 4 4 3
Es E E, Es E Es
£ £ £ = = £s
£ 8 8 g8 g8 g8 6
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10 10 10 10 10 7
8
12 12 12 12 12 °
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ANNEX B

(9002) /e 18 UBLISSSEAN
:oounog wglL—Zl PBwzl—2Bw/—cfweg—0 -—uoobeqewenlely jo AnswAyeg :gNIOTT

s
3

031juejly oue3IO

.\_
~ oujoqe)
lu\ %
N




