Estuarine, Coastal and Shelf Science 250 (2021) 107109

Contents lists available at ScienceDirect

Estuarine, Coastal and Shelf Science

o %

ELSEVIER

journal homepage: http://www.elsevier.com/locate/ecss

Check for

Local and meso-scale pressures in the eutrophication process of a coastal = [%&&
subtropical system: Challenges for effective management

Alessandra Larissa Fonseca ™, Alice Newton ¢, Alex Cabral ©-°

@ Coordenadoria Especial em Oceanografia, Universidade Federal de Santa Catarina, 88040-900, Florianépolis, Brazil

b CIMA, FCT-Gambelas Campus, University of Algarve, 8005-139, Faro, Portugal

¢ NILU-IMPEC, Box 100, 2027, Kjeller, Norway

4 programa de Pés-Graduag@o em Oceanografia, Universidade Federal de Santa Catarina, 88040-900, Floriandpolis, Brazil
€ Department of Marine Sciences, University of Gothenburg, 413 19, Gothenburg, Sweden

ARTICLE INFO ABSTRACT

Keywords: Natural and anthropogenic pressures drive coastal eutrophication worldwide, depending on the system’s phys-
Ecosystem services ical and biogeochemical dynamics in multiple spatial and temporal scales. Understanding the complexity of this
DAPSI(W)R(M)

process is essential to support management efforts and sustainability. Nutrients load to the Bay of Santa Catarina
Island (BSCI), an important area for mollusc aquaculture, fisheries and tourism in Brazil, were assessed to
identify the pressures of the eutrophication process. An updated Driver-Pressure-State-Impact-Response frame-
work was used to facilitate the understanding of the relationship between human activities and impacts on
human welfare. Pressures from runoff and effluents from combined sources resulted in inputs of 1998 t N.year *
and 155 t P.year ! to the system. The watersheds were characterized as meso-active to eury-active for both N and
P yields. In addition to the local anthropogenic pressures, meso-scale events, such as the seasonal influence of the
Plata Plume River, act as an external source of nutrients, sometimes associated with harmful algae bloom events.
The results show that eutrophication and its symptoms could impact 85% of the ecosystem services of the region.
Management of eutrophication at BSCI requires integrated actions between the nine municipalities of the
watershed, but there are obstacles in environmental legislation and political interest to promote it. This study
provides the scientific basis for stakeholders and decision-makers to establish priorities and actions in coastal
municipalities to minimize eutrophication.

South Atlantic basins
Nutrient pollution
Plata plume water

1. Introduction

Cultural eutrophication has a global impact, affecting several types
of water bodies from lakes to regional seas and generates significant
losses in ecosystem services (Malone and Newton, 2020). Eutrophication
- triggered by the entry of organic matter (OM) and nutrients, mainly
nitrogen and phosphorus from the use of fertilizers in agriculture, and
the lack of treatment of rural and urban wastewaters - promotes, among
others, the disruption of the food chain, the loss of biodiversity and the
formation of dead zones (Bricker et al., 2008; Diaz and Rosenberg, 2008;
Smith and Schindler, 2009). To reverse this scenario, the 14th UN goal
for sustainable development (SDG14) aims to reduce nutrient pollution
in the biosphere (Griggs, 2013), establishing management responses
that reduce the flux of nutrients and organic matter to the environment
and promoting the conservation and restoration of the ecosystems of the
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land-ocean interface. Management strategies must also consider climate
change scenarios, such as changes in precipitation, and the potential to
intensify pressures on the environment (Boesch, 2019; Duarte and
Krause-Jensen, 2018; Sinha et al., 2017).

Legislation and instruments to reverse the impacts of eutrophication,
monitoring the environmental health status of coastal ecosystems, and
periodically assessing current and future trends have been applied for
decades in Europe, North America, Asia, and Australia (Bricker et al.,
2008; Newton et al., 2014), with varying success (Boesch, 2019). As a
result, the decrease of the trophic state has been registered in some
ecosystems, which has led to a better understanding of the eutrophica-
tion sequels in the post-control of pressure sources, such as the irre-
versibility of biodiversity loss (Alexander et al., 2017). Brazil, country
with ~8000 km of continental coastline, still faces difficulties to
establish more participative coastal management (de Andrés et al.,
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2018). Challenges include the definition of clearer public policies and
environmental monitoring strategies in order to understand, for
example, the effect of eutrophication on ecosystems coastal health
(Andrade and Scherer, 2014; Turra et al., 2013). Appropriate environ-
mental monitoring allows the assessment of environmental health sta-
tus, to know its complexity and vulnerability to the anthropic actions,
and to propose management mechanisms that promote sustainable
development (Ferreira et al., 2011). In the absence of long-term data to
quantify the pressures (e.g. nutrient loading) that trigger eutrophication
in the ecosystem, nutrient inputs quantification, both by natural and
anthropogenic sources, is an option that has been applied at the local (de
Paula Filho et al., 2015; Teubner Junior et al., 2018), regional (Lacerda
et al., 2008; Noriega and Araujo, 2009), and global (Seitzinger et al.,
2010b) scales. Despite the uncertainties, studies indicate that nutrient
runoff from anthropic activities surpassed natural inputs, mainly due to
effluents without adequate treatment from agriculture, livestock, and
domestic sources (Meybeck et al., 2006; Seitzinger et al., 2010b; Smith
et al., 2003). Also, priority actions are necessary to reverse the impact of
eutrophication on a global scale (Biermann et al., 2016).

There is a knowledge gap in the understanding of how anthropogenic
pressures influence the eutrophication process of aquatic ecosystems of
South America (Kroeze et al., 2012), which is relevant to the calibration
of global models (Seitzinger et al., 2010b). The South Atlantic Hydro-
graphic Basin (SAHB) is located in the subtropical region of Brazil, with
a significant cluster of small and medium-size hydrographic basins, ac-
counting for 2.2% of the Brazilian territory (ANA, 2015). These provide
important ecosystem services, such as provisioning services and support
important fisheries. The resident population is 13 million people, but the
region is also important for tourism, so the visitor population swells this
number during the high season (summer). The population is also
growing because this area is undergoing economic development. Pop-
ulation density is three times bigger than the country average (ANA,
2015). These high anthropogenic pressures and the importance of fish
stocks and biodiversity make the conservation of coastal and marine
ecosystems a priority for the sustainability of this region (MMA, 2002).
Periodic harmful algae blooms (HAB), a eutrophication symptom, are
usually reported across the coast of South Brazil, forced by local pressure
and meso-scale water intrusion (Plata Plume Water), causing significant
economic losses (Alves et al., 2018). However, little is known about the
anthropogenic pressures in the process of eutrophication in the land-sea
interface of this region (Barletta et al., 2019; Van Der Struijk and Kroeze,
2010).

Relevant technical information and scientific knowledge can be used
to inform stakeholders and decision-makers who can then participate in
a proactive, adaptive management (Newton and Elliott, 2016). The
DAPSI(W)R(M) framework (Elliott et al., 2017) aims to establish a
common language among researchers, society and managers to facilitate
the understanding of D-drivers (as demand) and human A-activities,
their respective P-pressures and resulting change of S-state and the
I-impact on human (W) welfare, as ecosystem services (ES). This
cause-effect perspective allows defining R-responses (as Measures) to
guarantee the conservation and recovery of ES. Cultural eutrophication
is a change of the natural state (State Change) in the transition coastal
ecosystems forced by human activities, as agriculture, urbanization and
industry (Newton et al., 2014). It is endorsed by manageable endoge-
nous pressures (EnMP), as the input of organic matter and nutrients from
local activities, and by unmanaged exogenous pressure (ExUP), as the
intrusion of oceanic eutrophic waters. Considering the complexity of the
various uses (Drivers and Activities) and their impacts generated in a
given ecosystem (Borja et al., 2013; Elliott et al., 2017), the detailed
construction of the DAPSI(W)R(M) framework from of the State’s defi-
nition of change (in this case, eutrophication) can establish a useful and
objective line of reasoning for the implementation of coastal manage-
ment strategies.

From a DAPSI(W)R(M) perspective, we test the hypothesis that the
local pressure of anthropogenic nutrient loads, commonly seen in
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coastal systems of South America, acts in synergy with meso-scale
events, i.e. the intrusion of nutrient-rich water masses, to produce
elevated trophic conditions and loss of ecosystem services in a sub-
tropical bay. The results of this study will provide a better understand of
the eutrophication problem of coastal systems that receive nutrient in-
puts for both continental and oceanic sources, highlighting important
management strategies to improve this scenario.

2. Methods
2.1. Study area

The Bay of SC Island (BSCI), located in the central region of SAHB
and continental shelf of SC (48.56° W, 27.57° S), is set in the central and
most populous region of Santa Catarina State (SC) in southern Brazil
(Cabral et al., 2020). The system is shallow (average depth is 3.4 m) and
covers an area of 430 km? (Garbossa et al., 2017). BSCI is formed by two
water bodies, (North and South Bays), that are connected in the center
by a narrow channel. Each bay is permanently connected to the ocean, in
the north and south, respectively (Fig. 1). BISC is located in a mosaic of
marine protected areas, such as the Right Whale Sanctuary and the
Pirajubaé Extractive Area, the latter of which is used by traditional
communities for the harvest of cockles, fish, and shrimp (Pagliosa et al.,
2005).

The climate is subtropical, with a humid and hot summer, type Cfa
according to the Koppen classification. Normal climate conditions,
based on a mean of 30 years (1960-1991), are a temperature range from
16 °C to 25 °C and annual precipitation of 1760 mm (de Souza et al.,
2018).

The continental shelf of SC is the most productive fishing region of
the Brazilian coast, because of eutrophic water masses throughout the
year (Bordin et al., 2019; Sabatini et al., 2018). Coastal upwelling
associated with Ekman transport forced by northerly winds, promotes
the intrusion of the nutrient-rich South Atlantic Central Water (SACW),
mostly in the late-spring and summer seasons. The Plata Plume Water
(PPW), influenced by Subantarctic Shelf Water, reaches the SC coast
during winter forced by southerly winds, when maximum chlorophyll-a
of 20 rng.rn’3 has been observed in surface waters (Bordin et al., 2019;
Braga et al., 2008).

2.1.1. Watersheds characteristic and anthropic activities

BSCI receives freshwater from many rivers that comprise a total
watershed area of 1875 km2 The main river is the Cubatdo Sul (742
kmz), which drains to the South Bay (Fig. 1). Information about water
quality is only available for 13 of the rivers (Table S1) that represent
94% of the total BSCI basin area. BSCI’s watershed is formed by the
rocky hills reaching an altitude of about 1000 m and by the coastal plain,
where rivers show saline gradient and mangroves ecosystems. The re-
gion is the South limit distribution of mangrove forest in South America
(Netto et al., 2018). Soils are mostly composed by Glei little humic, golic
cambisol, podzolic and quartz sands (IBGE, 2011).

The population of the BSCI watershed is about 958 thousand people
spread over 337 km? of urban area in 9 municipalities (Table S1). More
than 55% of the population has septic tanks with only 16% linked to
sewage treatment in primary and secondary wastewater treatment
plants (WWTPs). Summer tourism increases the local population
threefold and thus the pressures on water quality.

Gross Domestic Product (GDP) in 2015 by services, industry and
harvesting activities in the Municipalities of BSCI was about USD 9.9
billion. This is attributed to industry, technology and informatics,
footwear, non-metallic minerals and harvesting activities, each of these
contributing about 20% of the GDP (FIESC, 2015). The agricultural area
was about 7000 ha in 2015, with rice, sugar cane, cassava and corn as
the main crops (IBGE, 2017). Within the animal sector, poultry (2727
thousands of heads) and cattle (70 thousands heads) were the most
important activities, followed by goats and pork that sums 13000 heads
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Fig. 1. Map of Bay of Santa Catarina Island (BSCI), South and North bays, and its watershed. Urbanization area for each Municipality is in dark gray. Rivers names
are in bold: ARirit, MARuin, BIGuacu, CUBatao, ITAcorubi, SacoGrande, RATones, T. Henriques, RIBeirao, APA, TAVares, MASsiambu. See Table S1 for river’s

description.

(IBGE, 2017). The production of seafood in BSCI is about 17000 t.year’1
of bivalve molluscs (oyster and mussel) from aquaculture farms, which
represents 70% of the national production (Suplicy, 2018). Harmful
algal blooms (HAB) occur periodically in the bay, causing losses to
aquaculture and fisheries, as well as being a threat to human health
(Alves et al., 2018; Garbossa et al., 2017).

2.2. Quantification of pressures from the watershed: load and yield of N
and P

Estimating the emission of N and P for each activity or natural source
is a useful tool in environments that are not regularly monitored, as in
developing countries (de Paula Filho et al., 2015; Lacerda et al., 2008;
Teubner Junior et al., 2018). We used an emission factor approach to
identify the main anthropogenic and natural sources of N and P and their
loads to the BSCI watershed. This is the tool used by environmental
agencies in Europe (Crouzet et al., 1999) and North America (Schwarz
et al., 2006). The anthropogenic pressures were characterized as rural
(agriculture, livestock and atmospheric) and urban (sewage, runoff and
atmospheric). These are the main anthropic inputs to natural waters in
Brazil (Teubner Junior et al., 2018) and around the world (Seitzinger
etal., 2010a). Equations (Table S2) and details of all the methodological
procedures to estimate the emission of N and P are described according
de Paula Filho et al. (2015) and Teubner Junior et al. (2018), who
applied this methodology in a semi-arid and tropical Brazilian water-
shed, respectively. Details about variables applied in these equations are
described below.

Atmospheric input (rainwater) of dissolved inorganic nitrogen (DIN)
and phosphorus (DIP) in urban regions was estimated using the urban-
ized area of each municipality (Table S1), average annual precipitation

(1825 mm.yearfl) from 2013 to 2015, and nutrient concentration (mg.
m’3) measured in the rainwater. Nutrients concentrations in rainwater
of BSCI basins are scarce for nitrogen and non-existent for phosphorus.
This study considered DIN concentration of 221 mgN.m >, estimated in
rainwater from an urbanized site of Florianépolis city (Hoinaski et al.,
2014) and DIP concentration of 11 mgP.m’3 (Mizerkowski et al., 2012)
from Paranagua city (population of ~134 thousand in 2010). Paranagud
watersheds have similar geomorphology, climate and anthropic devel-
opment level as the basins of BSCI. The atmospheric inputs in rural and
natural areas were calculated using the areas that are not urbanized
(total area minus urbanized area) and the DIN (53 mgN.m’3) and DIP (7
mgP.m’S) concentrations estimated by Mizerkowski et al. (2012) for
sites from Paranagud Bay watershed without dense urbanization.
Depending on the soil characteristics, 60-70% of the N and P that was
deposited was retained in the soil and did not reach natural waters
(Lacerda et al., 2008; de Paula Filho et al., 2015).

Nutrients load from domestic sewage in the urban areas were esti-
mated from a total load of biochemical oxygen demand (BOD, t.year 1)
into natural waters for each municipality in 2013 (ANA, 2017),
considering the sewage ratio BOD/DIN and BOD/DIP indicated in (von
Sperling, 2007). For rural areas, the area of each crop (ha.year )
cultivated per municipality in 2015 was obtained from the Brazilian
Institute of Geography and Statistics database (IBGE, 2017). Agricul-
tural guidelines for the application of inorganic nitrogen and phosphate
fertilizers (kg.ha’l), loss rates (%) during the production and retention
in the soil were considered for each crop (de Paula Filho et al., 2015;
Eberhardt and Schiocchet, 2015). N and P emissions (t.year’l) from
livestock farming were estimated by the number of animals produced in
2015 in each Municipality from the IBGE database (IBGE, 2017). Daily
production of manure (kg.animal’l.day’l), the concentration of
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inorganic N and P in manure produced (kg.animal '.day~!), N-NH;
emission (kg NHs.animal ’.year™1) and soil retention factor were used
as described in de Paula Filho et al. (2015).

The N and P loads by Municipality (t.year ') were extrapolated to
loads for river considering the proportional area of each river watershed
in each Municipality. We then considered the proportionality between
areas (km?) and applied the constant-share methods proposed by Smith
et al. (2013). Those values were used to validate the nutrients load
estimated, which was determined by the relationship between the
nutrient loads estimated through emission factors and the loads
measured in situ. Dissolved inorganic nitrogen and phosphorus concen-
trations from the thirteen rivers of BSCI watershed (N = 414, sampled
from 2005 to 2010) where considered in this validation as in situ data,
using the data set from Cabral et al. (2020). Nutrients loads for each
river (t.year’l) were calculated from DIN and DIP concentration (mg.
m~%) measured in each sampling day and the river discharge (m®.
month_l), and then converted to t.year‘l. The river discharge (VQ, m>.
month™ 1) of each basin was estimated (Table S2) considering rainfall,
evaporation and the watershed area (Table S1), as described in Dupra
et al. (2000). Precipitation (mm), evaporation (mm), and atmospheric
temperature (°C) were acquired from an automatic meteorological sta-
tion (83,897), located in the South Bay, from INMET (National Institute
of Meteorology, Brazil).

N and P yield estimated and observed per rivers (t.km 2.year })
were normalized to a global yield average of N (0.355 t km™2.year™})
and P (0.095 t km™2.year 1), as suggested by Meybeck et al. (2006),
with global reference values from Green et al. (2004) and Seitzinger
et al. (2002), respectively. We also estimated the phosphorus and dis-
solved inorganic nitrogen yields (t.km 2.year !) for each watershed
area by regression equations (Table S2) proposed by Smith et al. (2003),
which uses population number and river discharge (m®.year ). Popu-
lation number was estimated in each watershed from the population of
each municipality (Table S1). The river discharge (Vo, m3.year’1) of
each basin was estimated as described before (Table S2).

2.3. HAB occurrence and frequency as indicator of eutrophication

HABs is a direct effect (Cloern, 2001) and a symptom of eutrophi-
cation. These have occurred periodically in the BSCI, affecting
Ecosystem Services, the local economy, and Public Health. The National
Program for Hygiene and Sanitary Control of Marine Bivalve Molluscs
perform periodic analyses of harmful microalgae density and their
toxins in order to prevent the commercialization of contaminated
products by phycotoxins (as Diarrheic Shellfish Poisoning - DSP).
Aquaculture farms of South (N =~ 5) and North (N = ~3) Bays were
monitored monthly by the Agricultural State Agency (CIDASC). How-
ever, these data were not systematized and analyzed with respect to the
eutrophication process. Results of this program were compiled to
quantify the number of red tides alerts published from 2013 to 2018,
except for 2015, when quantification of phytoplankton was not per-
formed. According to Alves et al. (2018), alerts occurred when mouse
bioassay were positive or when Dinophysis spp, Pseudo-nitzschia spp. or
Gymnodinium catenatum density were higher than 500 cells.L ™}, 105
cells..™! and 100 cells.L. "}, respectively. Details about sampling and
analysis are meticulously described in Alves et al. (2018). Numbers of
alerts were relativized by the number of analyses carried out in each
year per bays. We considered that each alert corresponds to a secondary
symptom of eutrophication in the BSCI, as recommend by Bricker et al.
(2008).

2.4. Ecosystem services affected by eutrophication

The BSCI has shown eutrophication symptoms in the water since the
1990’s, according ASSETS analysis (Cabral et al., 2020). Sediment core
data shows increasing CNP concentrations since the 1980’s, concomi-
tantly to demographic growth, supporting that eutrophication has been
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historical in the system (Lamego et al., 2017). The Common Interna-
tional Classification of Ecosystem Services (CICES V5.1) (Haines-Young
et al., 2018) where used to list the Ecosystem Services (ES) from BSCI
and from estuarine zone of its tributaries. A literature review was
considered to identify the ES potentially impacted by eutrophication in
the region.

2.5. Data analysis

Spearman correlation was performed to identify significant (p <
0.05) correlations between two variables. Only significant correlations
are shown in the text. The Kruskal-Wallis test was applied to test sig-
nificant (p < 0.05) differences between estimated and observed (in situ)
nutrients loads (t.year’l) and yield (t.km’z.year’l) to the BSCI. These
statistical analyses were performed using RStudio 1.0 Open Source
Software (R Core Team, 2015). Multidimensional Scaling ordination
(MDS), integrated with Pearson (p < 0.05) correlation, were run to
understand the similarity of the rivers that drain to the BSCI according
nutrients loads (t.year’l) and yields (t.km’z.year’l), estimated and
observed, and water quality parameters (dissolved oxygen,
chlorophyll-a, dissolved inorganic nitrogen and phosphate concentra-
tions) acquired from the Cabral et al. (2020) data set.

3. Results
3.1. Nutrients emission by activity

Livestock production was 2.8 million heads in the BSCI watershed in
2015 (Table S3), mainly poultry (97%) and cattle (2.5%). There was
three times more production in the South Bay basins (2082 x 102 heads)
than in the North Bay (728 x 10° heads). Maximum production (1243 x
10° heads) was in the Cubatio watershed - Aguas Mornas municipality.
Agriculture occupied 3303 ha in the North Bay and 2898 ha in the South
Bays basins (Table S3). There was 6201 ha of agriculture during 2015,
30% of it for rice, which represents the major production area in BSCI.
Sugar cane (19%), cassava (13%), corn (11%) represented important
cultures produced in the BSCI. The BSCI watershed received organic
matter equivalent to 6761 tons of BOD in 2013, from domestic sewage
(Table S3). The South Bay basins received 4591 tons, 68% of the total
organic load to the BSCI basins.

Livestock, agriculture and sewage were the main sources of nitrogen
and phosphorus to the BSCI watershed, that received 1998 t N and 155 t
P in 2015 (Table 1). Rural sources represented two times more N than
the urban sources (Table 1). Livestock represented 56% of the total N
loaded into the bays, followed by sewage (30%) and agriculture (8%).
The South Bay (1311 t N.year!) received two times more nitrogen than
the North Bay (687 t N.year ).

Phosphorus loads were estimated at 62.1 and 92.5 t P.year ! to the
North and South Bays, respectively. Rural and urban sources showed
similar P loads in the North Bay, mainly from sewage (50%) and agri-
culture (40%) (Table 2). However, in the South Bay, 70% of total P came
from sewage (64 t P.year 1), more than two times higher than the rural
sources (27 t P.year’l).

3.2. Nutrients loads by rivers, estimated and observed data

The mean river runoff was 941 x 10 m® year™! (equivalent to 30 m
s™1). The Cubatio, Biguact and Maruin rivers represented 77% of the
runoff (Table S6). The total watershed load average, calculated by nu-
trients in situ concentrations, was of 793 t N.year’1 and 109 t P.year’1
(Table 2). Those values represented 41% and 82% of the N and P load,
respectively, estimated by the emission factor approach (Table 2) for
these basin areas (1763 km?): 1946 t N.year’1 and 132t P.year’l.

Maruin (32%), Cubatao (20%) and Biguacu (14%) were the main
sources of N to the BSCI (for absolute in situ load values see Table S6).
Most of the N discharge occurred into the South Bay (529 t N.year™!),
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Table 1
Rural and urban nitrogen and phosphorus loads (t.year ') by municipalities localized in the basin of Bay of Santa Catarina Island (North and South Bays).
Sources Rural Urban
Agriculture Livestock Atmosphere Sewage Atmosphere runoff
Nitrogen (tN.year’l)
Bay of SC Island 140 1131 69 608 48 1
North Bay 71 377 27 195 16 0
South Bay 69 754 42 413 32 1
Phosphorus (tP.year™ ')
Bay of SC Island 47.2 2.9 8.5 94.6 1.2 0.2
North Bay 27.0 0.9 3.3 30.4 0.4 0.1
South Bay 20.2 2.0 5.2 64.3 0.8 0.1
Table 2
Load (t.year ') and local yield - global yield ratios (Y1/Yg") of nitrogen and phosphorus measured in situ (Is) and estimated by emission factor (EF) and Smith’s (Sm)
approaches.
tN.year ! YIN/Yg" tP.year™! YIP/Yg"
Is EF Is EF Sm Is EF Is EF Sm
BSCI 793 1946 1.8 4.2 2.1 109 132 1.7 1.2 1.0
North Bay 265 771 1.8 4.4 2.3 86 58 3 1 1.1
APA 8 51 0.4 2.4 1.5 2 3 0.4 0.5 0.7
Biguacu 114 480 0.8 3.5 1.4 15 40 0.4 1.1 0.7
T. Henriques 25 69 1.4 4 2.7 25 4 5.4 0.9 1.3
Ratones 78 56 3.1 2.2 2.2 26 3 3.8 0.5 1.0
Verissimo 3 12 0.9 3.3 2.6 1 1 1 0.7 1.2
Saco Grande 13 22 3.4 5.7 3.1 4 1 4 1.3 1.5
Itacorubi 23 81 2.8 9.9 2.8 13 5 5.9 2.3 1.3
South Bay 529 1175 1.7 3.9 1.8 23 75 0.3 1.5 0.8
Tavares 4 11 0.2 0.6 0.6 0 1 0.1 0.1 0.3
Ribeirao 7 20 0.9 2.8 2.4 1 1 0.5 0.6 1.1
Maruin 258 399 3.6 5.6 2.8 11 28 0.6 1.5 1.3
Ariru 97 258 4.7 12.6 3.7 2 35 0.4 6.4 1.7
Maciambu 7 3 0.3 0.1 0.7 3 0 0.3 0 0.3
Cubatao 160 495 0.6 1.9 0.7 6 10 0.1 0.1 0.3

? Ylocal/Yglobal classification Oligo-active: 0.2-0.1; Hypo- active: 0.5-0.2; Meso-active: 2-0.5; Eury-active: 5-2; Hyper-active: 10-5; Hot spots: >10.

since Maruin and Cubatao drain to this region (Fig. 1). Those rivers were
also the most representative in the estimated N loads (Table 2).
Although the estimated loads were two times greater than the in situ
values, the Kruskal-Wallis test did not show a significant difference
between these values (KW = 1.33, df = 1, p = 0.25). The rivers were
classified as meso-active for N yield, estimated from in situ values and
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according to Smith’s methodology (Table 2). However, rivers were
classified as eury-active when estimated from N load by emission factor
approach. None of the yields results showed statistical differences (KW
= 3.51, df = 1, p-value > 0.05).

Ratones (24%), Trés Henriques (23%), and Biguaci (13%) were the
main rivers contributing to the P flux into the BSCI, according in situ

Fig. 2. MDS, with Pearson (p < 0.05) correlation, of
N and P loads (t.year-1) estimated from Urban and
Rural sources and total observed in situ; of N and P
Yields (t.km-2.year-1) estimated (emission factor and
Smith’s) and observed; and water quality parameters
(Dissolved Oxygen, Chlorophyll-a, dissolved inor-
ganic Nitrogen and Phosphate concentrations) of
rivers (ARirii, MARuin, BIGuacu, CUBatao, ITAcor-
ubi, SacoGrande, RATones, T. Henriques, RIBeirao,
APA, TAVares, MASsiambu) that drain to BSCIL.
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measurements. The North Bay watershed was responsible for 80%
(85.98 t P.year 1) of this loading. However, when we considered the
estimated loads, the South Bay basin is more important, with loading
(74.71 t P.year’l) mainly from the Aririti and Maruin rivers (Table 2).
The Biguacud river that discharges in the North Bay was the most
representative (30%) of the system. Rivers that drain to the South Bay
were classified as hypo-active in relation to the P global trends, while
the North Bay basin was eury-active and the BSCI basin was meso-active.
In general, the in situ and estimated P loads did not differ (KW = 0.054,
df =1, p = 0.82) as well as the P yields (KW = 0.024, df =1, p = 0.88).

N and P fluxes from the rivers (N = 13) showed a correlation (p <
0.05) with their estimated N (r = 0.92) and P (r = 0.55) loads. . Yields
estimated by factor emission (r = 0.77 for N and r = 0.61 for P) and
Smith’s approaches (r = 0.77 for N and r = 0.71 for P) were significantly
correlated (p < 0.01) with in situ DIN and DIP concentrations. The same
was observed for the in situ yields (r = 0.87 for N and r = 0.74 for P).

The distribution of the main rivers of the BSCI according the MDS
analysis (Fig. 2) was associated with urban (axis x) and rural (axis y)
activity of its watershed. Urban descriptors, as total N (r = 0.91) and P (r
= 0.87) estimated loads, correlated strongly with the first axis of the
MDS. A gradient of urbanization was observed along this axis, with
Aririt and Massiambu rivers in the opposite ordination. The total rural N
(r =0.85) and P (r = 0.65) estimated loads were associated with second
axis and with Cubatao, Biguacu and Maruin rivers.

S N S N

Date 2013 Date 2074  Date

S N
2016
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3.3. HAB occurrence and frequency

A total of 134 alerts of HABs were issued from 2013 to 2018 (2015
was disregarded), which represents 10% of the total number of samples
analyzed by CIDASC. There were significantly more alerts for the South
Bay (KW = 17.14; df = 1; p < 0.000) than in the North Bay (Fig. 3). The
alerts also did not always coincide in the two bays. Simultaneously
alerts, both in the North and South bays, were observed in only 30% of
the registers. The maximum of co-occurrence of the alerts emitted for
both bays were observed in 2016, when alerts started in May and
finished in July. Considering the seasonality, 32% of alerts occurred in
the winter, following by spring (26%) and autumn (26%) seasons.

3.4. Ecosystem service of BISC

BSCI and its estuaries provide 49 classes of ES to society (Fig. 4), 41%
as Regulation & Maintenance, 37% as Provision and 22% as Cultural.
We identified 42 classes of ES that could be potentially impacted by
eutrophication, mainly in a negative way, based on our results and on
the available literature.
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Fig. 3. Alerts of Harmful Algal Blooms (HABs) from 2013 to 2018 in the South and North bays. of BSCL
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Fig. 4. Diagram (Sankey) of Ecosystem Services (section, division and code identification according CICES V5.1) from BSCI potentially affected and non-affected by

eutrophication (State change). Description of each code, see Table S7.

4. Discussion
4.1. Eutrophication: its drivers, activities and pressures

Following the terminology proposed by Elliott et al. (2017), the
Drivers - food production and occupation of space for society - have
promoted livestock, agriculture, and urbanization. However, the lacks of
proper management in those activities increase the flux of anthropo-
genic nutrients into the BSCI basins. One the these activities, urbaniza-
tion, also increases pressures because of summer tourism (Driver),
which triplicates the number of inhabitants of BSCI, amplifying N and P
flux and, consequently, the trophic state of the local rivers (Cabral et al.,
2020; Silva et al., 2016). These drivers are the main responsible for the
nutrient loads entering the coastal zone in Brazil (Barletta et al., 2019;
Teubner Junior et al., 2018) and worldwide (Meybeck et al., 2006;
Seitzinger et al., 2010b; Smith et al., 2003).

The two methodologies used to quantify N and P input (de Paula
Filho et al., 2015; Smith et al., 2003) allowed to calculate yield values
observed (in situ) in the region, but only the application of the “emission
factors approach” (de Paula Filho et al., 2015) identified the potential
activities (livestock, agriculture, and urbanization) that change the
state, as described above. The values estimated from the linear regres-
sion defined by Smith et al. (2003) characterize the state of the waters as
meso-active, in agreement with the mean value observed in situ for the
yield of N (Table 3), whereas the emission factor approach characterized
the system as eury-active. However, when considering the variation of
the loads observed in situ (Table S6), from the minimum to the maximum
values, both methods are well adjusted to estimate the yield of N.
Several authors (de Paula Filho et al., 2015; Molisani et al., 2013;
Teubner Junior et al., 2018) give a margin of error up to three times for
the estimated loads in relation to the observed in situ, due to the un-
certainties of the methodology. Further, the estimates are based on the
total form of N and P, while the in situ measurements are usually about
inorganic dissolved compounds (e.g. DIN and DIP), as in this study. In
relation to P values, both methods were satisfactorily and characterized
the system as meso-active.

Table 3

Load (t.year’l) and yield (t.kmz.year’l) of N and P estimated to the Brazilian
coastal basins. Classification was defined as ratio of local yield (Y1) normalized
to global average yie'd (Yg) according Meybeck et al. (2006).

Systems Lat°®  Area Load (t.year !) Yield (tkm?  Yl/Yg
(km?) year 1)
N P N P Type
N-P
Parnaiba -2.7 42,810 14,517 8748 0.34 0.20 Meso-

River® Eury

Ceard -3.7 20,799 12,622 6704 1.65 0.62 Hyper
coastal”
RGNorte -5.6 3300 5263 2762 5.08 1.59 Hot
coast® spots
Pernambuco* -8.0 25,058 39,130 8914 1.56 0.36 Eury
Contas River® —14 55,000 2299 1688 0.33 0.24 Meso-
Eury
Vitoria Bay‘ —-20 1925 10,784 5480 5.60 2.80 Hot
spots
Macaé River® —22 1765 1599 787 1.30 0.65 Eury-
Hyper
Itajai River” —26 15,500 7889 641 0.51 0.04 Meso-
Hypo
BSClestimat' -27 1763 1957 133 1.10 0.08 Eury-
Meso
BSClgmith' 0.67 0.08 Meso-
Meso
BSClin siubtean 771 58 0.63 0.17  Meso-
Meso
Mean Brazil 18,736 10,074 4672 1.95 0.75

2 De Paulo Filho et al. (2015).

b Lacerda et al. (2008), study in 15 basins.
Lacerda et al. (2006), study in 7 basins.
Noriega and Araujo (2009), study in 12 basins.
¢ De Paulo Filho et al. (2010).

Teubner Junior et al. (2018).

8 Molisani et al. (2013).

h pereira Filho and Rorig (2016).

! This Study.



A.L. Fonseca et al.

The Brazilian yields are, on average, 1.95 t N.km 2.year ' and 0.75 t
P.km~2.year™!, characterizing the coastal basins from hypo-active to
hotspot (Table 3). Meybeck et al. (2006) characterized the South
Atlantic basins (where BSCI is localized) in the global model COSCATs as
eury-active for N, exceeding twice the values emitted in the global
average. We also obtained, on average, a eury-active classification for N
in the BSCI. However, most of the individual watershed values charac-
terized the system as meso-active, which is in accordance to the global
mean yield and equivalent to the values observed in the la Plata River
(Argentina), Niger Delta (Niger), and Yellow River (China) (Meybeck
et al., 2006).

The yields for N and P in the Vitéria Bay (VB, SE Brazil), a yield
hotspot (Table 3), were associated with high livestock contribution (up
to 90%) when compared to other systems, including BSCI, where live-
stock contributed with 60% (Teubner Junior et al., 2018). In Rio Grande
do Norte (RN, NE Brazil), a hotspot condition was also associated with
the production of animal protein, in this case by marine shrimp aqua-
culture farms (De Lacerda et al., 2006). Although the relative impor-
tance of livestock was not so high for BSCI as for VB and RN, the
contribution of this activity was significant higher for the N loads. In
future scenarios, Seitzinger et al. (2010a) estimates an increase of N
yields to the coastal zone by livestock contribution in Medium-Income
Countries, such as Brazil, bringing the worst-case scenario to the
coastal systems, such as BSCI. In response, the improvement of waste
management in agriculture and livestock production is necessary in
order to minimize nutrients inputs.

The N yield at BSCI correlated with urban characteristics, such as
urbanized area and BOD, but not with the rural characteristics. How-
ever, the load of N correlated with both the urban and rural descriptors.
Rural activities accounted for twice the N load estimated for BSCI, when
compared to urban sources. Despite the importance of rural activities for
N inputs, the basins size (<100 km?) and the high population density
(>1100 inhab.km 2 in 40% of the basins), mainly in the shoreline of
BSCI (de Andrés et al., 2018), indicate that urban sources generate
strong pressures for the yield of N. In contrast, the load and the yield of P
in the BSCI watersheds were related only with urban descriptors. Un-
treated urban sewage is the main source of P in Brazil and worldwide
(Lacerda et al., 2008; Molisani et al., 2013; Noriega and Araujo, 2009;
Pereira Filho and Rorig, 2016; Teubner Junior et al., 2018). Moreover, P
loads are expected to increase in the urban centers of developing
countries, where population is rising without effective wastewater
treatment (Seitzinger et al., 2010a). Following the global classification
of Smith et al. (2003), the BSCI basins have an average water flow and
high population density (this study), conditions that decrease nutrient
assimilation/exportation and elevate the susceptibility to long-term
eutrophication.

4.2. State of eutrophication and its implication to ESs

Coastal eutrophication has increased in the last decades in a global
scale, and is expected to continue to increase, especially where invest-
ment in mitigation responses, such as the treatment of urban and rural
effluents, are scarce (Barletta et al., 2019; Bricker et al., 2008; (Seit-
zinger et al., 2010b). The risk of eutrophication for the BSCI rivers, as
meso- and eury-active, corroborated with the poor and bad eutrophic
status for BSCI indicated by the ASSETS model (Cabral et al., 2020).
BSCI showed moderate-high (North Bay) to high (South Bay) suscepti-
bility to eutrophication pressure according to these authors, that focus
the eutrophication analysis by urban descriptors, especially in the
shoreline (Garbossa et al., 2017). The present study brings the impor-
tance of rural activities for N loads, which dominate the innermost areas
of the watershed and municipalities not bordering the bay. Nitrogen is
the limiting nutrient to the primary production of the BISC (Cabral et al.,
2020), reinforcing the potential of the N loads by rural activity to sustain
the poor and bad scenarios for eutrophication characterized in this
system. Among the ES classes identified here, those associated with
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energy production by physical forces (Provisioning), maintenance of the
coastal physical structure (e.g. coastline), and thermal regulation
(Regulation & Maintenance) are not affected by eutrophication, while
all others might suffer some impact (Table S7).

Although there is no systematic monitoring of the trophic state of the
rivers and the BSCI, the local benthic community has showed some
impacts caused by eutrophication (Borja et al., 2010; Brauko et al.,
2015; (Brauko et al., 2020b)). The loss of biodiversity and health of
benthic fauna in the bay and the estuarine region of the tributaries has
been associated with eutrophication indicators (OM, N, and P) (Brauko
et al., 2020; Pagliosa and Barbosa, 2006; Souza, 2011; Weis et al., 2017).
There has been no change in the response of the benthic communities to
the impacts of eutrophication in the decade between those studies,
indicating that the loss of the benthic community, as biodiversity and
function, are chronic in the system, which could irreversibly damage the
food chain and ES (Alexander et al., 2017; Bernardino et al., 2015).
Biotic ES associated to benthic community in BSCI (De Lima et al., 2018;
Weis et al., 2017), as provision of genetic material or as regulation and
maintenance by weathering processes and their effect on sediment
quality (Norkko et al., 2015), were negatively affected by eutrophica-
tion. However, a systematic monitoring program is necessary to evaluate
the dimension of these impacts on the system, which could be intensified
by climate change (Carneiro et al., 2020) and others anthropic inter-
vention that suppress this community, as dredging to navigation or
hydraulic landfill in the shoreline (de Melo et al., 2011).

The physical characteristics of a coastal ecosystem, as water renewal
and dilution of contaminants, determine the levels of eutrophication
(Barletta et al., 2019; Elliott and De Jonge, 2002). Water exchange be-
tween the BSCI and the continental shelf waters occurs through the
extreme channels, while the local hydrodynamic favors water and par-
ticulate matter accumulation in the central region of the bay (de Souza
et al., 2018). A standing wave is generated by the overlap of the tidal
waves that converge at the center of the bay, most of the time to the
central region of the South Bay (cSB) (de Souza et al., 2018). The
pressure of nitrogen is also higher in ¢SB, due to the N loads of the
Maruin, Aririt, and Cubatao rivers, which contribute to 64% of the
entire N load to the system. The highest concentrations of N in the
sediment and fecal coliforms in the water also occur in the c¢SB, because
of the low hydrodynamics and the high urban density areas (Bonetti
et al., 2007; de Souza et al., 2018; Vianna and Filho, 2018). The higher
trophic state observed in the ¢SB in comparison with the rest of the
system is due to the high N loads and the low hydrodynamics (Cabral
et al., 2020). In other words, the symptoms of eutrophication may be
more intensive in the cSB, as indicated by higher thermotolerant coli-
form concentration (Garbossa et al., 2017), and by lower diversity of
macroalgae and macrobenthos communities (Brauko et al., 2020; Mar-
tins et al., 2012).

The three main secondary symptoms of eutrophication are harmful
algal blooms (HABs), low dissolved oxygen levels and loss of submerged
aquatic vegetation, a serious change of ecological state (Bricker et al.,
2008). The BSCI has shown elevated dissolved oxygen, associated with
physical processes, such as the turbulence of the water column by the
winds and tidal currents (Cabral et al., 2020). However, recent hypoxic
and anoxic events have been reported associated with eutrophication
and heat waves (Brauko et al., 2020b). Futhermore, HABs events are
periodically reported at BSCI, especially in the South Bay, corroborating
with the results of the N loads. There is no information about the sub-
merged aquatic vegetation of BSCI.

Blooms of Dinophysis spp and Pseudo-nitzchia sp. that produce toxins
have been recorded in the Brazilian subtropical coastal ecosystems for
decades (Alves et al., 2018), including BSCI. High densities of Dinophysis
spp. (mostly D. acuminata complex), a mixotrophic organism, has been
associated with local and meso-scale dynamics (Alves et al., 2018;
Proenca et al., 2017; Tibirica et al., 2015). Local scales dynamics can be
considered as endogenous managed pressure whereas meso-scale dy-
namics are exogenous unmanaged (Elliott et al., 2017). In winter, south
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quadrant winds bring the Plata River Plume into the continental shelf of
Santa Catarina, where BSCI is located (Braga et al., 2008). The eutrophic
and nutrient-rich water mass sustain high phytoplankton biomass
(Bordin et al., 2019) and boost the occurrence of Dinophysis spp. in the
BSCI and nearby systems, such as occurred in May 2016 (Alves et al.,
2018; Proenca et al., 2017). Good conditions for the development of
Dinophysis spp., such as water column stability and nutrients availability
(mainly ammonium), is found in the enclosed coastal systems of SC
(Alves et al., 2018; Hattenrath-Lehmann et al., 2015; Tibirica et al.,
2015), reinforcing the local eutrophication pressure as a synergistic ef-
fect that increases the intensity and duration of HAB events.

The blooms of Pseudo-nitzchia sp. are more frequent in spring-
summer (Tavares et al., 2009; Tibirica et al., 2015), as occurred on
January 11th of 2018 in the BSCI. Rainfall volume was 145 mm on that
day, after 170 mm accumulation in the previous week. This is equivalent
to the normal precipitation for the whole January month, which can be
classify as an anomalous event (Barcellos et al., 2020). The summer
heavy rains fuel the algal population with nutrients, since both
non-point and point source (e.g. sewage plants) pollution runoff in-
crease. Furthermore, BSCI is located in a region where extreme events of
precipitation and temperature have been increasing (Gouvea et al.,
2017), factors that might hinder the success of the strategies/responses
to minimize the impacts of eutrophication (Duarte and Krause-Jensen,
2018).

Losses in aquaculture production (Provisioning) by HABs are very
frequent in the BSCI and the coastal zone of SC State (Proenca et al.,
2017; Suplicy, 2018). An HAB event in 2016, the highest recorded be-
tween 2013 and 2018, was promoted by meso-scale pressure and
generated the loss of 4 million USD on the commercialization of aqua-
culture production, compromising the livelihood of more than 500
families who work directly and indirectly in this activity (Proenca et al.,
2017). Food poisoning by red tides causes gastrointestinal diseases,
vertigo and fever, and has been reported by the population of SC coast
since the 1970s, mainly during the winter months (Schlemper, 2002).
This author reinforces that the impact on human health is under-
estimated because many cases are unreported to the public health
system.

Although exogenous pressures cannot be controlled by management
responses (Dolbeth et al., 2016; Elliott et al., 2017; Newton et al., 2003),
the control of endogenous sources might minimize the duration and
intensity of HABs events. In future scenarios of eutrophication in the
global coastal zone, nutrient loads from rivers are expected to increase
the potential risk of HABs, and changes in the nutrient ratio further the
threat (Bricker et al., 2008). Thus, to better understand the dimension of
local pressures on these events, environmental monitoring that assesses
the availability of nutrients (N, P and silicate) is crucial (Ferreira et al.,
2011). We reinforce that the concentrations of metals and pesticides in
water, sediment and biota (oysters and mussels) of BSCI are within the
limits established by Brazilian legislation (de Souza et al., 2016; Saenz
et al., 2010), while nutrient concentrations are not (Cabral et al., 2020).
Nevertheless, the frequency, intensity, and duration of primary and
secondary eutrophication symptoms damage the diversity of niches and
species (from the gene to the community) and the resilience capacity of
the ecosystem (Alexander et al., 2017; Diaz and Rosenberg, 2008).

The lack of efficient wastewater treatment systems is observed in the
region (Cabral et al., 2019) and it also affecting the trophic state and
human health of BSCI, which is incompatible with the current tourism
activities and seafood production. Two million tourists visited the BSCI
each year, it generated approximately 250 million USD of revenue
during the summer vacation (Cappelini et al., 2011). The impact of
eutrophication on tourism is difficult to measure, since the loss of water
quality also involves domestic effluent inputs, with enteric viruses,
organic matter, and nutrients (Rigotto et al., 2010). The number of cases
of waterborne diseases, such as gastroenteritis and dermatitis, was
related to high trophic status in the Ratones river basin, which drains
into the BSCI and has a protected environmental area (Silva and
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Fonseca, 2016). During the summer, the population triplicates in this
basin, damaging the environmental quality of the river-estuary, signif-
icantly increasing the trophic state (Cabral et al., 2020; Silva et al.,
2016). In this scenario, the algae proliferation promotes bad smell
(Regulation & Maintenance) and particulate matter, fouls the bathing
waters (Cultural) (Silva et al., 2016).

Overfishing, trawling and water pollution are responsible for the
decreasing yield of fishing and fish quality in systems adjacent to BSCI
(Martins et al, 2014, 2018; Prudencio et al., 2014), also affecting the
preservation of key species for marine conservation (Macedo and
Medeiros, 2018). The perception of traditional fishermen from the
central region of BSCI is that the urbanization around the estuarine
rivers affected the taste of the seafood (person. comm.). However, there
is lack of data to support this and future studies are needed to quantify
the dimension of the impact of eutrophication in the BSCI human wel-
fare. Moreover, in order to understand the system’s response to future
pressures, reproducible fieldwork protocols (compatible with the reality
of local institutions) and a database (allowing ecological modeling) are
fundamental to provide management responses based on ecosystem
services (Anzaldua et al., 2018; Newton and Weichselgartner, 2014).

4.3. Management responses

Eutrophication mitigation strategies on BSCI must include control-
ling nutrient and organic matter loads and ecosystem restoration in a
sustainable way, as detail described in others systems (Biermann et al.,
2016; Duarte and Krause-Jensen, 2018; Luk et al., 2019; Newton et al.,
2003; Selman and Greenhalgh, 2009; Wu et al., 2017). The success of
these strategies depend on social, economic, political and governmental
characteristics, as well as the interference of environmental pressures
that occur at larger spatial and temporal scales, such as climate change
(Boesch, 2019; Duarte and Krause-Jensen, 2018; Gari et al., 2015).
Environmental management as a response to eutrophication should be
ecologically sustainable, socially desirable/tolerable, and economically
viable; constructed by defensible ethic, cultural inclusion, and feasible
technology; supported by legal, political and administrative permissible
instruments; and guaranteed by popular participation and effective
communication (Barnard and Elliott, 2015).

Based on these premises, the management of response actions in the
BSCI should occur at the State level (Santa Catarina), since the system is
influenced by the activities of nine municipalities, which are indepen-
dent in the management of their space. The innermost municipalities,
Aguas Mornas, Sto Amaro da Imperatriz, Sdo Pedro de Alcantara and
Antonio Carlos, are economically supported by rural activities, which
are important sources of N and P to the bays. Furthermore, they do not
directly depend on the ecosystem services of the BSCI and are less
motivated to restore the system, since they do not have a shoreline.
According to the State legislation (State Law SC No. 5010/2006), these
municipalities are not part of the coastal zone and are not considered for
coastal management strategies, which is a barrier to defining responses
that aim the integrity of marine ecosystem services (de Andrés et al.,
2018). As opposed to the US and Europe, Brazil does not have specific
policies to minimize the impact of eutrophication (Silva et al., 2018), as
the Nitrate Directive, which aims to reduce water contamination by
agricultural fertilizers (Bricker et al., 2008; Newton et al., 2003). Bra-
zilian legislation sets the management of water resources by River Basin
Committees (Brazilian Law No. 9.433/1997). The legal instrument for
water quality (CONAMA No. 357/2005) is used to ensure the
improvement of water quality. The Cubatao and Tijucas river basins,
where three of the four innermost municipalities are located, have had
basin committees for at least a decade, but actions of these management
units are still ineffective, characterized by discontinuity, little social
participation and attention to the improvement of environmental qual-
ity (Siebert, 2010).

The effectiveness of response actions to eutrophication requires so-
cial mobilization, cooperation between different institutions and
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governmental support (Newton and Elliott, 2016). Solutions must start
from the understanding of the problem by society and the definition of
future scenarios (Borja et al., 2016; Newton et al., 2016). The Man-
agement Strategies in the SC coastal zone have a legal instrument, the
State Plan for Coastal Management of Santa Catarina (State Law SC No.
13553/2005), but there is no government commitment and no clear
directives to implement it in practice (Guiao and Scherer, 2018), as is
the case of the Basin Committees. Management strategies must also
involve broad social mobilization, dissemination of technical informa-
tion, and effective participation of the various actors in the decisions.

Recent changes in the Brazilian Forest Law (Brazilian Law No.
12.727, 2012) began politically by the State of SC and promoted more
land uses and less preservation of riparian forests and marine wetlands
(Grasel et al., 2019; Pagliosa et al., 2012). The Florian6épolis Municipal
Master Plan foresees the use of wetlands for the expansion of the city in
the next 20 years, which is also observed in other municipalities of SC
and Brazil (de Andrés et al., 2018). The preservation and restoration of
riparian forests and wetlands are responses used in many aquatic sys-
tems to minimize nutrient input and eutrophication (Wu et al., 2017).
However, the current political trends point away from the social and
environmental demands of BSCI basin, making it difficult to implement
responses that minimize eutrophication in the short and long-term.

Despite of the difficulties reported, the economic losses associated
with eutrophication (Proenca et al., 2017) could stimulate social
mobilization in BSCI and governmental management responses to con-
trol the state change in the ecosystem. The integrated management of
the Cubatao, Biguacti and Maruin rivers and the central region BSCI
could be the initial step for an optimized strategy of regional manage-
ment. Municipal Master Plans for urban occupation of coastal plains
wetlands and bordering mangrove areas should be reconsidered, since
these areas play an important role in mitigating eutrophication (Wu
et al., 2017). The wetlands also provide space to be occupied by man-
groves in a sea level rise scenario, protecting private and public goods
and services (Schaeffer-Novelli et al., 2016).

In addition, to preserve target ecosystems and mitigate eutrophica-
tion (Onorevole et al., 2018; Rodriguez-Dominguez et al., 2020), bivalve
aquaculture could promote its control as well. Bivalve production in
BSCI, Pacific oyster Crassostrea gigas and the brown mussel Perna perna,
might be cropping phytoplankton biomass due to their high filtration
capacity (Silva et al., 2019) and promoting a top-down control of
eutrophication (Cabral et al., 2020), as observed in others systems
(Saurel et al., 2014). Macroalgae farms, of native Ulva sp. and exotic
Kappaphycus alvarezii, have the potential to absorb N and produce
biomass for food and pharma industries (Hayashi et al., 2011; Hayashi
and Reis, 2012). However, non-native species may disturb the
ecosystem, as loss of biodiversity (i.e. competition and pest introduc-
tion) and decreasing the mineralization potential in the sediment (Gal-
lardi, 2014). Ecosystem-based management and nature-based solutions
implemented in BSCI (Scherer and Asmus, 2016) may guarantee a sus-
tainable aquaculture activity and boost the ecosystem service that has
the potential to mitigate eutrophication (Gallardi, 2014; Silva et al.,
2019; Suplicy et al., 2017).

The inherent uncertainties of this study, such as the low precision
and accuracy of the methods and the lack of important ecological in-
formation (such as submerged shallow areas) should be considered in
the BSCI. Some of these uncertainties are also cited in systems that have
long-term monitoring and integrated scientific management to reduce
the impact of eutrophication, such as the Baltic Sea (Boesch 2019;
Malone and Newton, 2020). This reinforces the urgent need for envi-
ronmental monitoring and assessment focusing on eutrophication in
BSCI.

5. Conclusion

Human activities around the BSCI produce endogenous pressures
from rural and urban sources, resulting in an input of 1998 t N and 155 t
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P per year and classifying the system as eury-active for N and meso-
active for P, in relation to global trends. Thus the biogeochemical pro-
cesses at the land-ocean interface of the BSCI ecosystem are fueled by
both natural and anthropogenic inputs of nutrients, resulting in eutro-
phication. Rural activities accounted for twice the N load estimated for
BSCI, when compared to urban sources. Despite the importance of rural
activities for N inputs, the basins size (<100 km?) and the high popu-
lation density (>1100 inhab.km’z), mostly in the shoreline of BSCI,
indicate that urban sources generate strong pressures for the yield of N.
In contrast, the load and the yield of P were related primarily with urban
activities and the inputs of P into the watersheds.

Harmful blooms of Dinophysis spp and Pseudo-nitzchia sp. were
associated with different scale of pressures, intensified by the southerly
winds (winter) and high precipitation events (summer) , respectively.
Eutrophication descriptors were correlated to ecosystem services loss in
the BSCI, which depends on good water quality to provide aquaculture
production, fisheries and develop tourism. The response and manage-
ment strategies to prevent eutrophication in the BSCI should occur at the
State level (Santa Catarina), since the governance of the system is the
responsibility of nine municipalities that manage their space indepen-
dently. However, there are major obstacles and barriers to develop
efficient management strategies to control endogenous pressures lead-
ing to eutrophication. These include barriers at the national, state, and
local levels such as: (i) Lack of clarity and directives from the national
government with respect to environmental management, such as legis-
lation that facilitates the human uses of riparian forest, marine wetlands
and mangrove areas for agriculture and aquaculture; (ii) The coastal
management plan is fragmented and does not include the participation
of rural municipalities from the BSCI catchment area, which are
potentially source of nutrients to the bay.; (iii) Poor implementation and
commitment to established management plans; (iv) Poor social aware-
ness and social participation in issues related to the improvement of
environmental quality. Furthermore, according to the urban plans of the
main cities, the catchment population will duplicate in the next decade.
In this scenario, the reduction of pressures and the sustainability of
marine resources associated with eutrophication in BSCI (SDG 14.1) are
unlikely to be achieved by 2030.
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