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ABSTRACT

The incidence of anthropogenic pressures and the richness of mangrove areas in Brazil highlight the importance of multis-
cale/multitemporal studies, by the use of remote sensing technology, to provide information and data for Integrated Coastal
Management. This review presents and discusses the applications and limitations of different remote sensing products for the
study of Brazilian mangroves, shows the application of these tools for coastal management, and highlights gaps and new per-
spectives in this field of study. In the last three decades, the use of aerial photography and Landsat images, in a qualitative ap-
proach, predominated in the study of Brazilian mangroves, while images of other optical sensors and Synthetic Aperture Radar
images, in a quantitative approach, are still expanding. The use of these remote sensing tools has generated very important re-
sults for the ecological knowledge of the ecosystem, for the planning and sustainable use of mangroves in the face of human
pressures and for decision making in the integrated coastal management, in local, regional and national levels. Despite these
advances, there are gaps and new perspectives of studies such as: use of new optical images with high spectral and spatial reso-
lutions for mangrove species mapping; SAR images to estimate above-ground biomass; the use quantitative approaches as
OBIA and vegetation index and calibration of remote sensing data with field data to estimate biomass. Here we show a frame-
work to aid in the selection of appropriate remote sensing tools for studying mangroves in the perspective of integrated coastal
management.

Keywords: satellite images, aerial photographs, SAR images, geoprocessing techniques.

RESUMO

Sensoriamento remoto no estudo de manguezais do Brasil: revisdo, lacunas no conhecimento, novas perspectivas e contri-
buicées para a gestio

A incidéncia de tensores antrépicos e a riqueza de areas de manguezal no Brasil destacam a importancia de estudos mul-
tiescalares, com visdo sindptica e multitemporal sobre esse ecossistema, por meio da utilizagdo do sensoriamento remoto. A
presente revisdo apresenta e discute as aplicagdes e limitagdes de diferentes imagens obtidas por sensoriamento remoto no
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estudo do ambiente e da vegetacdo de manguezais do Brasil, destaca a aplicagdo dessas ferramentas para a gestdo, bem como
evidencia lacunas e novas perspectivas nessa area de estudo. Nas ultimas trés décadas, o uso de fotografias aéreas e imagens do
Landsat, em uma abordagem qualitativa, predominaram no estudo dos manguezais brasileiros, enquanto imagens de outros
sensores Opticos e de radar de abertura sintética, em uma abordagem quantitativa, ainda estdo em expansdo. O uso dessas fer-
ramentas tem gerado resultados muito importantes para o conhecimento ecoldgico do ecossistema, para o planejamento e uso
sustentavel dos manguezais em face de pressdes antropicas ¢ para a tomada de decisdes na gestdo costeira integrada, em nivel
local, regional e nacional. Apesar desses avangos, existem lacunas e novas perspectivas de estudo, como: uso de novas ima-
gens opticas com alta resolucdo espacial e espectral para o mapeamento de espécies vegetais de manguezal; imagens SAR para
estimar a biomassa total, uso de abordagens quantitativas como classificagdes baseada em objeto (OBIA) e indice de vege-
tagdo, além da necessidade de calibragdo de dados de sensoriamento remoto com dados de campo para estimar a biomassa.
Esse trabalho apresenta uma estrutura metodologica que auxilia na selecdo de ferramentas de sensoriamento remoto apro-

priadas para o estudo de manguezais na perspectiva da gestdo costeira integrada.

Palavras-chave: imagens de satélites de sistemas Opticos, fotografias aéreas, imagens SAR, geoprocessamento digital.

1. Introduction

Mangroves are coastal forests that inhabit saline tidal
areas along sheltered bays, estuaries, and inlets in the
tropics and subtropics throughout the world, where they
fulfill several ecological, environmental and socio-
economic functions (Barbier ef al., 2011, FAO, 2007).
For example, mangrove forests act as a natural buffer,
providing coastal land stabilization and protection
against storms, tsunamis and sea level rise (e.g.,
Dahdouh-Guebas et al., 2005; Feagin et al., 2010;
Mukherjee et al., 2010). Moreover, this ecosystem
forms an ideal habitat for a variety of animal species,
including commercially important species, thus sup-
porting offshore fish populations and fisheries (Barbier,
2000; Nagelkerken et al., 2008). Nevertheless, due to
pressures from anthropogenic activities and lack of
awareness or of perseverance in conservation and man-
agement strategies already implemented and/or pro-
posed (Farnsworth & Ellison, 1997; Primavera, 2000;
Kovacs, 2000; Armitage, 2002; Dahdouh-Guebas et al.,
2002, 2005b; Feagin et al., 2010, Satyanarayana et al.,
2013), mangrove forests are disappearing worldwide at
rates of 1 - 2% per year (Valiela et al., 2001; Alongi,
2002; FAO, 2007; Duke et al, 2007). This indicates
that we face the prospect of a world deprived of the
services offered by mangrove ecosystems, perhaps
within the next 100 years (Duke et al., 2007).

Brazil shows the second largest mangrove area in the
world (13,000 km?), accounting for 8.5% of the world's
coverage and 50% of South America's (FAO, 2007;
Spalding et al., 2010). The ecosystem is distributed
along the Brazilian coast, from the far north, in
Oiapoque River (Amapa State) to the southernmost
mangrove limit in Laguna (Santa Catarina State)
(Schaeffer-Novelli et al., 1990). Over 80% of Brazil's
mangroves are found in a complex of deltaic systems
along the north coast, where are found one of the
world's largest contiguous mangrove systems (Spalding
et al., 2010; Nascimento et al., 2013). On this region,
wet conditions allow for the growth of individual trees

up to 40 m in height (Spalding et al., 2010). The Brazil
northeast coast shows roughly 10.6% of this country's
mangroves, where the ecosystems are largely restricted
to estuaries and coastal lagoons, with trees reaching up
to 30 m (Schaeffer-Novelli ef al., 1990; Magris & Bar-
reto, 2010; Spalding et al. 2010). Moving southwards
occurs about 6.4% of the Brazilian mangroves, where
lagoons and estuaries continue to predominate, with a
number of important formations behind barrier islands.
The trees can reach up to 10 m (Spalding et al. 2010).
Although, various decrees and laws in three levels of
governance: federal (national), state (regional) and mu-
nicipal (local) legally enforce the conservation and
management of Brazilian mangroves (Santos et al.,
2014), these forests have been affected by a variety of
anthropogenic activities, resulting in losses higher than
50.000 ha between 1980 to 2005 (FAO, 2007).

The richness of mangrove areas in Brazil and the inci-
dence of anthropogenic pressures on this ecosystem
highlight the importance of studies and monitoring re-
searches by the use of multi-scale tools, providing in-
formation on local, regional and national levels, which
are very important for the integrated coastal manage-
ment. This approach provides synoptic and multi-
temporal views of the processes that take place in the
environment and vegetation of this ecosystem. Such
studies are developed with the use of remote sensing,
GIS (Geography Information Systems) and geoproc-
essing tools.

Remote sensing is the technology to obtain information
about an object, area or phenomenon without physical
contact, based on the interaction of electromagnetic ra-
diation and the different materials of the scene (Lille-
sand et al., 2008; Novo, 2011). Sensors are devices that
capture the electromagnetic energy from objects, phe-
nomena and surface features such as vegetation, soil,
rocks, water bodies, houses, buildings and highways,
and turn it into data, images, or other products inter-
pretable by humans (Luchiari et al., 2009). To obtain
information about an object, area or research phenome-
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non, images produced by remote sensors, such as aerial
photographs, images obtained by multispectral optical
sensors (usually referred as satellite images) and radar
imagery are interpreted using techniques of visual
analysis and/or digital processing (Jesen, 2009). At this
stage, the images are processed and analyzed in GIS
environments or by geoprocessing software, which en-
ables the generation of new information or maps de-
rived from the original data (Florenzano, 2002).

Remote sensing GIS-based studies provide a synoptic
view, in macro spatial and multitemporal scales, which
is not possible to obtain by in-situ-based studies. There-
fore, these tools can aid in practical issues of coastal
management, such as monitoring, at distance, of the ful-
fillment of environmental laws in coastal areas. In the
case of mangrove ecosystem, these tools are specially
important for the multitemporal monitoring of these
forests and anthropogenic activities, giving subsidies
for management, conservation and decision-making
support (Santos et al., 2014). In addition, accurate map-
ping of these environments is essential to the scientists
who focus on their ecological functioning (Giarrizzo &
Krumme, 2008; Souza-Filho et al., 2011), thus impor-
tant tools for planning and optimizing the fieldworks, a
key step for the establishment of relations between the
studied phenomena and the responses observed on the
images and data produced by remote sensors.

In the worldwide context, since the last 20 years remote
sensing technologies have played a central role in de-
tecting and analyzing changes in the extent and spatial
pattern of mangrove forests resulting from natural
and/or anthropogenic forces (Heuman, 2011). In the
Brazilian context, the first studies using remote sensing
images for mangrove analysis started in the 80's, with
the use of aerial photographs and satellite images for
mapping these forests and detecting spatio-temporal
changes (e.g., Espindola, 1986a, 1986b; Abdon et al.,
1986; Herz, 1988; Braga et al, 1989; Machado 1992).
The use of GIS and remote sensing tools for studying
Brazilian mangroves has intensified and spread only
from 2002, with publications in refereed journals and
increase in the number of dissertations and thesis. This
review aims to present and discuss the applications and
limitations of different remote sensing tools for the
study of Brazilian mangroves, showing the application
of these tools for coastal management as well as pre-
senting gaps in knowledge and new perspectives in this
field of study.

2. Materials and Methods

A bibliographical research was carried out for scientific
works and studies, including the categories of scientific
articles, books, dissertations, thesis and full papers pub-
lished in conference proceedings, which used remote
sensing tools to study Brazilian mangroves. For the re-

search of scientific articles we used the database of Web
of Science, Scopus and Scielo. To research for books,
thesis and dissertations we used the online library cata-
logs of federal and state Brazilian universities and of
the National Institute for Space Research (INPE). Addi-
tionally, it was used the Brazilian Digital Library of
Thesis and Dissertations (http://bdtd.ibict.br/vufind/),
which brings together in one search portal, thesis and
dissertations developed in the country and by Brazilians
abroad. To research for full papers published in confer-
ence proceedings, we considered the online library of
Remote Sensing Brazilian Symposium, which contains
the collection of the proceedings of these symposia
since 1978 to 2015 (http://www.dsr.inpe.br/sbsr2007/
biblioteca/).

The key-words used in the bibliographical research
were: mangrove, Brazilian mangroves, Brazil man-
groves, remote sensing, satellite images, aerial photog-
raphy, radar images, SAR images. We considered only
works and studies that used remote sensing tools for
studying the environment, ecosystem or vegetation of
Brazilian mangroves. In the selected works and studies
we analyzed in detail the section material and methods,
from which the remote sensing tools and techniques
were underlined, the sections results, discussion and
conclusions, from which we highlighted relevant and
new results for the analysis of vegetation cover (loss
due to natural and anthropogenic impacts), vegetation
succession, discrimination of physiographic, mangrove
vegetation types and mangrove plant species, erosion
and progradation in mangroves, and the importance of
these tools in the field of Brazilian mangrove and
coastal management. The studies were separated and
categorized based on the type of tool used and its spa-
tial resolution. The period considered for the biblio-
graphical research started from the oldest record in
1986 (e.g., Espindola, 1986a, 1986b; Abdon et al,
1986) up to 2015. It was revised a total of 92 works and
studies applying remote sensing to study Brazilian
mangroves.

3. Results and discussion

Since the late 80's different types of remote sensing
images, such as aerial photographs, optical imagery and
active microwave (SAR - Synthetic Aperture Radar)
data, have been used for analyzing the environment and
vegetation of Brazil's mangroves in several studies (Ta-
ble A in SI-I). These studies apply different techniques
to process the information obtained by remote sensing
(Table B in SI-I). Visual analysis (qualitative ap-
proach), based on interpretation of elements such as
color, texture, shape, size, structure and position, was
the most commonly used technique in the study of Bra-
zilian mangroves. According to Dadouh-Guebas et al.
(2006) visual interpretation of aerial photographs is the
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most efficient and inexpensive method in the light of
ecosystem monitoring research in developing countries,
which are often unable to cope with the development or
the cost of acquisition of commercial space-borne imag-
ing.

Digital analysis (quantitative approach), using tech-
niques as supervised and unsupervised classifications,
segmentation, vegetation index and object-based-
image-analysis (OBIA) were applied by less studies of
Brazil's mangroves (Table B in SI-I), despite its impor-
tance and the recent growth since 2004. In the interna-
tional context, these techniques have been wildly used
with high rates of accuracy (e.g., Green et al.; 1998;
Kuenzer et al.,, 2011). In both cases, qualitative and
quantitative approaches, it is important to note that
since mangroves grow at the land-sea interface, three
major features contribute to the pixel composition in
remotely sensed imagery: vegetation, soil (usually
muddy) and water (Kuenzer ef al., 2011). Thus, visual
interpretation and automatic techniques must consider
this in the mangrove analysis.

In Brazil, the major advance in mangrove studies by
quantitative approaches was the introduction of meth-
ods based on the spectral response of the targets, sup-
ported by computational algorithms (supervised and un-
supervised classifications and segmentation), which can
also be complemented by visual analysis, giving more
accuracy to the method employed. Moreover, quantita-
tive techniques, such as vegetation index enabled other
parameters of vegetation to be analyzed, such as green
biomass, canopy closure, discrimination of plant spe-
cies based on the spectral response, which is not possi-
ble with qualitative techniques, allowing a better under-
standing of the ecosystem ecological aspects. More re-
cently, techniques of object-based classifications have
been applied in some studies and showed a high poten-
tial to large and small scale discriminations.

Different remote sensing tools were applied in the study
of Brazilian mangroves (Table A in SI-I), showing dif-
ferent characteristics and spatial resolutions which gen-
erate different uncertainties on the discrimination and
quantification of vegetation, soil and water. Thus, stud-
ies were analyzed according to the type of tool applied,
also considering their spatial resolution.

3.1 Studies of Brazilian mangroves by aerial photo-
graphs

Aerial photographs record the information of energy
reflected by targets in the visible and near infrared re-
gions and have been widely used in the mapping and
evaluation of mangrove areas worldwide (Heuman,
2011). Aerial photographs at scales larger than
1:50,000, have high spatial resolution, allowing detailed
mapping of mangrove cover as well as the discrimina-
tion of mangrove plant species (e.g., Krause et al.,

2004; Dahdouh-Guebas et al., 2006). Thus, the use of
this tool has been designed for obtaining information on
local to regional scales, especially in cases which past
data are not available and field data were not collected
(Kuenzer et al., 2011; Reis-Neto, et al. 2011). Moreo-
ver, aerial photographs are very suitable for highly de-
tailed mapping in very small and narrow coastal envi-
ronments as well as for the evaluation of mapping pro-
cedures performed with lower-resolution data (Kuenzer
etal.,2011).

One of the limitations of the use of aerial photographs
is for mangrove mapping over large geographic areas
(Heuman, 2011), due to the need to obtain a large num-
ber of aerial photos to cover the area of interest. The
quality of images obtained by aerial photographs, par-
ticularly images before the 90's, and shading problems
caused by clouds should also be considered. Further-
more, the application of quantitative techniques is also
limited and in general visual analysis is applied, which
could introduce interpretation and discrimination errors
due to subjectivity of the interpreter. On the other hand,
this material provides information on a broad timescale
in periods prior to the availability of satellite images
and is useful for detecting long-term spatio-temporal
changes and monitoring of mangrove forests (Dahdouh-
Guebas et al., 2006; Heuman, 2011). Aerial photo-
graphs are more accessible to developing nations in
which the majority of the world’s mangroves grow and
they can provide very rapid assessments for monitoring
changes (Dahdouh-Guebas et al., 2006) in times of cri-
sis (Heuman, 2011).

In Brazil, the first three initial studies of mangrove
areas by aerial photographs used photo-interpretation
(visual analysis) of such material into analogical form
in black and white (e.g., Herz, 1988; Braga et al., 1989;
Machado, 1992). The most pioneering study using this
tool was the thesis of Herz (1988), developed in the
Southeastern Brazil (Estuarine System of Cananéia-
Iguape, Sdo Paulo). This author used aerial photographs
to discriminate different types of mangrove forests,
based on visual interpretation, especially on the ele-
ments of tone and texture, classifying them into tall
dense mangrove, short dense mangrove, scattered man-
grove and salt marsh. In addition to these tools, Herz
(1988) also used quantitative techniques to classify
satellite images TM/Landsat and spectroradiometer on
the field to record the spectral responses of different
mangrove species.

The study of Braga et al. (1989) was the second
published work. These authors used aerial photographs
from 1974 and 1988 to discriminate and quantify
changes in mangrove forests due to the introduction of
human activities, such as a port and infrastructure to an
industrial complex, in Northeastern Brazil (Suape, Per-
nambuco). Based on the photo-interpretation and tem-
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poral analysis, these authors discriminated three con-
servation status of mangrove forests: preserved, de-
graded and regenerated. They also quantified the area of
loss, flooding and landfill of mangroves. In the photo-
interpretation, Braga et al. (1989) considered many
elements as: size, prevalence, form, texture, density,
hue, and other factors such as topography and hydro-
graphy.

The third study published was the master thesis of
Machado (1992). This author used a time series analysis
of analogical aerial photographs of the years 1977, 1986
and 1987 to evaluate an oil spill impact on the vegeta-
tion cover of mangrove forests located in Southeastern
Brazil (Canal de Bertioga, Sdo Paulo). This study dis-
criminated changes in mangrove cover, which may be
associated with different stages of the vegetation re-
sponses due to the effect caused by the oil. Among the
changes, were highlighted: gaps, bare soil, clearing and
spaced canopy, decreased in density. The main photo-
interpretation elements considered by this author were
tone, texture and shape.

These three pioneer studies using remote sensing tools
(aerial photography) and qualitative interpretation
techniques to study Brazilian mangroves had and still
have importance for the ecosystem management. For
example, they serve as past database on the extent and
conservation status of mangroves. They also quantified
losses in mangrove area due to anthropogenic pressures,
as oil and land use for port and industrial complexes,
important data for the development of coastal environ-
mental planning. These studies gave light to the impor-
tance of using these tools and multi-temporal approaches
to generate fundamental data and information for
coastal management.

With the increasing development of GIS and geoproc-
essing software for digital image analysis, analogical
aerial photographs have become digitized and thus they
can be analyzed in computing environments. More re-
cently, the production of digital aerial photographs and
color orthophotos allowed these images to be directly
used in GIS, expanding the possibilities of analysis. The
use of these tools, especially considering historical data,
in the study of Brazilian mangroves has allowed the
evaluation and monitoring of large-scale changes due to
anthropogenic pressures, as loss and vegetation dy-
namics in areas under pressure from urban and indus-
trial expansion (e.g., Bernardy, 2000; Oliveira, 2001;
Melo, 2008; Menghini, 2008; Cunha-Lignon et al.,
2009; Santos, 2009; Santos A.L.G., 2010) and man-
groves impacted by oil spill (e.g., Santos et al., 2012).
Others authors have been using aerial photographs to
map mangrove forests and to discriminate anthropo-
genic pressures on these areas (e.g., Lardosa, 2011) and
to assess mangrove vulnerability to urban occupation
(e.g., Coelho, 2008).

Aerial photographs have also been used to assess the
vegetation dynamics of Brazilian mangroves from natu-
ral processes such as: erosion, progradation, natural re-
covery (e.g., Vale, 1999, 2004; Cunha-Lignon, 2005;
Reis-Neto et al., 2011, 2013), gap dynamics (e.g., Espi-
noza, 2008; Espinoza, et al., 2009); discrimination of
mangrove plants species (e.g., Krause et al., 2004) and
shifts between salt marshes and mangrove (e.g., Portu-
gal, 2002; Lugli, 2004). From these works we high-
lighted the study of Portugal (2002), which used a spa-
tio-temporal analysis of aerial photographs, combined
with data from mangrove forest structure, microtopog-
raphy survey and sedimentary dynamics, to developed
scenarios of mangrove dynamics in response to sea
level elevation. This study revealed a dynamic behavior
of mangroves, involving propagation of pulses (toward
the bay) and colonization of pulses toward a hyper-
saline plain (salt flats).

Thus, these studies demonstrate the importance of aerial
photographs to study the dynamics of vegetation and to
monitor natural changes in mangrove extent and cover,
contributing to the ecological knowledge of the ecosys-
tem as well as the identification and monitoring of hu-
man impacts, both information important for the eco-
system and coastal management.

3.2. Studies of Brazilian mangroves by medium-
resolution optical imagery

Medium-resolution optical imagery (spatial resolution
between 5 and 80 meters) provides a multitemporal and
synoptic view of extensive areas, making available in-
formation in different bands of the electromagnetic
spectrum (Florenzano, 2002). Currently there is a sig-
nificant number of medium-resolution optical sensor
systems that can be used to accurately map coastal wet-
lands (Rodrigues & Souza-Filho et al., 2011) such as:
MSS (Multispectral Scanner), TM (Thematic Mapper)
and ETM (Enhanced Thematic Mapper) from the Land-
sat satellites; CCD (High Resolution Imaging Camera)
and IRMSS (Infrared Multispectral Scanner) from
CBERS satellites (China-Brazil Earth Resources Satel-
lite Program); ASTER satellite (Advanced Spaceborne
Thermal Emission and Reflection Radiometer); HRV
(Haute Resolution Visible) from SPOT satellite
(Systeme Probatoire d’Observation de la Terre); LISS
(Linear Imaging Self-Scanning Sensor) from IRS satel-
lite (Indian Remote Sensing Satellite) and AVNIR (Ad-
vanced Visible and Near Infrared Radiometer) from
ALOS satellite (Advanced Land Observing Satellite).
From this diversity, images from Landsat, CBERS and
IRS are freely available from the INPE’s website.

Medium-resolution techniques are excellent for the
mapping of ecosystems (however, usually not at the
species level), the monitoring of large-scale changes,
the analyses of regional environmental relationships,
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and the assessment of the condition of mangroves
(vigor, age, density, etc.). Global mangrove loss num-
bers have been derived solely from the analysis of me-
dium-resolution data (Kuenzer et al., 2011).

From the diversity of medium-resolution images, the
freely availability of Landsat images has increased the
use of satellite images in different areas of knowledge,
especially for management purposes. In the remote
sensing of Brazilian mangroves, the first studies using
satellite images were developed in the INPE using
Landsat MSS and TM images. The studies of Abdon et
al. (1986, 1988) were the pioneers to use these images
in a multitemporal analysis to map and detect deforesta-
tion in mangrove areas, as well as, to classify mangrove
forest structure in tall and short stands.

After these, most studies have used images of Landsat
TM and ETM + (Table A in SI-I), due to the freely
available and longevity of its sensors. Fewer studies
employ images of other optical medium resolution sen-
sors (Table A in SI-I). In overall, medium-resolution
optical imagery has been applied to discriminate, meas-
ure and quantify the extent and changes of Brazilian
mangroves at regional (e.g., Souza-Filho, 2005; Maia &
Lacerda, 2006) and local scales (e.g., Pires, 1992; No-
ernberg et al, 2006; Vieira, 2007; Medeiros 2009;
Silva, 2009; Santos et al., 2014). Nevertheless, a recent
study (e.g., Magris & Barreto, 2010) was developed at
the national scale and mapped mangroves as well as as-
sessed the protection of this environment across coastal
protected areas in the entire Brazilian coast. These
authors used Landsat TM images and visual interpreta-
tion. They found that most of the Brazilian mangroves
(83%) are located within protected areas, mainly of sus-
tainable use, but they are concentrated on the North and
Southeast coast. According to them, new protected ar-
eas should be established in other eco-regions, such as
in the northeastern, in order to ensure sustainable man-
agement of mangrove resources. This is an important
study because it is the most recent mapping of Brazil's
mangroves at the national scale, and addressed impor-
tant issues for the management and conservation of this
ecosystem.

The availability of medium spatial resolution satellite
images for about three decades has enabled temporal
studies of mangrove vegetation cover (Kuenzer et al.,
2011). These images are useful to assess the extent and
intensity of changes, but they are not suitable for analy-
sis on detailed scales, due to the coarse spatial resolu-
tion (Krause et al., 2004).

Time series of medium spatial resolution images have
allowed the identification and quantification of anthro-
pogenic changes in the coverage of Brazilian man-
groves, such as: losses of mangroves due to landfills
and human occupation (e.g., Bonetti-Filho, 1996; Mar-

tins, 2008; Martins & Wanderley, 2009; Arauajo, 2010),
aquaculture activities, tourism, urban expansion, agri-
culture (e.g., Guimaraes, 2007; Guimaraes et al., 2009;
Medeiros, 2009; Santos et al., 2009; Jesus, 2010; Silva,
2012; Santos et al., 2014; Godoy, 2015), road construc-
tion (e.g., Krause ef al., 2004) and detection of cryptic
ecological degradation, a process in which occurred in-
crease of macrophytes flats in mangrove areas, masking
the degradation of the site due to hydrological changes
(e.g., Cunha-Lignon & Kampel, 2011).

Natural changes have also been detected by these tools,
such as loss of mangroves by erosion processes (Krause
et al., 2004; Araujo, 2010; Jesus, 2010; Silva, 2010),
increase in mangrove area by progradation processes as
dense settlement and development of this vegetation on
tide muddy plains and barrier islands (e.g., Alves ef al.,
2003, Cunha-Lignon et al., 2011; Silva, 2012) and ex-
pansion into new sedimentation areas and in old salt-
work area (e.g., Reis-Neto et al. 2013; Godoy, 2015),
detection of vegetation regeneration (e.g., Aratjo,
2010), as well as mangrove dynamics, including in-
crease and decrease of area and the intrinsic relation-
ship between mangroves and salt flats (e.g., Almeida,
2010; Almeida, et al., 2011). Kampel et al. (2005) used
a  multi-temporal  analysis of  TM/Landsat-5,
ETM-+/Landsat-7 and CCD/CBERS to detect mangrove
area changes and dynamics, and their results confirmed
the use of CCD/CBERS imagery as an appropriate
source of information to monitor this important ecosys-
tem at reduced costs, as also highlighted by Santos et
al. (2014) and Santos & Bitencourt (2013).

Silva et al. (2013) used multi-temporal analysis of
TM/Landsat-5 to map changes in mangrove forests, de-
tecting that mangrove forest in protected areas showed
an expansion in extent. By these results, the authors
highlighted the importance of protected areas in man-
grove forests, mainly in urban and metropolitan areas.
Also in this perspective, the study of Lardosa et al.
(2013) surveyed and updated cartographic data, includ-
ing satellite images of TM/Landsat-5 and SPOT to pro-
duce an essential tool for the management of mangrove
ecosystem, in the State of Rio de Janeiro, which is a
base to implement a Mangrove Conservation Policy.

The findings showed here by the use of medium resolu-
tion satellite images are important information for the
regional and local management of the ecosystem, sub-
sidizing the development of adequate management
strategies, according to the natural or anthropogenic
changes affecting the mangroves. For example, in the
Brazil Northeast shrimp farming is one of the main
threats to mangrove conservation. Thus, remote sensing
based studies allow identifying these threats and assist
to delineate conservation issues to mangrove forests, as
shown by the studies of Santos et al. (2014), Guimaraes
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et al. (2009) and Medeiros (2009), in the Brazilian
Northeast mangroves. In the use of medium-resolution
optical imagery for mangrove studies, Brazil is follow-
ing the global tendency, as found by Kuenzer et al.
(2011), that many papers underscore the importance of
medium-resolution imagery for mangrove-habitat map-
ping, wherein Landsat TM data have been used exten-
sively.

3.3. Studies of Brazilian mangroves
resolution optical imagery

by high-

Images of optical systems of high spatial resolution
(£5m) are recent products of remote sensing and
sources of large-scale and detailed information about
mangrove vegetation. These tools allow the discrimina-
tion and mapping of mangrove plant species or assem-
bly of plant species, detailed characterization of the
canopy structure, estimation of green biomass and leaf
area index at high spatial detail (Heuman, 2011; Kuen-
zer et al., 2011). Many of the high-detail applications
that were once exclusively dependent on aerial photo-
graphs surveys can be currently developed with data
obtained from high spatial resolution sensors (Novo,
2011). However, the use of these images is limited to
applications that require synoptic view of large areas,
because it is necessary to obtain a large number of
images, which may not be available, as well as for mul-
titemporal studies, because they are recent images
which are not obtained at fixed intervals of time (Novo,
2011).

High resolution images include, for example, images of
the panchromatic band from sensors as HRG (High
Resolution Geometric) from SPOT-5 satellite, PRISM
(Panchromatic Remote-sensing Instrument for Stereo
Mapping) from ALOS satellite and HRC sensor (High
Resolution Camera) from CBERS-2B satellite. Besides
these, there are multi-spectral images of new very high
resolution sensors such as GeoEye, RapidEye, Quick-
Bird, Worldview-2, Worldview-3 and Ikonos. In the
case of panchromatic images, its fusion with lower
resolution multispectral images (pansharpening) is a
suitable technique, allowing the generation of a final
product in three colors bands and with the maximum
resolution of the panchromatic image (e.g Santos,
L.C.M., 2010; Bitencourt & Santos, 2013; Santos et
al. 2014).

Studies that applied high-resolution images for analyz-
ing Brazilian mangroves are still scarce (Table A in SI-
I) and few use the potential offered by these images for
quantitative and more detailed analysis, as for the dis-
crimination of plant species. Images of the sensor Iko-
nos have been used for general mapping of mangroves
and their vulnerability to oil spills (e.g., Andrade et al.,
2010), as well as discrimination of mangroves in regen-
eration, removed and preserved phases (e.g., Vasconce-

los, 2009, Vasconcelos et al., 2011). In the study of
Andrade et al. (2010), it was highlighted the use of
these images for mapping mangrove vulnerability to oil
spills, which is essential as one of the first step in the
development of an integrated coastal zone management.
Vasconcelos (2009) and Vasconcelos et al. (2011)
showed the application of Ikonos images for constant
environmental monitoring, as to report the ecosystem
dynamics in urban areas.

QuickBird imagery have been used to study the spatial-
temporal dynamics of mangrove forests, including dy-
namic of gaps and identification of dominant plant spe-
cies (e.g., Espinoza, 2008; Espinoza et al., 2009), as
well as serving as auxiliary data for mangrove mapping
carried out with lower spatial resolution images (e.g.,
Aratjo, 2010). Santos, L.C.M. (2010) and Santos et al.
(2014) fused the panchromatic image HRG/ SPOT-5
with the multispectral image of the CCD/CBERS-2B,
creating a final product that provided information on a
large scale, essential to map and characterize the man-
groves and identify human pressures as shrimp farming.
In this view, Tenorio et al. (2015) evaluated the role of
marine aquaculture in the conversion of mangrove
forests into shrimp farms using HRG2/SPOT-5 and
GeoEye satellite images obtained from the Google
Earth PRO. Due to the high spatial resolution of these
images the visual interpretation was an efficient tool for
their study. Based on their results, they pointed out
recommendations for the sustainable use of mangroves
on the Amazon coast.

The production of high-resolution images has allowed
the use of new image analysis techniques based on ob-
jects, called OBIA, Object-Based-Image-Analysis
(Blaschke, 2010). Object-based methods use spatial
neighborhood properties for classification while pixel-
based approaches use solely the spectral information.
OBIA emulates the expert knowledge applying classifi-
cation rules in segments of the images. This classifica-
tion considers space and geometric attributes and hi-
erarchical relationships among neighborhood (De-
finiens, 2007). With the availability of high-resolution
images and OBIA methods, remote sensing techniques
can be very beneficial to monitor mangrove areas (Me-
neghetti, 2013). In the global context, remote sensing
studies in mangrove areas have demonstrated the supe-
riority of such procedure in comparison with the com-
monly used pixel-based supervised classification ap-
proach (Kuenzer, 2011). In Brazil, there are few studies
that apply this technique (e.g., Vasconcelos et al., 2011;
Meneghetti, 2013; Silva et al., 2013; Nascimento et al.,
2013; Almeida, et al., 2014; Meneghetti & Kux, 2014;
Arasato et al., 2015a).

OBIA is a new remote sensing technique in the study of
mangroves and it has been showing a great accuracy
and applicability for more detailed mapping. For exam-
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ple, Almeida, ef al. (2014) used IKONOS images and
OBIA, combined with structural vegetation data (meas-
ured in the field) to map different physiographic types
of mangrove forests. They mapped 4 types of man-
groves: fringe, basin, transition and colonization forests.
Meneghetti (2013) and Meneghetti & Kux (2014) used
WorldView-2 images and OBIA (data mining tech-
nique) to land cover mapping, including mangrove ar-
eas. This study found that the new spectral bands of
WorldView-2 sensor (Red Edge, Near Infrared-2 and
Coastal Blue) assisted in discrimination of typical tar-
gets of coastal areas such as dunes, mangroves and tidal
channels, improving the classification of land cover.
Among these bands, the Red Edge allowed the dis-
crimination and separation of the mangroves from the
other classes. The results and techniques developed by
these authors show the application of new underex-
plored tools, as the Red Edge band for mangrove map-
ping. The maps resulted from this study will facility the
decision making for the local coastal management.

Arasato et al. (2015a) used WorldView-2 images,
OBIA and vegetation index, to generate thematic maps
of land use and cover, types of mangrove (mangrove,
mangrove swamp with associated species, gaps) and
mangrove species. Moreover, integrating the map of
types of mangrove with LIDAR data, the authors
mapped the height of the mangrove forests. This study
shows a good example of integrating different tech-
niques to high detail and biomass mangrove mapping.
However, many manual edits based on visual interpre-
tation keys were required for finishing the maps. In this
case, the high spatial and spectral resolution of the
images facilitated the identification and visual discrimi-
nation.

3.4. Studies of Brazilian mangroves by SAR (Syn-
thetic Aperture Radar) images

Sensors of Synthetic Aperture Radar (SAR) operate in
the region for microwave, based on the transmission of
long wavelengths and detecting the amount of backscat-
tered energy (Jensen, 2009). These sensors provide im-
ages that cover a wide geographic region, providing
synoptic view of vast areas for mappings at large scales
of 1: 100,000 to 1: 400,000 (Jensen, 2009). Thus, SAR
images are appropriate tools for mapping mangroves in
large geographic regions, such as in regional to national
scales. The spatial resolution SAR images is variable
according to the type of sensor and can vary from low
to high, in the latter case, in new SAR sensors.

SAR images also enable the extraction of information
about surface roughness, dielectric properties, moisture
(Jensen, 2009) and salinity of landscape targets. SAR
sensors are active systems (they have own source of
energy) which allow acquiring images during the day
and night. Moreover, since they operate in microwave,

it is possible to generate images that are not affected by
cloud cover, fog and precipitation (Novo, 2011). For the
study of mangroves, these features are very important,
because the ecosystem is distributed in coastal areas in
tropical and subtropical regions, where the cloud cover
is usually intense. In the global context SAR images
have been successfully used for the study of mangroves
(Heuman, 2011), providing information on the extent of
vegetation, structural parameters, flood limits, health,
deforestation and amount of total biomass. However,
these images are limited to discrimination on the level
of plant species (Kuenzer ef al., 2011) and to identify
the border between mangroves and adjacent tropical
forest (Nascimento et al., 2013).

Among remote sensing techniques, synthetic aperture
radar is a particularly advantageous method to monitor
mangroves: images are not dependent on cloud cover
and can provide information from forest understory
(Pereira et al., 2012). These tools provide an additional
and powerful source of data for the mapping of coastal
land cover under conditions that are restrictive to the
acquisition of optical satellite images, such as constant
cloud cover and smoke from fires (Souza-Filho ef al.,
2011).

In Brazil, Herz (1991) conducted the first study at the
national level using SAR imagery to map mangroves
along the Brazilian coast. Although the importance of
this study as the first to document Brazilian mangroves
at national scale, it should be considered with caution as
database for other mappings, because this study pre-
sents failure in the discrimination of mangroves and
lacks of more integration with field studies. Other stud-
ies using exclusively SAR images (Table A in SI-I)
were developed in local and regional levels, mostly on
the Brazil north coast. In these studies, SAR images are
mainly used to map types of mangrove forests, stages of
vegetation, and loss of mangrove area due to severe
erosion, despite the potential of these tools to study
mangrove biomass. Souza-Filho & Paradella (2003),
using visual interpretation, indicated that the mapping
of mangrove forests using SAR images was facilitated
due to a high contrast of mangroves with water. In an-
other approach, Souza-Filho et al. (2011) indicated the
applicability of multipolarized SAR images, obtained
from R99B sensor from the Amazon Surveillance Sys-
tem (SIVAM), to discrimination mangroves. This study
provided important new insights into the interpretation
of coastal wetlands, such as the use of multi-polarized
L-band SAR to identify and discriminate distinct geo-
morphic targets in tropical wetlands, as mangroves.
Multipolarized airborne system may be especially use-
ful for mapping the wetlands along the Amazon coast
(Souza-Filho et al., 2011). Pereira (2011) and Pereira et
al. (2012) also used multipolarized SAR images, from
the sensor PALSAR (Phased Array L-band Synthetic
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Aperture Radar), for mapping and to discriminate
physiographic types of mangrove forests. Pereira (2011)
correlated structural parameters of the mangrove forests
with backscatter signals from SAR images, for mapping
mangrove structure. This study highlighted that SAR
data are potential tools for mapping and study the struc-
ture of mangrove forests and the L-Band SAR data was
the most effective for mapping mangrove areas, and
therefore it is recommended as a tool for coastal
management (Pereira ef al., 2012).

3.5. Studies of Brazilian mangroves by the integra-
tion of SAR and optical imagery

The combination of SAR and optical sensors images
generate additional results for the production of coastal
environments maps, allowing an adequate visual dis-
crimination of the extent of mangroves (Souza-Filho &
Paradella, 2005; Rodrigues & Souza-Filho 2011, Nas-
cimento et al., 2013). In the global context, the integra-
tion of these images has been important to discriminate
different densities of mangrove vegetation, different age
groups and types of forests based on the dominant spe-
cies (Kuenzer et al., 2011). In Brazil, the first studies of
this type was developed by Espindola (1986a, 1986b)
who used MSS/Landsat and SAR images to discrimi-
nate 13 unites of mangroves in Cananéia-Iguape (Sao
Paulo State). More recently, the combination of SAR
and optical sensors have been used for general man-
grove mapping (e.g., Santos et al., 2009; Souza-Filho,
2000; Souza-Filho et al., 2005; Teixeira & Souza-Filho,
2009; Rodrigues & Souza-Filho, 2011) as well as to
assess and map mangrove vulnerability to oil spills
(e.g., Souza-Filho et al., 2009). This integrated ap-
proach also allows the discrimination of mangrove for-
est types and stages of vegetation (e.g., Souza-Filho &
Paradella, 2002; 2005), analysis of spatio-temporal
changes in vegetation cover (e.g., Lara et al., 2002,
Cohen & Lara, 2003; Souza-Filho et al., 2006; Batista
et al., 2009; Costa, 2010; Dantas et al., 2011;. Nasci-
mento et al., 2013) and recovery analysis of vegetation
in areas degraded by human impacts (e.g., Lara et al,,
2002; Cohen & Lara, 2003).

In this integrated approach images of Landsat optical
sensors are also the most used and those of SAR im-
agery are from RADARSAT-1 (C-band). Some of these
studies gains relevance because they merged images of
optical sensors with SAR images (e.g., Souza-Filho &
Paradella, 2002; Souza-Filho et al., 2005, 2009; Rodri-
gues & Souza-Filho, 2011), generating an integrated
product which gives more detailed and precise informa-
tion and results for mapping and analyzing mangroves.
It is interesting to highlight the study Nascimento et al.
(2013), which used JERS-1 SAR, ALOS-PALSAR and
Landsat TM in a OBIA to map mangroves in the north
region, and confirmed that Brazil is the country with the

largest contiguous belt of mangrove forests, located
from east of the Amazon River mouth, Para State, to the
Bay of Séo José in Maranhdo. Nevertheless, these man-
groves are experiencing significant change because of
the dynamic coastal environment and the influence of
sedimentation from the Amazon River along the shore-
line, requiring continued observations using combina-
tions of SAR and optical data (Nascimento et al., 2013).

Considering the study of mangrove vegetation, optical
images recorded the spectral information of the upper
layers of vegetation such as leaves and canopy, while in
certain bands (L and P) of SAR images the microwave
length is capable of penetrate in the lower layers of
vegetation, providing information on the structure of
branches and stems. This integration of different images
provides additional information, especially to evaluate
the total biomass of mangrove forests (Aschbacher et
al., 1995; Kuenzer et al., 2011). Therefore, synergistic
information on structure and composition derived from
radar backscatter signals and the reflectance informa-
tion from the optical imagery are most promising for
vegetation-mapping applications (Giri & Delsol, 1993;
Aschbacher, 1995; Kuenzer et al., 2011).

However, as in any remote sensing study, for this ap-
proach be effective, the integration of remote sensing
results with field data is essential. This can be achieved
by the development of allometric models to estimate
mangrove vegetation biomass, considering the diameter
and height data from mangrove trees obtained in field,
and parameters estimated by remote sensing data. Nev-
ertheless, these models are site-specific and species-
specific, which limits the reliability of some estimates
of biomass by remote sensing to be applied in different
mangrove areas. Worldwide, studies applying this ap-
proach make use of allometric models already pub-
lished in the literature (e.g., Simard et al., 2006; 2008).
In Brazil, some allometric models were developed for
mangroves on the southeast coast (Soares & Schaeffer-
Novelli, 2005; Arasato et al., 2015b) and northeast
(e.g., Silva, 1993; Santos, 2012). More recently, the
study Arasato et al. (2015b) integrated LiDAR, World-
View-1 and field data to map and monitor mangrove
structure and biomass, concluding that LiDAR data can
be operationally applied in mangrove biomass estima-
tion. Despite the potential to develop this approach for
Brazilian mangroves, allometric biomass models are not
available for mangroves located on the northern region,
requiring field works for their generation.

3.6. Gaps in the knowledge and news perspectives

The use of remote sensing to study Brazilian mangroves
are still in development and there are many new tech-
niques and sensor images to be explored in this field of
knowledge. In overall, images from medium-resolution
optical imagery are the most explored, especially from
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Landsat sensors (Table A in SI-I). Nevertheless, most
of the studies use a qualitative approach, applying the
technique of visual interpretation. The use of quantita-
tive techniques is urgent and necessary in order to pro-
vide more reliable results, to allow comparative analy-
sis between different areas and to provide more eco-
logical data which is necessary to apply in management
decision making. For example, vegetation index are still
underexplored in the study of Brazilian mangroves (Ta-
ble B in SI-I). This methodology allows to estimate
green biomass of mangroves and to identify more pro-
ductive mangroves, which are important information do
delineate mangrove areas for conservation and fishery.
Theses approaches are new perspectives which should
be explored. For example, Santos (2015) and Santos et
al. (2015, in press) used maps of mangrove vegetation
index as input layer in a multicriteria anlaysis to map
more suitable mangrove areas for fishery and conserva-
tion of the mangrove crab Ucides cordatus. There are
many types of vegetation index indices such as Normal-
ized Difference Vegetation Index (NDVI), Enhanced
Vegetation Index (EVI), Simple Ratio (SR), which al-
low quantifying the vegetation density per area, man-
grove canopy closure, gaps, green biomass, leaf area
index and comparisons among different mangrove
forests (e.g., Kovacs, 2004, 2005; Giri ef al., 2007, San-
tos & Bittencourt, 2013). In Brazil, this approach is un-
derexplored and still lacks calibration from parameters
collected in field. These are gaps of knowledge which
should be filled by new studies.

Similarly, Brazilian mangroves lacks of studies using
the quantitative analysis as OBIA, which is a classifica-
tion technique that uses objects rather than just individ-
ual pixels for image analysis (Heuman, 2011). OBIA
applied in high resolution images is a new and potential
tool to mapping mangroves up to species level and is a
new perspective to be explored in Brazilian mangrove
remote sensing. Information and maps of mangrove
species is crucial in management strategies. Worldwide,
few studies have used OBIA to map the areal extent and
change of mangroves as this approach is more com-
monly applied to species mapping (e.g., Krause et al.,
2004; Wang et al., 2004a, 2004b), but this classification
has potential for mapping mangrove species and extent,
showing very high accuracy for classifying mangroves
(Conchedda et al., 2008; Heuman, 2011).

Studies using CBERS images for the analysis of man-
groves in Brazil are still scarce (Table A in SI-I), de-
spite the potential offered by these images. The CCD
images have shown potential to map Brazilian man-
groves in medium scale, especially to identify human
pressures on mangroves located on the northeast coast.
More recently, since January 2015 images from the new
launched satellite CBERS-4 are available. This satellite
has two sensors MUXCAM and PANMUX, the first

producing images with 20 m of spatial resolution and
the second images with 5 m (panchromatic) and 10 m
of spatial resolution (multispectral), thus having appli-
cation in many scales of study (INPE, 2015). All im-
ages from CBERS are freely available thus an impor-
tant tool for monitoring mangroves. As new perspec-
tives, CCD and the new images from PANMUX and
MUXCAM can be used for monitoring mangroves and
for the calculation of vegetation index. For local and
high scale studies, the HRC and PANMUX panchro-
matic images with high spatial resolution (2.7 m and
5 m, respectively) can be merged with multispectral
PANMUX images for better visual interpretation
through color compositions and application of quantita-
tive techniques, as supervised classification and OBIA
(e.g., Santos & Bitencort, 2013; Santos et al., 2014).
Data fusion techniques can improve classification accu-
racy by drawing upon different data sources to maxi-
mize the dimensionality of available information
(Heuman, 2011). For regional studies, the joint use of
the images of these sensors images (CCD, HRC,
PANMUX, MUXCAM) is an excellent method because
it offers complementary information at different scales.
Although the CBERS satellites are no longer in opera-
tion (CBERS-2 since 2009, CBERS-2B since 2010 and
CBERS-4 since 2015) these images are a major source
for short term multitemporal studies and detection of
changes.

Another new perspective to be explored is the Landsat-
8 satellite which images are recent and current freely
available, produced since 2013. The Landsat-8 has a
new sensor called OLI (Operational Land Imager)
which is an optical sensor with nine multispectral
bands, spatial resolution of 30 meters and a panchro-
matic band with a spatial resolution of 15 meters,
generating images with 12-bit of radiometric resolution
(USGS, 2015). The high spectral and radiometric reso-
lution of this sensor increases the discriminatory power
of digital quantitative analysis, as OBIA and super-
vised/unsupervised classifications, separating different
types of mangrove forests. Another potential is the cal-
culation of vegetation index and the fusion of the pan-
chromatic band with multispectral bands, generating
color compositions with a spatial resolution of 15m,
which allows better visual discrimination of mangroves.
Finally, the new ultra-blue band (0.43um - 0.45um) is
indicated for coastal studies (USGS, 2015), and in the
case mangrove would be useful to differentiate the
vegetation fraction among the water fraction.

In the study of Brazilian mangroves, the exploration of
spectral resolution did not show great progress in these
three decades, and it is mostly used three to five sensor
bands, although there are in the market hyperspectral
sensors that produce numerous bands (e.g., CASI,
AISA +, EO-1 Hyperion, AVIRIS, Hymap, Dedalus).
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In the global context these sensors have been explored
in the study of mangroves (e.g., Green et al., 1998, Hi-
rano et al., 2003; Yang et al., 2009; Heuman, 2011).
Hyperspectral data provide new opportunities for map-
ping mangrove forests by providing a large number of
very narrow bands (<10 nm) in the 0.38-2.5um range
(Kuenze et al., 2011). This greatly increases the level of
detail, because a characterization of the complete spec-
tra of mangrove cover types is possible (Green et al.,
1998). These tools have not been explored in the study
of Brazilian mangroves and are new perspectives to be
considered.

Finally, the potential of SAR images to extract informa-
tion about biomass of trunks, branches and aerial roots,
salinity in the leaves, in soil and water as well as mois-
ture from the vegetation of Brazil's mangroves, have
not yet been explored and thus they are new perspec-
tives that urge to be applied in this field of study.
Worldwide these tools have been successfully applied
to estimate above-ground biomass and structural pa-
rameters of mangrove vegetation, mainly using polar-
ized images (Kuenzer ef al., 2011). The quantification
of above-ground biomass is very important in the con-
text of global climate changes, in order to identify man-
groves that act as carbon stocks, which are important
areas for conservation. Given their high biomass and
productivity, there is increasing interest in the role that
mangroves may play in global carbon budgets (Spald-
ing et al., 2010). In this context, JAXA (Japan Aero-
space Exploration Agency) launched the ALOS-2
PALSAR which SAR images promise the possibility of
estimating total above-ground biomass, due to the prop-
erties of the L band, the pixel of 10 m and 12-bit radio-
metric resolution. Nevertheless, this approach needs
field validation in order to develop allometric models
for mangrove biomass, which is site and species spe-
cific, thus requiring, for some sites and regions of Bra-
zil, specially the North, the development of these mod-
els. This is a gap in the knowledge of Brazilian man-
grove remote sensing that must to be filled in new
studies.

3.7. Contributions for Integrated Coastal Manage-
ment

The detection and extraction of data about the spatial
distribution and extent of coastal ecosystems, such as
mangroves, and anthropogenic activities that affect the
ecosystem are essential information for the elaboration
of coastal management plans (Santos et al., 2014).
Other important data are from the ecosystem conserva-
tion status, vegetation stages and species composition,
productive, biomass, dynamics and risk of erosion and
sea level rise. The use of remote sensing techniques and
tools can provided this type of information in multiple
scales of space and time. This data and information can

be used in geoprocessing techniques, e.g., multicriteria
evaluation analysis (MCE), to define more suitable ar-
eas for multiple uses in the decision making process of
the integrated coastal management. For example, which
mangrove areas are more suitable for conservation, or
which mangrove area can be used for other human uses
as fishery, shrimp farming, aquaculture or tourism?
This can be answered by an integrated analysis of the
data resulted from remote sensing studies, in geoproc-
essing analysis, like MCE (e.g., Santos, 2015; Santos et
al. in press).

Resource allocation for use or conservation, a central
issue in integrated coastal management, and requires
the developing of analytical and operational evaluation
tools for decision-making (Andalecio, 2010) which can
be achieved by the analysis with GIS and remote sens-
ing techniques (Eastman, 2012). In these cases which
involve multidisciplinary knowledge bases, a geoproc-
essing procedure called Multi-Criteria Evaluation
(MCE) is the more appropriate (Huang et al., 2011) to
achieve conservation and management use purposes.
MCE provides a systematic methodology to combine
the inputs with cost/benefit information and stakeholder
views to rank project alternatives (Huang et al., 2011).

In Brazil, since 1986, when the first studies using re-
mote sensing tools were developed, they have been con-
tributed with important information for mangrove and
coastal management. For example, pioneers studies as
Abdon (1986, 1988); Braga et al., (1989) and Machado
(1992) discriminated changes in mangrove due to an-
thropogenic impacts. Along the years, the evolution of
remote sensing studies of Brazilian mangroves clearly
demonstrates a large contribution in the context of
coastal management and mangrove ecosystems, provid-
ing data and information about the ecosystem status and
extent in past periods and data about natural and an-
thropogenic changes, which are important for designing
management and land use plans in coastal zones. In ad-
dition, some studies detected the importance of the es-
tablishment of protected areas in mangroves, (e.g., Silva
et al., 2013) and as one of the main important, Magris
& Barreto (2010) identified the need in the national
scale for the implementation of protected areas mainly
in the northeast of Brazil.

Here we showed various applications of remote sensing
tools to study Brazilian mangroves and their applicabil-
ity to aid in the ecosystem and coastal management.
The usefulness of such tools depends on the quality of
the data, on the expertise of the technical team and on
the availability of information on the geometric accu-
racy. All of these aspects must be addressed and quanti-
fied in order to provide a sound scientific basis for inte-
grated management policy formulations (Hunsaker et
al., 2001; Krause et al., 2004). Additionally, all tools
have potentialities and limitations, thus a main step is to
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choose the adequate tool and technique among the di-
verse available. The selection of the appropriate images
and techniques will primarily depend on the scale and
objectives of the study as well as on the financial viabil-
ity to acquire commercial satellite images. We summa-
rized the applications and limitations of different types
of remote sensing images for the study of mangroves in
Brazil (Table C in SI-I), which can serve as a frame-
work guide for those interested in applying these tools
to study mangroves and to produce data and informa-
tion to aid in coastal management.

4. Conclusions

In the last three decades, the use of aerial photography
and TM and ETM + images, from Landsat series, in a
qualitative approach, predominated in the study of Bra-
zilian mangroves, while images of other optical sensors
(e.g., CCD/CBERS, HRV/SPOT, IKONOS) and SAR
images, are still expanding and gaining expression in
this field of study. The use of these remote sensing tools
has generated very important results for the ecological
knowledge of the ecosystem and to support the plan-
ning and sustainable use of mangroves in the face of
human pressures and for decision making in the inte-
grated coastal management, in local, regional and na-
tional levels. However, there are still gaps in this re-
search area. One is the lack of calibration of remote
sensing data with field parameters for the estimation of
vegetation index by optical images, and for the devel-
opment of allometric models to estimate mangrove
biomass by SAR images.

The remote sensing in the study of Brazilian mangrove
is still in development and there are many new perspec-
tives to be explored. From those, we emphasize the use
of freely available images of new sensors as
OLI/Landsat, PANMUX and MUXCAM/CBERS-4, the
use of very high resolution images for species mapping,
hyperspectral data, SAR images to estimate above-
ground biomass, and the application of quantitative
techniques as OBIA, to map mangrove species and
vegetation index to estimate green biomass. With re-
spect to spatial resolution, which has changed a lot in
these three decades, with the production of high and
very resolution imagery, the studies of Brazilian man-
groves by these tools showed an overall small growth
and did not follow the global trend. However, we must
consider that the advancement and consolidation of
these tools in the context of Brazil, only will occur by
the availability of cheaper and accessible images and
greater availability of resources for acquiring them.

Finally, the diversity of remote sensing imagery com-
bined with the freely availability of some images, as
well a high variation on the longevity of the sensors, do
not allow to conclude which is the best image to be
used in the study and analysis of Brazilian mangroves.

Thus, the selection of the appropriate images depends
primarily on the scale and objectives of the study as
well as the financial viability to acquire commercial
satellite images. In this process, which is the first step
in management studies that use these types of tools, is
important to evaluate the potentialities and limitations
of each type of images. Our study gives information
and shows a framework to aid in this evaluation. Here
we found that remote sensing and geoprocessesing are
fundamental tools to be considered in mangrove and
costal management.
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ABSTRACT

The southern area of the Patos Lagoon estuary has been subjected to intense industrial and port-related activities which have
not only caused meaningful changes in the landscape but also degraded aquatic resources by contaminating them with dis-
solved nutrients and trace metals in the last decades. This study aims at compiling data on the development that has happened
in the urban and industrial occupation in Rio Grande, a city located in the south of Rio Grande do Sul, RS, Brazil, by relating it
to the main results of contamination indicators in the estuarine environment regarding water, sediment, soil and atmosphere.
Bibliographic data have shown an increase in domestic effluents around the city in the 1980’s, mainly in more sheltered areas,
such as the Saco da Mangueira, where cyanobacteria eutrophication has often occurred because of the high concentration of
nutrients. The content of trace metals in the water of channel areas of the estuary was always lower than the maximum limit
established by Brazilian quality criteria. However, the sediment showed higher concentrations of some trace metals (e.g. cop-
per, lead, nickel, vanadium and zinc), the metalloid As and Hg than the maximum concentrations established by the legislation,
mainly in several places around urban, industrial and port areas. The labile fraction (or potentially bioavailable) in the water
and in the sediment showed that trace metals have provided significant contributions to sheltered areas, such as marinas, but
have exceeded in shipyards. Trace metals in the urban soil and man-made ground of the city indicated that there were anthro-
pogenic contributions, mainly by mercury. Anomalies in the content of lead found in the atmospheric particulate matter and
acid rain were also reported. Therefore, more severe environmental policies, effective control, industrial wastewater treatment
and control of atmospheric emissions must be carried out in order to maintain environmental quality and public health. The
city authorities in Rio Grande need to implement the existing integrated estuary management program in a proper and practical
way, involving stakeholders and local governments.
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RESUMO
Evolugdo temporal da contaminag¢do na area sul do estuario da Lagoa dos Patos, RS, Brasil

A parte sul do estuario da Lagoa dos Patos apresenta intensa atividade portudria e industrial, sendo que estas propiciaram
nas ultimas décadas alteracoes significativas na paisagem e na degradagdo dos recursos hidricos, incluindo a contamina¢do
por nutrientes dissolvidos e por metais trago. Este estudo visa compilar uma revisdo dos impactos resultantes do desen-
volvimento da ocupag¢do urbana, industrial e naval da cidade do Rio Grande ao longo dos anos, procurando relaciond-los
com os principais resultados de indicadores da contaminagdo do ambiente estuarino nos compartimentos dgua, sedimento,
solo e atmosfera da regido. Os dados bibliograficos indicaram um acréscimo do langamento de efluentes domésticos ao redor
da cidade nos anos de 1980, principalmente em area mais abrigadas do estuario como o Saco da Mangueira, o que vem pro-
movendo desequilibrios troficos (hipertrofia das aguas de margem) e frequente floragoes de cianobactérias, devido ao aporte
de nutrientes. Os teores de metais traco na dgua de areas de canal no estudrio se encontram dentro dos limites estabelecidos
pela legislacdo vigente. Entretanto, o sedimento demonstrou altas concentragoes de alguns metais traco (por ex. cobre,
chumbo, niquel, vanadio e zinco), o metaloide As e o Hg, acima do estabelecido pela legislacdo, principalmente em vdrios
locais ao redor da drea urbana, industrial e portuaria da cidade. A fragdo labil (ou potencialmente biodisponivel) de metais
trago em dgua e sedimento indicaram contribuigdes significativas em dareas abrigadas como marinas e excederam em dreas de
estaleiros. Metais tra¢o nos solos e os aterros da cidade mostraram contribuig¢ées antropogénicas, com destaque para o mer-
curio. Anomalias nos teores de chumbo no material particulado atmosférico e chuva dcida foram também reportados. Urge
uma politica ambiental mais severa e com efetiva fiscalizag¢do, proibindo fluentes clandestinos, exigindo tratamento basico dos
efluentes pelas industrias e controle das emissoes atmosféricas, que vise a manuteng¢do da qualidade ambiental e saude
publica da populagdo que vive na darea estuarina. O poder publico do municipio de Rio Grande deve implementar de forma
apropriada e prdtica o existente programa de gestdo integrada para o estudrio, envolvendo as partes interessadas e gover-

nantes locais.

Palavras-Chave: contaminagdo, metais trago, nutrientes, estudrio, gestao ambiental

1. Introduction

Estuaries hold a large number of organisms and high
biological productivity. They are privileged areas not
only because they favor their multiple use, regarding
urban, port and industrial occupation on its shoreline,
but also because their waters can be used for sailing,
fishing and leisure activities (Clark, 2001). The multiple
uses of the estuaries enable the input of anthropogenic
elements in the aquatic environment not only through
urban and industrial effluents, but also through the pre-
cipitation of industrial air emissions. Other events, such
as accidental chemical release from vessels, may also
affect the fauna and the flora of the estuarine environ-
ment in the short or in the long term, depending on how
long the aquatic environment can stand it (Burgin &
Hardiman, 2011; Law et al., 2003). Therefore, activities
that pose risk to the quality of the estuarine water may
generate conflicts concerning the use of the environ-
ment. They may also harm other sectors such as local
fisheries, which often have their production decreased
(Cicin-Sain & Knecht, 1998).

Assessment of the estuarine environmental quality is
needed since it enables the temporal evolution of the
impact of human related activities on local contamina-
tion to be followed, moreover providing diagnoses to be
used as a basis of environmental management pro-
grams. In addition, it is a tool to be applied to environ-
mental actions that are carried out by policy makers and
environmental managers in order to improve the quality
of the estuary. In general, studies of the estuarine envi-
ronment and its surrounding area are conducted in a
specific environmental compartment (water, sediment,

biota, rainwater or dry atmospheric precipitations) for
various years to verify the contamination level and its
relation with the urban and industrial development of a
region. This is the scenario of studies that have been
carried out in the southern area of the Patos Lagoon es-
tuary in the southern coast of Rio Grande do Sul, Brazil
(e.g. Baumgartem et al., 1995; Mirlean et al., 2000,
2005b. 2008, 2009; Costa & Wallner-Kersanach, 2013;
Guttierrez, 2013).

This estuary has been receiving higher amounts of nu-
trients and trace metals of anthropogenic origin in the
last 15 years due to the increase in port, naval and in-
dustrial activities in the region. Therefore, this study
aims at providing knowledge about the impact of hu-
man related activities, namely the development of the
urban and industrial in Rio Grande, the main city lo-
cated in the southern shoreline of the Patos Lagoon. For
this assessment, studies of nutrients in water and trace
metals in water, sediment, soil and atmosphere that
have been carried out in the study area for 35 years
were considered.

2. The Patos Lagoon and its estuarine area

The Patos Lagoon stretches over 10,360 km® on the
coastal plain in the Rio Grande do Sul state. It is con-
sidered the largest choked-type coastal lagoon (Kjerfve,
1986) (Figure 1). Fluvial systems that comprise the hy-
drographic basin of the Guaiba system (the Jacui,
Taquari, Cai, Sinos and Gravatai Rivers) are located in
the north of the lagoon and supply 86% of its average
total freshwater input. The freshwater discharge of the
Guaiba River may vary from 41-22,000 m’s™ with an
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Figure 1 - The estuary of Patos Lagoon, the city of Rio Grande and the location of industrial, naval and port activities that con-
tribute to potential contamination by wastewater and / or air emissions for the estuarine water during the years 1993 (A)
and 2014 (B). Porto Velho (.), Porto Novo (.) e Super Porto (D). Figure A was adapted from Almeida ez al. (1993).

Figura 1 - O estuario da Lagoa dos Patos, a cidade de Rio Grande e a localizacdo das atividades industriais, navais e por-
tuarias que contribuem com uma potencial contaminagdo através de efluentes e/ou emissoes atmosféricas para as aguas
estuarinas durante os anos de 1993 (4) e 2014 (B). Areas portudrias: Porto Velho ( .), Porto Novo ( .) e Super Porto ( D).
Figura A foi modificada de Almeida et al. (1993).
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annual mean around 1,000 m’s™". In the middle course,
west of the lagoon, the Camaqué River is an important
fluvial system because of its inflow contribution to the
lagoon reaching 5,000 m’s” during flood periods
(Mdller & Castaing, 1999). The Sdo Gongalo Channel,
whose aquatic contribution comes from the Mirim La-
goon, is located in the low course of the lagoon.

These rivers represent the major transport pathway of
nutrients and suspended matter to the estuary. Because
the Patos Lagoon is over 250 km long, the time that wa-
ter takes to travel from Guaiba River (Figure 1) to the
estuarine region is about 20 days (Herz, 1977). There-
fore, nutrients originated from rivers have a high resi-
dence time within the lagoon before reaching the estua-
rine region, where biogeochemical processes may result
in their consumption (Nienscheski ef al., 1999).

The estuarine area of the Patos Lagoon stretches over
the southern portion of the lagoon, where seawater en-
trance reaches its average limit in Ponta da Feitoria,
close to Pelotas city (Moéller & Castaing, 1999). Even
though the estuary has high hydrodynamic rate, mainly
conditioned by the wind strength and direction, the tidal
effect (0.4 m) is minor. Its narrow channel communi-
cates with the Atlantic Ocean and enables high outflow
of lagoon waters, which may reach 25,000 m’ s in low
tide (Herz, 1977). During winter (June-August) and El
Nifio events the high freshwater discharge practically
replaces salt water and occupies the entire lagoon sys-
tem (Pasquini ef al., 2012) and the calculated freshwa-
ter residence time is ¢. 5 months (Windom ef al., 1999).

The lagoon has high primary productivity which sup-
ports nurseries of several species of mollusks, crusta-
ceans and fish that use this environment in their whole
or partial life cycle (Odebrecht et al., 2010). Many spe-
cies, such as the shrimp Penaeus paulensis, have com-
mercial interest within the estuarine area. Since there
are in this area activities related to the port, fishery,
navigation, leisure, moreover transportation and vessel
repair in this area, their impact can be seen in the vicin-
ity of the estuary.

The estuarine area has been a receptor of several urban,
industrial and agricultural effluents, especially from the
cities of Rio Grande, Pelotas and Sdo José do Norte
(Odebrecht et al., 2010).

Several studies carried out in this estuary have shown
that there is considerable contamination by trace ele-
ments pollutants in different environmental compart-
ments (soil, sediment, water, biota) in the Rio Grande
area (Garcia et al., 2010; Mirlean et al., 2005a, 2008;
2009). The chemical elements that stand out as subjects
of concern because of their harmful effects on the envi-
ronment and public health are Pb, Hg and As.

To understand the cause of this contamination by trace
metals in the Rio Grande area is necessary to under-

stand the history of the urban and industrial develop-
ment of the city. The development of the city is related
with the creation and expansion of the port area, which
is divided in Porto Velho, Porto Novo and Super Porto
(Text A in SI-I, see Supporting Information).

This development triggered the need to update the study
conducted by Almeida et al (1993) as shown in Figure
1A, because Rio Grande only collects and treats about
33% of its sewage currently. Its treatment system has
recently been expanded but, most peripheral areas do
not have any sewage treatment yet. Therefore, a new
assessment started in 2014 in the Saco da Mangueira,
an inlet whose waters are receptors of a significant an-
thropogenic contribution from the south of the city
(Aguiar et al., 2014). This study identified 49 effluents
whose origin was anthropogenic and 2 pluvial ones.
Taking into account that only 22 effluents had been
identified in this inlet in 1993, there has been an in-
crease in the input of contaminants.

These effluents were qualitatively analyzed to identify
their level of contamination represented by the phos-
phorus concentrations. Phosphorus is one of the main
constituents of the organic matter and can be found in
significant amounts in domestic wastewater, food and
fertilizer industries. A predetermined volume of reagent
(10% of the sample volume), previously prepared ac-
cording to Baumgarten et al. (2010), was added to
every effluent sample. The blue shades of the sample
were compared to one of the six blue shades of a table,
in which each blue shade was related to one different
contamination level (Pinheiro et al., 2010).

Since there is no recommended limit for phosphorus
effluent under Brazilian law Resolution 357
(CONAMA, 2005), the distinction between contami-
nated or uncontaminated samples was based on the
concentrations reported in this legislation to freshwater
Classes 2 and 3, which allow maximum values of 0.05
and 0.15 mg L. Concentrations up to 2 mg L™ corre-
sponded to very weak and weak contamination (Figure
2 Levels B and C), whereas concentrations of 3, 6 and
12 mg L™ represented respectively a medium, strong
and very strong contamination, respectively (Figure 2,
levels D, E and F) (Pinheiro ef al., 2010).

This mapping qualitatively identified the most contami-
nated effluents in terms of anthropogenic organic mat-
ter, thus showing which effluents will need to be moni-
tored later in quantitative terms of their compositions
and compared to the current legislation.

3. Main contamination sources throughout urban
and industrial development

Urban development and the fishing industry expansion
in the 1980’s led to the assessment of water quality
which determined the organic contamination of the wa-
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Figure 2 - The Saco da Mangueira, south of Rio Grande, indicating the sites of liquid effluent discharge and distinguished by
the qualitative level of organic matter contamination according to Aguiar ef al. (2014). The image is located between the
latitude of 32°02° S and 32°08°S and the longitude of 52°04” W and 52°10°W.

Figura 2 - O Saco da Mangueira, ao sul da cidade do Rio Grande indicando os locais de langamento de efluentes liquidos e
diferenciados pelo nivel qualitativo de contamina¢do por matéria organica de acordo com Aguiar et al. (2014). A imagem
encontra-se entre a latitude de 32°02 'S e 32°08'S e a longitude de 52°04' W e 52°10'W.

ter around the city. After the change in the industrial
profile of the city, most studies carried out in the second
half of the 1990’s focused on the port area, before the
recent port expansion in the beginning of 2000. The
studies had mainly on long-term objectives regarding
the monitoring of the constituents of the water column
and sediment in the Rio Grande Channel which flows
into the estuary. These studies were carried out in the
context of environmental assessments in Rio Grande.
However, few of them have analyzed the anthropogenic
contribution in terms of atmospheric contamination.

More recent studies (Bento ef al., 2013; Costa & Wall-
ner-Kersanach, 2013; Aguiar et al., 2014;) have been
carried out along the coastline of the city and the three
port areas (Figure 1) to identify potential spots of con-
tamination inputs. In order to better understand the evo-
lution of the contamination studies in relation to the de-
velopment that is going on in this region, they were or-
ganized in terms of environmental compartments, and
focused on nutrients and trace metals, since these com-

pounds are the most significant contributions to the en-
vironment.

3.1. Water compartment

3.1.1. Nutrients

Industrial development in the 1980°s, mainly fishing
industries and fertilizer plants, resulted in several
changes in the estuarine water quality. The contamina-
tion observed at that time was related with oil and
grease (Kantin et al., 1980), anionic detergents (Kantin
et al., 1981) and dissolved ammonium, nitrate, nitrite
and phosphate (Costa et al., 1982). The excess of those
nutrients used to cause euthrophication in the waters
along the coastline of the city, mainly in the Saco da
Mangueira inlet and in the port area (Kantin et al.,
1981; Almeida et al., 1984).

This environmental problem was mostly caused by the
excessive content of nitrogenous compounds resulting
from effluents rich in organic matter. These effluents
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have domestic origin or are discharged by fishing in-
dustries and vegetable grain processing units. In addi-
tion, phosphorus compounds originated from chemical
fertilizer plants and domestic effluents were also re-
ported.

Throphic unbalance in the estuary has been followed
over the years (Baumgarten et al., 1995; Baumgarten,
2010; Odebrecht et al., 2010). Its result is the genera-
tion of euthrophication in the waters around Rio Grande
(Baumgarten and Paix@o, 2013), with cyanobacteria
Microcystis aerruginosa blooms, which found favor-
able conditions to develop in the estuary (Yunes ef al.,
1995), moreover intense proliferation of cyanobacteria
Aphanothec sp (Baumgarten, 2010). When the water
quality of the Saco da Mangueira was compared with
another estuarine inlet, farther from the city, Persich et
al. (1996) observed that the former had larger phyto-
plankton biomass than the latter and, as a result, higher
rates of euthrophication because it received more or-
ganic matter than it was able to depurate. This process
was observed for ammonium and phosphate in the Saco
da Mangueira, mainly associated to the Industrial Dis-
trict, where high values of Biochemical Oxygen De-
mand (BODs were measured (Baumgarten, 2010).

High contribution of nutrients in the shallow waters was
also observed at the northern area of the city where the
municipal dumpsite is located. However, this high con-
centration was no further observed in the waters away
from the shoreline (Sprengler et al., 2007) (Figure 1B).

Temporal assessments of concentrations of dissolved
inorganic nitrogen (ammonium, nitrate, nitrite), dis-
solved inorganic phosphate and silicate in the Patos La-
goon estuarine waters, based on weekly data collected
from 1983 to 1990 and on monthly data collected from
1993 to 2007, showed that there was high variation of
the dissolved inorganic nutrients in water. Even though
the concentration of phosphate and the sum of nitrite
and nitrate had gradually increased from 1999 to 2001,
they decreased significantly in 2002 and in 2003 when
the El Nino effect led to higher freshwater discharge
from the lagoon. In general, the lagoon hydrology is
greatly affected by factors such as wind, rainfall and
evaporation; thus, there is no distribution pattern of
constituents which can be indicatives of organic con-
tamination in the water column, mainly during extreme
events (Abreu et al., 2010). It happens not only because
the study areas are located in areas where there is high
water circulation but also because such constituents do
not persist in the water column. This process is sug-
gested since nutrient removals occur with salinity zero
to ¢. 5-7 and the organic matter mineralization could be
a dominant process mainly in areas with salinity up to
25-27 in the Patos Lagoon (Window et al., 1999).

In the estuary channel, nutrients did not show any sea-
sonal pattern because of the complex hydrographic of

the Patos Lagoon by comparison with the inlets
(Niencheski et al., 1999).

3.1.2. Trace metals

Trace metals, which are natural elements in the geo-
logical composition, contribute to aquatic environ-
ments, such as the Patos Lagoon, in dissolved and/or
particulate forms. Their anthropogenic contributions to
the southern estuarine area result mainly from the urban
and industrial development of the Rio Grande city.

The impact caused by the municipal dump site of Rio
Grande City in the salt marsh area and in the shore of
the Saco do Martins (Figure 1B) was evident. The
stream which receives the leachate indicated high Pb
concentrations ranging from 0.93 to 1.60 mg L™, by
comparison with the maximum limits established by the
legislation (CONAMA, 2005) of 0.5 mg L™ for effluent
launching (Sprengler et al., 2007).

However, the high outflow of the lagoon waters during
low tide (Herz, 1977), along with extreme events or
dredging activities in the port area have affected the
concentrations of trace elements, both in water and in
sediment. The monitoring of the total fractions of met-
als in water carried out in port areas located in the Porto
Velho, the Porto Novo and the Super Porto from 1996
to 2001 showed significant decrease in the concentra-
tions of copper, lead and zinc in the water. According to
Barbosa et al. (2012), the average concentrations of Pb,
Cu and Zn were 3.86 ug L', 26.85 ug L™ and 23.43 pg
L, respectively, in 1997. There was a decrease in mean
concentrations of 1.66 pg L™ for Pb, 5.25 pg L™'for Cu
and 10.94 pg L™ in 2000. This process is attributed to
the El Nifio, which was one of the most powerful events
during June/1997 and July/1998 and favored high dis-
charge and the maintenance of freshwater in the estuary
(Barbosa ef al., 2012). In addition, the decrease in trace
metals in both water and sediment observed in 2000 and
in 2001 may have been also affected by the intense
dredging activities carried out in the estuary.

Studies of water monitoring in port areas were con-
ducted annually until 2012 (www.portoriogrande.
com.br) and showed that the higher concentrations of
metals (Cr, Cu, Fe, Pb and Zn) in the water column
usually occurs in bottom waters with the sediment re-
suspension. Likewise, trace metal increases in the water
have also been observed during the dredging activities
while the sediment is resuspended in the estuary. How-
ever, 30 minutes after the end of the dredging process,
some metal contents show almost the initial levels of
concentration again (Table A in Supporting Information
IT) for Cr and Pb (Corradi et al., 2007). This may be
likely explained by the low metal concentrations in wa-
ter and the high hydrodynamic of the estuary causing
dilution and dispersion of the elements.
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Studies of water quality have focused on the channel
areas in the estuary over the years. Because of the low
metal concentrations verified in the water column, cur-
rently, the main concern is the quality of the shallow
waters along the coastline due to the industrial intensi-
fication process, including the naval one.

In the Patos Lagoon estuary, there are studies, which
show the association of the metals, in dissolved and in
the particulate fractions (Windom et al., 1999;
Niencheski & Baumgarten, 2000). The model of the
behavior of dissolved trace elements in the Patos La-
goon estuary proposed by Window et al. (1999) sug-
gests that, around salinity 5-7, there is an increase in
cobalt and nickel in the water due to cation exchanges
and/or their desorption from particles due to the mix
between freshwater and seawater. When salinity is
around 25-27, there is an increase in most metals in the
water because of the remineralization of organic matter
and the remobilization of bottom sediment.

Even though the behavior of the total dissolved fraction
of mercury and other trace metals/metalloids has been
known for some time now, the potentially bioavailable
fraction (the labile one) of metals in the water column
was only known recently in this environment.

3.1.3. Speciation of trace metals in water

Recent studies in port areas of the Patos Lagoon estuary
have applied analytical techniques to study speciation
of trace metals, which analyze the labile or potentially
bioavailable metal fraction in water or sediment. The
estimation of this fraction, which may be incorporated
more easily into the tissues of organisms, is more likely
to represent a bioavailable fraction than the total metal
(Leeuwen et al., 2005).

A technique that quantifies metal in its labile fraction
was recently used with in situ passive samplers, the dif-
fusive gradients in thin films (DGT), which integrates
metal concentrations found in the environment through
time, even in high hydrodynamic waters, such as estuar-
ies. Moreover, this technique enables comparisons
among geographically different areas (Davison &
Zhang, 1994).

The DGT technique started to be used in the Patos La-
goon estuary in 2003; the first time this technique was
applied to estuaries in Brazil. It has still been used in
the water to check the evolution of labile concentrations
of some metals in the areas around the city. Taking into
account the elements under analysis (Cd, Co, Cu, Mn,
Ni, Pb and Zn), Cd, Cu and Pb showed higher bioavail-
ability in the water of two locations in the marinas north
of the city, when compared with the less urbanized site,
the Marinheiros Island (Wallner-Kersanach et al.,
2009).

Due to the gradual release of trace metals from antifoul-
ing paints in vessels, marinas and ports were investi-

gated in 2006 regarding the concentration of labile Cu,
which is found in high concentrations in these paints.
Its variation was 0.11-0.45 ug L™ in the marinas located
in the Naval Station, the Porto Novo, the Oceano-
graphic Museum and the Yacht Club whereas concen-
trations of 0.10-0.15 pg L™ were found in the Porto
Novo and the Super Porto (Petrobras Terminal) (Figure
1). Concentrations of Cu were higher at the marinas
since they are more sheltered and may be compared to
areas with marinas in Australian estuaries which are
densely populated with leisure boats (Dunn ef al., 2004;
Warnken et al., 2004).

After this contamination was detected, new studies
were carried out in 2009 and 2010 to investigate the la-
bile Cu and Zn in the estuary because of the high
concentration found in antifouling paints used in that
estuarine area. Two old shipyards, the marina of the
Yacht Club and the Porto Novo were assessed. The
Gustavo Fernandes Filho shipyard at the Porto Velho
area and the Santos shipyard at the Super Porto showed
the highest concentrations over the period of study.
Labile Cu concentrations were approximately 0.45 ug
L whereas labile Zn was close to 10 pg L™ (Costa &
Wallner-Kersanach, 2013).

These studies showed that not only domestic and
industrial effluents contribute to the contamination of
estuarine waters. Navigation activities have been a
potential source of trace metals from antifouling paints
which are potentially avaliable to all organisms.

3.2. Sediment compartment

The assessment of trace metals in water reflects instan-
taneous contaminant concentration, but the sediment
better depicts the long-term inputs. Therefore, studies
with sediment in the Patos Lagoon estuary, especially
on the channel areas, show contamination evidence,
mainly by arsenic (As) and mercury (Hg) (Mirlean et
al. 2003a and b). The latter has been more investigated
than the former in several studies, therefore, Hg will be
presented in more detail in section 4.4.

The distribution and contamination of sediments by As
in the Patos Lagoon estuarine area was first studied by
Mirlean et al. (2003b). Studies of the sediment quality
and of the monitoring of the dredging at the Rio Grande
Port were conducted from 2002 to 2005
(www.portoriogrande.com.br). The highest concentra-
tion of As in the estuarine system (up to 50 mg kg”)
was found in the sediment at Porto Novo, Super Porto
and adjacent channels (Figure 1B).

In the estuarine region, total levels of As had a strong
increase: they were tenfold or twentyfold the values
(2.5 and 7.7 mgkg") found in the sediment on the
limnic region of the Patos Lagoon. In addition, the mo-
bile (labile) form of As in the sediment found of the es-
tuarine region at the Porto Novo also increases to 80%
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of the total value and 65% on average, whereas it in-
creases to 63% of the total levels and 39% on average
in the channels (Mirlean et al., 2003b). The mobile
fraction is considered to be potentially bioavailable
(Salomons and Forstner, 1984); thus, it shows the frac-
tion that is capable of harming to the biota.

The study carried out by Mirlean et al. (2003b) shows
that levels of As in most sediment at the Porto Novo
(Figure 1) exceed the PEL (probable effect level) of 17
mg kg that represents the value above which the biota
may be affected (Long ef al., 1995). Some sediment
samples exceed the SEL (severe effect level) of 33 mg
kg, which indicates that the biota will be severely af-
fected. Some of these values were used to establish the
legislation regarding the quality of the sediment that is
used for dredging Brazilian jurisdictional areas
(CONAMA, 2012). The Brazilian Sediment Quality
Criteria for As are 19 mg kg (Level 1 - threshold be-
low the probability of a possible adverse effect to the
biota) and 70 mg kg™ (Level 2 - threshold above a pos-
sible deleterious effect to the biota).

Natural raw phosphorites and activities carried out by
fertilizer plants are the main sources of sediment con-
tamination by As in estuarine areas (Shumilin et al.,
2001; Mirlean et al., 2003b). Elevated As concentra-
tions higher than 300 mg kg™ were found in the raw
material and products used in this industrial sector.
Analyses show that the content of As in phosphorite is
100 mg kg™ and that superphosphates have 390 mg.kg"
' mainly in its mobile form (Mirlean et al., 2003b).

The content of As varies considerably depending on the
area in the estuary and time. However, other factors,
such as granulometry, the organic content of the sedi-
ment (Forstner & Wittman, 1981), physicochemical and
geochemical conditions in the estuary and the frequency
of dredging control As content in the bottom sediment
(Urban et al., 2010).

Despite variability, higher values of As are usually
found in the sediment at the Porto Novo and its sur-
roundings, i. e., the Rio Grande Channel and other
channels along the mouth of the Saco da Mangueira
(Figure 1). In the Porto Novo region, As content tends
to decrease along the Super Porto Channel up to the
channel between the jetties. Sources from an old fertil-
izer plant located at the southern area of the Porto Novo
(Figure 1A) and favorable conditions for sedimentation
and accumulation of sediment in this region are factors
that favor As enrichment.

Environmental studies conducted to assess the quality
of superficial and sub-superficial sediments provide
evidence of the previous observations. When the whole
estuarine system is analyzed, i. e., considering all sandy
and clayish sediments, the most usual variation ranges
between 2 and 40 mg kg of As. However, maximum

values may exceed the level of 19 mg kg™ of As estab-
lished by the legislation (CONAMA, 2012), and rec-
ommended by Level 1.

The metals Pb, Cd, Zn, Cu and Cr in superficial sedi-
ments of the estuary have a very similar distribution
pattern. The highest values are found in more shallow
waters which are adjacent to the main industrial, urban
and port effluents (Baisch, et al., 1988; Asmus, 2008).
Deeper zones, mainly in navigation channels, in gen-
eral, have lower values of trace metals. These channels
are constantly dredged and have high velocities of wa-
ter flux reaching 1.7-1.9 m s™ after prolonged periods
of heavy rain, while the maximum velocities of the cur-
rent in the lagoon are approximately 0.3 m s (Garcia,
1998). Dredged sediments are later deposited in a ma-
rine site. Usually, from 2 to 3 million tons of sediment
are dredged every 2 or 3 years in order to maintain or
deepen  the  channels and  harbors  areas
(www.portoriogrande.com.br). Every dredging opera-
tion removes at least 0.5 to 1 m of superficial sediment
from the navigation channels. However, dredging may
resuspend the sediment and may cause dispersion of
possible metals accumulated in the sediment.

3.2.1 Speciation of trace metals in the sediment

There have been some studies of metal speciation in the
Patos Lagoon estuary (Baisch et al., 1988; Baisch,
1994). Oxy-hydroxides and, secondarily, sulphides and
organic matter are the most important metal carriers in
sediments of the Patos Lagoon estuary. On the other
hand, Mirlean et al. (2003b, 2009) applied partial ex-
tractions for sediment samples and showed that As usu-
ally takes its labile form, while Hg does not.

Metal speciation and bioavailability of particulate
sediment matter were assessed in urban and industrial
effluents from the Patos Lagoon estuary. The domestic
effluent, whose contamination was the result of un-
treated sewage, had high total concentrations in the ef-
fluent solid phase.

Sequential extractions in particulate matter from the ef-
fluents (Figure 3) revealed high values of Cd in the la-
bile fraction (3 exchangeable + carbonate + reducible +
organic), mainly related to exchangeable fraction. There
was a high percentage of Pb in the labile fraction, but it
is linked mainly to oxy-hydroxides and the organic
fraction. Cu and Zn were also associated with the labile
fraction in the domestic effluent at higher levels, while
Ni, Cr showed lower values in the labile fractions in the
industrial, domestic and mixt effluents. More than 50%
of the amount of Cd, Mn, Pb and Zn was associated
with the labile fraction and domestic effluent, that is the
most dangerous in terms of contamination risk to the
local biota.Assessment of labile trace metals (direct extrac-
tion with 0.1 M HCI) in the areas which were more affected —
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Figure 3 - Metal sequential extractions of particulate sediment matter from urban (D), industrial (I) and mixt (M) effluents
from the Patos Lagoon estuary (adapted from Bento et al., 2013).

Figura 3 - Extragdo sequencial de metais do material particulado em suspensdo de efluentes urbanos (D), industriais (I) e
mistos (M) do estuario da Lagoa dos Patos (adaptado de Bento et al., 2013).

shipyard, marina and port shorelines waters — regarding
the fine fractions of the sediment (<0.63 pm) on a dry
weight basis was recently carried out (Costa, 2012).
Concentrations range from 3 to768 mg kg for Cu, 16
to 578 mg kg™ for Zn, 6 to 178 mg kg™ for Pb, 0.86 to 3
mg kg for Cr and 1 to 7 mg kg for Ni were found.
Most maximum concentrations exceed the typical val-
ues for continental crust (Taylor, 1964), with exception
of Cr and Ni. According to the Federal Resolution
(CONAMA, 2012) on dredged sediment, concentrations
of Cu, Zn and Pb at the Irm3o Fernandes Shipyard
(which has operated for more than 100 years in the
Porto Velho) exceeded Level 2, a fact that shows there
may be adverse effect on the biota. However, Cu con-
centrations at the Santos Shipyard (which has operated
for more than 20 years in the Super Porto) exceeded
only Level 1, which is considered the attention level
since there might be some adverse effects on the biota.

The extended El Nifo effect on the region for six
months caused a decrease in concentrations of labile
metals in the sediment due to intense freshwater dis-
charge. With the restoration of normal climatic condi-
tions, water pH and salinity were found to be the main
factors controlling the lability of metals in sediment
(Costa, 2012).
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3.3. Atmosphere and soil compartments

Garcia et al. (2010) observed that he influence of at-
mospheric emissions from the oil refinery in Rio
Grande city (Figure 1) shows that the metal Ni and V
have a strong relationship in the soil and therefore they
are efficient markers of the chronic impact of these
emissions on the estuarine region. Other elements under
analysis (Cd, Cu, Pb and Zn) did not have any relation
with refining activities but resulted from other sources
found in the urban, industrial and port complex in Rio
Grande.

The As contamination in sediment and soil in the Patos
Lagoon estuary was analyzed by studies carried out
from 2003 to 2005 (Mirlean ef al., 2003b; Mirlean &
Roisenberg, 2006) and by several environmental moni-
toring reports (www.portoriogrande.com.br). Other
studies show the contamination by lead (122 -
19,256 mg kg') (Mirlean et al., 2005b) and Hg (0.01 —
14 mg kg™") in soil in Rio Grande (Conceigio, 2005).

Atmospheric pollution caused by the presence of Pb
and other trace metals (Cd, Cr, Ni, Cu, Zn) in the at-
mospheric particulate matter smaller than 2.5 pm
(PM, 5 ) was the theme of some studies, such as the ones
published by Vanz (2000), Vanz et al. (2003), Mirlean
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et al. (2005b) and Gutierrez (2013). Pb (PM o) anoma-
lous content was identified in solid atmospheric precipi-
tation above 1000 ug m™ (Vanz et al., 2003) (Figure 4).
These studies showed that these urbanized regions in
Rio Grande may be exposured to Pb concentrations,
which exceed the established legal limits from USA
(1,5 pg m™) and East Europe (0.7 pg m™) for PMj,.

The main sources of atmospheric Pb are attributed not
only to the fusion of Pb in the preparation of fishing ap-
paratus and to the availability of residues on the soil but
also to the use of paints with high content of Pb (Pb ox-
ide) on houses of poorer populations (Mirlean et al.,
2005Db).

In a study carried out by Mirlean & Roiserberg (2006)
in Rio Grande, the fertilizer plants and their activities
were recognized as atmospheric sources of Cd and As.
Moreover, this industrial sector had previously been
known as the main responsible one for acid rains in Rio
Grande, since 62% of the annual rainwater indicated pH
values lower than 5.0 (Mirlean et al., 2000). The analy-
sis of rainwater showed that Cd in the soluble form pre-
cipitates close to emission source, whereas As is trans-
ported farther and also in the soluble form precipitates
at a greater distance. The pH controls the distribution of
cadmium and arsenic in rain and groundwater. Concen-
tration of soluble cadmium along the impact line in-
creases with reduction of pH and arsenic, contrary to
the increase in pH. Concentrations of Cd and As in sur-
face soil correlate well among themselves near to emis-
sion point (Mirlean & Roiserberg, 2006).

Therefore, contributions given by atmospheric and soil
contamination in Rio Grande must be taken into ac-
count when environmental assessment of water quality
is carried out due to the potential anthropogenic input to
the Patos Lagoon estuary. However, it is important to
take into consideration the whole set of compartments
in order to better assess the origin of an element, as was
achieved by studies of Hg in the region (Mirlean et al.,
2003a; Mirlean & Oliveira, 2006; Mirlean et al.,2008).

3.4. Mercury contamination: case study

The first information on mercury pollution in the Patos
Lagoon estuary was obtained in 1998 when the Chem
Oil Company tanker with 12000 t concentrated sul-
phuric acid had an accident and discharged part of the
acid into their waters. Acid attack on the estuarine
sediments led to metal redeposition along the trajectory
of the acid effluent. Mercury anomaly with metal con-
centration of about 5 mg kg™ in the sediment was found
during the study of the accident (Mirlean et al., 2001).

The mercury content in sediments following the acci-
dent was much higher than the metal amount found in
the sulphuric acid, making researchers look for the
source of mercury pollution on the coast. The study of
mercury distribution in the city effluents showed high

values in particulate suspended matter. The highest Hg
concentration (up to 21.1 mg kg™') was found in domes-
tic and mixed (domestic + runoff) effluents. It was evi-
dent that local industry effluents were not responsible
for mercury pollution in the estuary (Mirlean et al.,
2003a). However, the origin of the high mercury con-
centration in urban effluents was not revealed.

The existence of highly mercury polluted soil covers
was reported in Rio Grande (Mirlean & Oliveira, 2006).
It was also found that, in historical buildings in the city,
the concentrations of mercury reach up to 25 mg kg™
Moreover, mercury contamination was detected in man-
made ground (MG) deposits on all coastal reclamation
sites of the city (Figure 5). It was observed that the
older the MG, the higher the level of pollution. In the
deposits dating from the beginning of the 18" century
(the very first coastal reclamation fill), mercury concen-
tration are the highest registered value, i.c., almost 25
mg kg, In the MG dating from the first half of the 19™
century, mercury concentration was almost twofold
lower. Mercury concentration increases in MG’s dating
from the middle of the 20™ century: that are mainly
composed of city garbage. Nevertheless, mercury con-
centration in deposits dating from the 20th century con-
cedes that the oldest ones have both the highest regis-
tered concentration and the highest average value (Mir-
lean & Oliveira, 2006).

Plausible sources of mercury in the 18" century could
be technological processes applied for felt production
known as "carotting" which, at that time, included skin
processing in mercury nitrate solutions. Absence of the
neutralization of the used solutions, and any organized
system of recycling of city garbage in general is the
reason of a high level of pollution by mercury of envi-
ronment that accordingly redounded to the high concen-
tration of mercury in MG deposits of that time. How-
ever, a hundred years later, MG deposits were still
highly polluted with mercury. The felt industry, initially
represented by small workshops that joined into a large
factory later, had been considerably developed by the
end of the 19™ century. It may be confidently identified
as the main source of mercury at that time. In the first
half of the 20™ century, fast industrial growth demanded
intensification of coastal reclamation. The MGs’were
filled mainly by sand dune, lagoon sediments dredged
during the deepening of the navigation channel and coal
ash. The city garbage was a lot less used by comparison
with earlier days. It explains the decrease in mercury
concentration in MG material in the first half of the
20th century. Moreover the coastal reclamation planned
and controlled by the Municipality, the city area also
grew because of unregulated reclamation in its periph-
eral portion. Homeowners, whose backyards abutted on
the coast, filled up shoal, thus, increasing their private
areas. At such sites, any solid material and, more often,
city garbage mixed up with beach sand were used.
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Figure 4 - Spatial distribution of Pb (mg kg™) in atmospheric particulate matter in four seasons in the estuary of the Patos La-
goon. (+) Sampling sites (Vanz et al., 2003).

Figure 4 - Distribui¢do especial de Pb (mg kg”') em material particulado atmosférico nas quatro esta¢des sazonais no estudrio
da Lagoa dos Patos. (+) Locais de amostragem (Vanz et al., 2003).
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Figure 5 - Man-made ground sites of Rio Grande according to Mirlean & Oliveira (2006).

Figure 5 - Locais de aterro na cidade do Rio Grande de acordo com Mirlean & Oliveira (2006).

The MG’ pollution provides explanation for mercury
distribution in the whole environment in the region of
Rio Grande city. The high concentration of particulate
mercury in drainage effluents is most likely caused by
small particles washed out from polluted MG’. Sedi-
ment of shoals near city coasts contains the highest
amount of mercury (17 mg kg™') in areas adjacent to the
most polluted MG’ (Mirlean et al., 2003a).

Mercury dispersion from soil and industrial emissions
affects the large area around the city and enables Hg
accumulation in fish (Mirlean et al, 2005a). It was
demonstrated that mercury precipitation on lakes
around the city increased closer to downtown and to
industrial sources. Metal in fish tissue generally in-
creased along the same gradient, but also varied with
trophic level and preferred depth zone. Atmospheric
mercury deposition on these closed lakes may be di-
rectly linked to concentrations in fish, with surface-

feeding piscivorous species attaining the highest con-
centrations, which, in some cases, approximated and
exceeded the threshold level of 0.5 mg kg™ of total Hg.

From 1998 to 2008, the distribution of mercury in the
sediments of the Patos Lagoon estuary and nearby
coastal marine deposits was monitored. Polluted urban
soils and coastal reclamation fills were confirmed as the
main sources of high mercury concentrations in shallow
estuarine sediments which enter the navigation channel
close to the urban area and are transported into the
ocean. Hg concentration in sediments in the navigation
channel has considerably increased since 2004 due to
the intense reconstruction activity in the urban area
(Mirlean et al., 2009). Periodic dredging of the channel
strengthens the preconditions for coastal marine sedi-
ment contamination by mercury. However, it does not
occur because the resuspended dredged sediments are
significantly diluted by natural suspended particulate
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matter. This fact can be explained by a disproportionate
volume of sediments being resuspended during dredg-
ing and sedimentary load being naturally deposited
from the plume in the coastal zone. According to Cal-
liari et al. (2007), approximately 30 x 10°m’ of sedi-
ment has been dredged (an annual average of
1.5 x 10° m?), and about 64 x 10°m?® deposited naturally
(an annual average of 3.2 x 10°m’) during the last 20
years. Assuming that even up to 5% of the total dredge
volume (1.5 x10°m®) is suspended in estuarine water,
this amount is a small part (1/40) of the total volume of
mud input in the coastal area by natural influence in the
last 20 years.

Mercury pollution of soil in Rio Grande, which firstly
occurred downtown in the 18th century and expanded
in the 19™ and in the 20™ centuries, still impacts all
compartments (soil, sediments, water, air and biota) of
the surrounding environment.

4. Current areas under impact in the estuary

Studies carried out over the last 35 years in the estuary
of the Patos Lagoon showed that there was an increase
in the anthropogenic contributions of trace metals in
several compartments of the environment. Even though
the estuary is a quite dynamic environment, more shel-
tered areas, such as the Saco da Mangueira and other
estuarine nearshore areas, have indicated water con-
tamination because the inputs of potentially hazardous
substances and sediment pollution as the inputs have
been causing harmful effects. The low carrying capacity
of the sheltered areas is attributed to their low hydrody-
namics and little water renovation, moreover effluent
directly discharged into them. Consequently, these ar-
eas close to the shore in the estuary can neither depurate
nor restore, thus, generating an increase in environ-
mental liabilities.

In order to summarize data provided by several studies
carried out over many years, arcas endangered by or-
ganic loads and trace metals around the city urban and
industrial areas, including the three port areas, were
mapped (Figure 6).

Most effluents that flow into the estuarine environment
are clandestine, both urban and industrial. Strict envi-
ronmental policies are needed to improve environ-
mental estuarine quality, mainly in the Saco da
Mangueira inlet. More control is needed to trigger, at
least, basic effluent treatment which must be carried out
by existing industries, residential condominiums and
commercial buildings that are setting up in the region
(Baumgarten, 2010).

The government must find a solution to the soils con-
taminated by the trace metals in Rio Grande municipal-
ity. Decrease in atmospheric particulate and in their
acidity, mainly from fertilizer plants, must be aimed at.

5. Environmental management measures

The development of the Rio Grande city in the Patos
Lagoon estuary has yielded conflicts of its resources
use over the years and misappropriation of the city's
shoreline areas has occurred as well. In general, the
poor institutionalization of coastal management has
been observed (Tagliani et al., 2003, 2007). In envi-
ronmental terms, there has been a decrease in the diver-
sity of benthic organisms in most impacted areas of the
Saco da Mangueira (Bemvenuti and Angonesi, 2011)
and the degradation of coastal habitats, such as dunes,
inlets and salt marshes (Seeliger & Costa, 1998). On
large scale, there has been significant decline in fishery
in the estuary since the end of the 1980’s, a fact that has
affected thousands of fishermen involved in the tradi-
tional activity (Reis & D’Incao, 2000; Tagliani et al.,
2003).

Such conflicts regarding the resources use and disposal
of clandestine effluents from urban and industrial areas
have produced a continued environmental degradation
and affected the carrying capacity of the aquatic envi-
ronment.

Measures are needed in order to inhibit discharge of
clandestine and illegal industrial, domestic and naval
effluents, which are rich in organic matter and trace
metals, in the nearshore waters of the estuary, mainly in
the inlets. If the increase input of nutrients into the es-
tuarine waters is not controlled, dissemination and
growth of opportunistic blooms may happen to an intol-
erable level for public health, mainly in the Saco da
Mangueira (Baumgarten, & Paixdo, 2013). The uncon-
trolled contribution of trace metals to the water and
their accumulation in sediment showed that some areas
have been impacted, indicating a demand on the envi-
ronmental control. This is evident due to labile metal
concentrations that were found, since they can be poten-
tially avaliable to all organisms. The atmospheric and
soil contamination in Rio Grande must also be taken
into account when environmental assessment of water
quality is carried out, as a result of the potential anthro-
pogenic input to the Patos Lagoon estuary. Particular
attention should be paid to the element Hg, because of
its toxicity and its higher concentration in man-made
ground of the city.

The peninsular shape of the city and the poor city con-
trol enables clandestine discharge of effluents to be
connected to the city pluvial system, which flows into
the estuary. The expansion of this system must be im-
plemented and new systems must be designed in areas
where industries have been built. Likewise, industries
located in areas where there is no sewage collection,
such as the industrial district and several condominiums
on the nearshore waters of the estuary, should be re-
quested to implement private sewage treatment systems.
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Figure 6 - Locations around the Rio Grande city and its industrial and port areas, indicating the more contaminated areas by

organic matter in the water (@) and trace metals in the sediment (.) and soil (*). Water data according to Aguiar &
Baumgarten (2014) and Sprengler et al. (2007); sediment data according to Mirlean et al. (2003a and b, 2009) and Costa et
al. (unpublished data) and soil data according to Mirlean, et al.(2005b, 2006, 2008) and Mirlean & Roiserberg (2006).

Figura 6 - Locais ao redor da cidade de Rio Grande e sua area industrial e portudria, indicando as dreas mais contaminadas

por matéria orgdnica na dgua (@), metais traco no sedimento (.) e em solos (*

). Dados em dgua segundo Aguiar &

Baumgarten (2014) e Sprengler et al. (2007),; dados em sedimento segundo Mirlean et al. (2003a e b, 2009) e Costa et al.
(dados ndo publicados) e dados em solos de acordo com Mirlean, et al. (2005b, 2006, 2008) e Mirlean & Roiserberg

(2006).

The Municipal Plan of Basic Sanitation became official
in 2013; it has an overview of environmental problems
faced by the whole city as well as political and struc-
tural solutions that the city hall must implement. There-
fore, it must be implemented as soon as possible to im-
prove environmental quality.

The increase trends in environmental liabilities around
the city demands the mitigations of the socio-
environmental conflict (Tagliani et al., 2007). There-
fore, regulations issued by the Municipality of Rio
Grande resulted in the Southern Coast Program, which
is part of the Rio Grande Municipal Environmental Plan
that focuses on environmental management (Tagliani &
Polette, 2011). It included the Local Harbor Agenda,
which establishes an environmental program for all the
three harbors. Based on these local resolutions and ac-

cording to Anello & Koehler (2011), neither liquid ef-
fluents nor atmospheric emissions are, in many cases,
within the limits established by local legislation.
Although several initiatives and advances have been
achieved under the Southern Coast Program, the con-
solidation of an integrated management program for the
Patos Lagoon estuary requires the development of sev-
eral activities based on a clear action strategy (Tagliani
et al., 2011). However, the institutional structure and
fragility of the country perhaps becomes the bigger
challenge for the implementation of an effective inte-
grated coastal management program for this area as
pointed out by Tagliani ef al. (2003).

The city government must implement an integrated
management program for the estuary in a real and prac-
tical way, involving stakeholders and local governments
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as suggested by USEPA’s Community-Based Environ-
mental Protection (Brown et al., 2002). The studies un-
der analyses in this paper clearly show the temporal
evolution of environmental impacts on several areas of
the estuary. An environmental policy based on the
mapping of the biodiversity and the liabilities should be
set to in the long term. The state environmental agency
must also act more effectively to supervise industrial
liquid effluents and atmospheric emissions. If this set of
actions is not quickly and adequately implemented, it
may endanger the environment and the population’s life
quality in the southern region of the estuarine system.

Appendix

Supporting Information associated with this article is available on-
line at http://www.aprh.pt/rgci/pdf/rgci-596_Wallner-
Kersanach_Supporting-Information.pdf
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Plastic fragments as a major component of marine litter:

a case study in Salvador, Bahia, Brazil
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ABSTRACT

Urban areas are hotspots for marine litter. Plastic materials are the most common type of beach litter and can fragment into
even smaller pieces. A total of 24 sampling stations were distributed along the coast of Salvador, Brazil, from which every lit-
ter item > 2 cm was sampled. A total of 17,089 items were sampled from the beaches of Salvador in two different survey sea-
sons (10,416 during the winter and 6,673 during the summer). Plastic represented 87.45% of all materials sampled during the
winter and 85.24%, during the summer. In both seasons, the majority of the sampled beaches were classified as extremely dirty
according to the Clean-Coast Index. Plastic fragments were found in every sampling station in both field surveys, representing
45.7% of the overall plastic items sampled. Tourism/recreation activities appeared to be important sources of litter to the area.

Keywords: plastic pollution; plastic fragments; coastal management; urban beaches; coastal currents.

RESUMO
Fragmentos plasticos como um componente principal do lixo marinho: estudo de caso de Salvador, Bahia, Brasil

Areas urbanas concentram lixo marinho. Materiais pldsticos sdo o tipo mais comum de lixo de praia e podem sofrer frag-
mentagdo tornando-se cada vez menores. Um total de 24 pontos de amostragem foi definido ao longo da costa de Salvador,
Brasil, nos quais todo item de lixo > 2 cm foi amostrado. A maioria das praias em Salvador esta cobertas por lixo — tanto
fragmentos quanto itens inteiros. Um total de 17.089 itens foi coletado das praias de Salvador durante duas campanhas
(10.416 durante o inverno e 6.673 durante o verdo). Plastico representou 87,45% de todo o material amostrado durante o
inverno e 85,24% durante o verdo. Em ambas as esta¢bes a maioria das praias amostradas foram classificadas como extre-
mamente sujas de acordo com o Clean-Coast Index. Fragmentos plasticos foram encontrados em todos os pontos de
amostragem em ambas as campanhas, representando 45,7% de todo o plastico encontrado. Atividades de turismo/recreagdo
se mostraram fontes importantes para o lixo na darea.

Palavras-chave: poluigio por plasticos; fragmentos plasticos; gerenciamento costeiro; praias urbanas; correntes costeiras.
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1. Introduction

Litter can be found on beaches all over the world, origi-
nated from both local and distant terrestrial sources or
brought ashore by the sea (marine source). According to
Storrier et al. (2007) and Spengler & Costa (2008),
sandy beaches, estuaries and the seafloor are the prefer-
ential areas for litter accumulation. Regarding beaches,
marine debris can be deposited in the backshore in vari-
ous situations, such as during spring high tides and
events of equinoctial meteorological tides.

Longshore currents associated with swash transport of
sandy particles and winds are the main agents responsi-
ble for longshore drift. In turn, the longshore drift con-
trols sediment flow and budget (Komar 1976; Domin-
guez et al. 1983; Fontoura 2004). Analogously to the
transportation of sediment particles, these currents can
also transport litter, which can be deposited or re-
deposited, depending on factors such as seasonality, in-
tensity of currents and litter density, in areas far from
where they were originated.

Marine litter can be found in higher concentrations in
the surrounding areas of great urban centers (Moore &
Allen 2000; Leite et al. 2014). The proximity to urban
centers is a determinant factor to its occurrence (Back-
hurst & Cole 2000).

Marine litter poses a clear threat to human well-being
and various marine organisms. There are numerous re-
ports of ingestion of marine litter by different species
(e.g., Colabuono et al. 2009; Provencher et al. 2010;
Tourinho et al. 2010; Rebolledo et al. 2013; Buxton et
al. 2013), which can cause their death and/or lead to the

inclusion of the most minute particles of litter into food
webs (Farrell & Nelson 2013), as well as cause entan-
glement (Gregory 2009). Marine litter also presents po-
tential as a means for chemical pollution dispersion, due
to the affinity of plastics in particular to different
chemical compounds present in seawater (Ogata et al.
2009). Moreover, marine litter can also favor the occur-
rence of invasive species, which can use floating debris
for dispersion (Barnes 2002).

An important component that is often overlooked in
marine litter assessments are the plastic fragments,
which represent a significant portion among the sam-
ples of beach litter monitoring surveys (Sobral et al
2011). These fragments originate mostly from the abra-
sion of larger plastic items that were exposed to weath-
ering in the marine and coastal environment (Sul &
Costa 2014).

While whole items of marine litter allow surveys to nar-
row down potential inputs of these solid residues to the
marine and coastal environment, fragments make
source identification harder. For example, while cotton
buds can be associated with sewage discharges, a non-
descriptive piece of plastic does not tell such a simple
story.

The general objective of the present study was to evalu-
ate the occurrence and distribution of marine litter
along the coastline of Salvador, state of Bahia, Brazil
(Figure 1), emphasizing the contribution of plastic
fragments as a major component of marine litter in or-
der to understand the magnitude of the problem and op-
timize management efforts to address it.

Figure 1 - Sampling stations along the coastline of Salvador, Brazil. TSB = Todos os Santos Bay.

Figura 1 - Pontos de amostragem ao longo da costa de Salvador, Brasil. TSB = Baia de Todos os Santos.
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2. Study Site

With a growing population of over 2.6 million inhabi-
tants, Salvador is one of the largest metropolises in the
country (IBGE, 2010). The beaches of the municipality
are also greatly sought out by tourists throughout the
year, who visit them attracted by their natural beauty
and the historical and cultural relevance of the city.

Along the coast of the state of Bahia, trade winds ap-
proach mainly from NE and E during the spring and
summer, while during the autumn and winter, from SE
and S (Bittencourt et al. 2008). During the autumn-
winter period, SSE winds associated with the episodic
approach of cold fronts reinforce SE trade winds. This
atmospheric circulation system is responsible for the
general pattern of wave fronts that approach the coast
(Dominguez et al. 1992; Martin et al. 1998) and is also
the main driver for the sediment dispersion pattern in
this areca. Geomorphological features indicate that this
pattern respects the general NE - SW orientation of the
net longshore drift in this area (Dominguez et al. 1992;
Bittencourt ez al. 2005).

However, locally, the direction of the general drift can
be altered by the presence of promontories and rocky
outcrops, generating local drift cells which do not nec-
essarily respect the preferential direction of the net
longshore drift. The area presents semidiurnal tides,

with mean amplitude of 2.5 m reaching up to 2.8 m dur-
ing spring tides.

3. Materials and methods

Two field surveys were performed during the winter of
2012 (from June to August — rainy season) and summer
of 2013 (February — dry season), to investigate possible
seasonality in the distribution and input of marine litter.

A total of 24 sampling stations were determined.
Twenty-two stations were distributed every 1 km along
the oceanic coastline of Salvador, from the Porto da
Barra beach (P3), close to the mouth of the Todos os
Santos Bay (TSB), up to the Itapua Lighthouse (P24).
The remaining 2 stations (P1 and P2) were located
within the Todos os Santos Bay (TSB) (Figure 1).

A 10 m-wide transect was delimitated from the highest
high water line to the end of the backshore, when en-
countering the first obstacle (e.g., vegetation, frontal
dune, wall, construction), in each sampling station
(Figure 2). All litter (> 2 cm) was collected and stored
in duly identified plastic bags. Pieces smaller than 2 cm
are relatively difficult to be systematically sampled
without using any equipment and are not sampled at
this time. Sampling occurred early in the morning to
avoid possible direct interferences of municipal clean-
ing activities.

Figure 2 - Representation of the transect delimited for sampling station P10.

Figura 2 - Representagdo do transecto delimitado para o ponto de amostragem P10.
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Plastic items that were a fraction equal to 50% or less of
the original object were counted as a fragment. Thus,
the term “plastic fragment” in the present study is re-
gardless to its size and should not be misinterpreted as
“microplastic”.

Litter was sorted and classified according to its compo-
sition (plastic, metal, glass, wood, cloth, others) and
type of object (e.g., plastic bag, beverage cans, barbe-
cue wooden sticks, plastic fragments, etc.) in order to
help in the identification of their potential sources (do-
mestic/sewage/urban drainage, tourism/recreation, fish-
eries/boating activities, medical waste, indeterminate).
The “indeterminate” source category encompasses not
only items that can have multiple sources (such as plas-
tic bags, for example, which can reach the beach
through sewage/urban drainage or be dumped on the
sand by a beach user, etc.), but also items which do not
have a clear indication of potential source.

Until recently there was no global index to classify
beach contamination by marine debris. Alkalay et al.
(2007) proposed the Clean Coast Index (CCI) in order
to classify beaches according to the amount of plastic
on their sand since plastic is commonly the most abun-
dant class of marine litter (Cheshire et al. 2009). Thus,
to determine the CCI of each beach, first the density of
plastics (Dp) was calculated as:

_ No. of plastic items
Dp = 1
P X m)x 10 (m) @

where X is the width of the transect.

In possession of this information, the CCI could be cal-
culated using the equation:

CCI=DpxK (2)

where K is the correction coefficient (K = 20), used for
statistical reasons and convenience, according to Al-
kalay et al. (2007).

The CCI results were then classified according to the
pollution degree, from “very clean” (0 — 2), “clean” (2 —
5), “moderate” (5 — 10) and “dirty” (10 — 20) to “ex-
tremely dirty” (> 20).

Density of plastic fragments (Dpf) was also calculated
separately. This allowed for a better assessment of their
occurrence and representativeness:

_ No. of plastic fragments
Dpf = 3
2/ X (m)x 10 (m) )

where X is the width of the transect.

The Kruskal-Wallis test was used to asses significant
differences between them amount of marine litter sam-
ples during each season.

4. Results

A total of 17,089 items were sampled. From these,
10,416 were sampled during the winter, and 6,673 dur-
ing the summer. There was no significant difference
(p > 0.05) between the number of marine litter items
sampled during winter and summer.

During the winter, P5 (Figure 1) presented the highest
density (31.50 items/m?) and P24, the lowest
(0.19 item/m?). In turn, during the summer, P12 pre-
sented the greatest density (18.80 items/m?), and P24,
once again, the lowest (0.33 item/m?).

The high occurrence of plastics (> 85% in both seasons)
is in accordance to the numbers found in the literature
(Cheshire et al. 2009), and guarantees the applicability
of plastic as a proxy for the CCI. During the winter, the
plastic category of materials was followed by metal
(4.25%), while during the summer, by wood (4.87%).

During the winter, 87.5% of the beaches (21 stations)
were classified as extremely dirty according to the CCI.
The three remaining sampling stations were classified
as dirty, moderate and clean, each representing 4.17%
of the total. During the summer, extremely dirty
beaches were also the majority (79.17%, 19 stations),
followed by beaches classified as dirty (12.5%, 3 sta-
tions) and then moderate and clean (4.17%, 1 station
each) (Supporting Information I).

The CCI values were commonly high above the number
that indicates the highest category (CCI > 20). During
the winter, CCI values as high as 622 (P5) and 569
(P11) were found, while during summer the highest
values were 350 (P12) and 280 (P8) (Table 1 in SI-I).
This indicates the extreme degree of contamination of
the beaches of the municipality which, in many occa-
sions, are vastly covered by plastic items (Supporting
Information IT).

Regarding the potential sources of litter, during both
seasons, all beaches presented greater representative-
ness of the category “indeterminate”. This is the case of
plastic fragments which, alone, represented a major por-
tion of the samples (39.48% from the overall sampled
material from both campaigns) and generally do not al-
low the identification of potential sources.

If the category “indeterminate” was not considered,
during the winter, 23 (95.83%) out of the 24 sampled
beaches had “tourism/recreation activities” as the main
potential litter source. Still regarding the winter, only
one sampling station had “domestic/sewage drainage”
as the most representative class. In turn, excluding the
category “indeterminate” in the summer campaign,
91.67% of the litter found on the beaches during this
season was attributed to the category “tour-
ism/recreation activities” and the remaining 8.33% to
“domestic/sewage drainage”.
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Plastic fragments were found in every sampling station
in both field surveys, with a mean of 185 frag-
ments/sampling station (Table 1 in SI-I). During the
winter, 4,446 fragments were sampled, while during the
summer there were 2,302. Plastic fragments represented
45.7% of the 25 types of plastic items that were identi-
fied. This category was followed by polystyrene frag-
ments (9.6%), cotton bud/lollipop sticks (9.4%), PET
bottle caps (8.8%), cigarette butts (8.3%) and plastic
cutlery/straws (6.4%).

During the winter the accumulation of plastic fragments
was significantly higher. Peaks in plastic fragment
abundance occurred in areas near rainwater drainages
and sewage runoffs, such as in stations P1, P5, P7, P8,
P10, P11 and P12 (Figures 1 and Supporting Informa-
tion III).

5. Discussion

The greatest occurrence and density of marine litter
were found during the winter. Because winter is the
rainy season in this area, the number of tourists and
general users of the beach is lower. However, the vol-
ume of water that can effectively runoff to the beaches,
carrying litter, increases.

On the other hand, during the summer the use of the
beaches in Salvador is greater and so is the effort of
cleaning actions by local authorities. However, these
activities are ineffective, especially regarding the re-
moval of smaller plastic fragments, which usually es-
cape the most common cleaning methods (raking) (Fer-
nandino ef al. 2015). In some cases, as reported by
Leite et al. (2014), the frequency of cleaning efforts on
the beaches of Salvador can significantly reduce the
amount of litter on beaches, such is the case of Porto da
Barra beach (P03), which is cleaned twice a day. De-
spite this effort, the beach in question was classified in
the present study as extremely dirty with CCI =28 at
the moment of sampling. This indicates that the con-
stant input to and fragmentation of marine litter at the
adjacent marine and coastal environment is greater than
the remediation actions. Thus, fighting the sources di-
rectly is necessary through sanitation, sewage treat-
ment, municipal waste collection, and environmental
education programs.

In many cases, the category “indeterminate” repre-
sented more than 80% of all sampled items. This re-
flects the difficulty in identifying the sources of con-
tamination of the beaches in Salvador by marine litter.
One reason for this finding is because the occurrence
and characteristics of plastic fragments, as previously
mentioned, do not allow for a more accurate identifica-
tion of sources.

Sewage and rainwater drainages can be considered as
important potential sources for plastic and plastic frag-
ments to the beaches in the municipality considering the

proximity of fragment concentration peaks to these ar-
eas.

The high concentrations of plastic fragments observed
in stations P10, P11, P12, P23 and P24 may have re-
sulted from a response to wave convergence zones
(WCZ), as inferred by Fernandino (2014) who consid-
ered this factor as one of the responsible agents for
plastic pellet concentrations along the same coastline.
According to the same author, these WCZ are generated
by wave fronts from SSE, SE and S, and are capable of
casting small particles towards the continent, thus fa-
voring their accumulation in the backshore.

As highlighted by Corcoran et al. (2009), the combina-
tion of particle transportation, both sediment and plas-
tic, and flood tides result in the deposition of plastic
particles along high water strandlines. However, this
accumulation is temporary, because with the next high
tide, marine litter previously brought and deposited, can
be remobilized and deposited on a new strandline or
float back on the surface of the sea. Thus, the usually
more stable character of non-eroded backshores (i.c.,
presence of vegetation, primary dunes, etc.) can provide
conditions that are more favorable for deposition and
accumulation of particles, which was not a common
condition observed in Salvador.

Litter found on the beaches of Salvador presents high
mobility, since most of the sampling stations presented
walls and other man-made structures constructed on the
backshore within the range of spring tide high waters
and meteorological tides, reducing the sand area where
litter could be deposited for longer periods.

The great number of plastic fragments suggests long
exposure of the plastic litter to weathering and me-
chanical agents. As reported by Sul & Costa (2014), the
tendency that items in these conditions will fragment
even more, originating microplastic, threatening various
organisms which can ingest them either directly or indi-
rectly, ultimately affecting top predators, such as hu-
man. It is clear that plastic, especially small fragments,
have the potential of integrating the sediment matrix of
sandy beaches, becoming an anthropogenic component
of the sediment.

6. Conclusions

No evidence was found indicating that marine litter
concentration was oriented according to the longshore
drift. This could be explained by the constant presence
of obstacles along the shore, which alter local coastal
processes. However, WCZ and sewage and rainwater
drainages seemed to influence areas of greater concen-
tration of plastic fragments.

The coastline of Salvador, as a whole, was found to be
polluted by marine litter, either in a greater or lower de-
gree. Most of the beaches were classified as extremely
dirty, despite the public cleaning activities that occurs
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along the beaches of the municipality. The CCI pre-
sented levels well above the minimum limit of the clas-
sification of extremely dirty (> 20) with values higher
than 600. Such fact reflects the ineffectiveness of the
current cleaning methods used by municipal cleaning
agents.

Tourism/recreation activities were important sources of
litter to the area. This finding suggests that measures
and actions towards environmental education and
awareness should be encouraged in order to change the
behavior of the various beach users regarding marine
litter production. The presence of items from domestic
sources illustrates a lack of adequate sewage treatment
and suggests the importance of an improvement in this
sector in order to prevent its input and, consequently,
improve both public and marine ecosystem health.

Analyzing the composition, size and characteristics of
plastic fragments is important to understand its signifi-
cance in the environment and, consequently, the threats
posed by its presence.
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ABSTRACT

The Bertioga Channel (SE Brazilian coast) is part of the Santos Estuarine Complex, situated at the Baixada Santista. The
Baixada Santista is a very important economic region of Brazil which, due to its intensive economic development, has been
experiencing several interventions on its coastal environment. Both the largest harbor, located on the city of Santos, and the
Cubatio industrial complex, which presents large chemical, petrochemical and steel industries, are found near the Bertioga
Channel. As a consequence, this socially and environmentally relevant channel is exposed to various sources of pollution that
can increase the content of contaminating metals in sediments. For these reasons, the main objective of this study was to ana-
lyze the availability of potentially toxic elements (Cd, Cr, Cu, Ni, Pb and Zn) in sediment cores sampled along the Bertioga
Channel. In this study, the term availability refers to the possibility of metal remobilization in sediments. By applying the
chemical procedure of sequential extraction of metals, it was determined the contents of the elements of interest associated
with the sediments’ main components, enabling the assessment of the mobile fraction and the behavior of the elements regard-
ing their remobilization. Therefore, this study can serve as a management tool for monitoring chemical pollution in the region.
In order to evaluate the chemical contamination in sediments, the elements’ available levels (excepting Ni) were compared to
Canadian quality guidelines (ISQG and PEL). Due to the absence of comparative values of Ni for this guide, this element was
compared to values described on the CONAMA 454/2012 resolution for dredging material from the Brazilian Ministry of En-
vironment. For the environment risk assessment, the Risk Assessment Code - RAC - was employed toward a better under-
standing of the risk concerning the elements’ remobilization. The maximum available levels, estimated from the sum of all
mobile fraction, were 22.06 mg kg for Cr, 5.57 mg kg™ for Cu, 11.53 mg kg™ for Ni, 36.43 mg kg™ for Pb and 57.53 mg kg™
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for Zn. Cd presented levels below its quantification limit for all samples. It was observed that, excepting Cd, there is potential
for the remobilization of all those elements, even though they exist in very low concentration and are not associated, mainly, to
the acid-soluble fraction (considered the most environmentally relevant one due to its mobility level). Changes on local condi-
tions can induce the remobilization of those metals and, thus, allow them to become available to the environment. However,
even when released possibly they should not be hazardous to the biota as a result of their low contents in the sediments. De-
spite the low concentrations of Cr, Cu, Ni, Pb and Zn and considering that the observations made in this study were based on
their available contents, the results highlight an anthropic contribution of those metals for the region, the potential for their ac-
cumulation and showing the importance of such monitoring for the future protection of the local communities.

Keywords: SE Brazilian coast, potentially toxic elements, sequential extraction, Risk Assessment Code (RAC).

RESUMO

Avaliacdo da disponibilidade de metais em sedimentos do Canal de Bertioga (Complexo Estuarino Santista — SP - Brasil):
uma ferramenta para o monitoramento da polui¢cdo quimica

O Canal de Bertioga é um dos canais que constitui o complexo estuarino de Santos, localizado na costa sudeste brasileira. A
Baixada Santista é uma regido economicamente importante do Brasil que, em razdo do seu intenso desenvolvimento eco-
nomico, tem sofrido interveng¢des no seu ambiente costeiro. Nas imediagoes do Canal de Bertioga encontra-se o maior porto
do pais, localizado na cidade de Santos, e o complexo industrial de Cubatdo que comporta industrias de grande porte dos
segmentos quimico, petroquimico e siderurgico. Como consequéncia, esse Canal de importancia social e econémica, estd
exposto a diversas fontes de polui¢do com potencial para aumentar o teor de contaminantes metalicos nos sedimentos. Diante
desse cendario, o principal objetivo desse trabalho foi analisar a disponibilidade de elementos potencialmente toxicos em sedi-
mentos de testemunhos coletados ao longo do Canal de Bertioga. O termo disponibilidade aqui empregado refere-se a possi-
bilidade de remobilizag¢do dos metais presentes nos sedimentos. Aplicando-se procedimento quimico de extragdo sequencial de
metais, determinou-se o teor de Cd, Cr, Cu, Ni, Pb e Zn associado aos principais componentes dos sedimentos. Esses dados
possibilitaram estimar o teor disponivel e o comportamento destes elementos quanto a remobiliza¢do, tornando esse estudo
uma ferramenta gerencial em termos de monitoramento da polui¢do quimica da regido. O teor maximo disponivel, estimado a
partir da soma das fra¢ées moveis, foi 22,06 mg kg'] para Cr; 5,57 mg kg para Cu; 11,53 mg kg para Ni; 36,43 mg kg™
para Pb e 57,53 mg kg para Zn. O Cd apresentou teor inferior ao seu limite de quantifica¢io em todas as amostras. Com
excegdo do Cd, verificou-se que ha potencial para remobilizagdo desses elementos, ainda que estejam em baixa concentra¢do
nos sedimentos. Alteracoes das condi¢oes ambientais poderdo causar a remobiliza¢do desses metais e, consequentemente,
deixa-los disponiveis. Entretanto, se remobilizados, em razdo do baixo teor, estima-se que ndo representariam perigo a biota.
Contudo, considerando-se que esse estudo baseou-se no teor disponivel, ainda que as concentra¢oes de Cr, Cu, Ni, Pb e Zn
sejam baixas, pode-se inferir que esses resultados sdo indicativos de uma contribui¢do antropica desses elementos na regido e
do potencial para acumulagdo de metais, mostrando a importdncia do monitoramento de elementos potencialmente toxicos
para prote¢do futura das comunidades bioticas.

Palavras-chave: costa sudeste brasileira, elementos potencialmente toxicos, extra¢do sequencial, Risk Assessment Code
(RAC)

available to biotic communities. In this scenario, sedi-
ments are considered both a reservoir of chemical spe-
cies and an active aquatic compartment, which plays an
important role in the redistribution of these species

1. Introduction

Environmental pollution by chemical contaminants is a
current and persistent issue, usually associated with the

industrial and economic growth of a region. In recent
decades, environmental studies focusing on metals
availability have become an effective tool in the diffi-
cult challenge of integrated coastal management, assist-
ing both in environmental impact diagnosis as in action
plan that favors environmental preservation.

In aquatic environments, sediments are an important
compartment, in which potentially toxic metals occupy
a prominent position when contamination is considered.
Although the accumulation of heavy metals in sedi-
ments provide temporary improvement in the quality of
overlying water, polluted sediments can be seen as
“time bombs” (Kelderman & Osman, 2007), since the
contaminants are not necessarily fixed permanently in
them (Forstner 1979; Calmano et al., 1996; Zoumis et
al., 2001). A change in physicochemical conditions can
result in their remobilization, which would make it

(Cotta et al., 2006; Cuong & Obbard, 2006).

The mobility, transport and fractionation of heavy met-
als are a function of the element chemical form, which
in turn is controlled by the physicochemical and bio-
logical characteristics of the system (Sakan et al,
2009).

In the mobilization of heavy metals from sediments
the redox potential and pH are considered the main
variables (Calmano et al, 1993). Among the factors
that could cause these redox changes are: (1) the in-
crease in nutrients (Forstner, 1979), (2) the oxidation-
reduction cycle that varies seasonally, especially in
summer, when the concentration of oxygen in the wa-
ter-sediment interface tends to decrease (El-Azim & El-
Moselhy, 2005) and (3) the daily tidal currents that
cause periodic changes in the redox potential of coastal
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and estuarine sediments (Calmano ef al., 1993). Oxygen
deficiency in the sediments leads to an initial dissolu-
tion of hidrated manganese oxide, followed by that of
iron compounds, leading to partial remobilization of
any co-precipitated with metallic coatings (Forstner,
1979). In turn, reduction of pH leads to carbonates and
hydroxides dissolution, as well as increase in metallic
cations desorption due to competition with H' ions
(Forstner, 1981). Several investigations have shown
that pH decreases during sediment oxidation, being sig-
nificant at metal remobilization (Forstner, 2004).

A procedure commonly used for a detailed investigation
into the behavior of metals in soils and sediments is se-
quential extraction. The method developed and opti-
mized by the European Community Bureau of Refer-
ence (BCR), currently Standards, Measurements and
Testing (SM&T), is considered one of the most popular
(Abollino et al., 2011), and establishes three distinct
stages in which the elements are sequentially extracted:
(1) exchangeable metals and those associated with car-
bonates, (2) metals associated with Fe and Mn oxides,
(3) metals associated with organic matter and sulfides.
Considering that in unpolluted soils and sediments the
metals are associated mainly to silicates and primary
minerals, which forms species relatively immobile
(Rauret, 1998), it can be inferred that the metal content
extracted from these fractions represents an indicative
of anthropogenic influence and thus demonstrates envi-
ronmental pollution.

In this context, the aim of this study was to analyze the
availability of Cd, Cr, Cu, Ni, Pb and Zn in sediment
cores collected along the Bertioga Channel, inserted

into the Santista estuarine complex and located between
latitudes 23°51'S and 23°57'S and longitudes
46° 08' W and 46°19'W (Figure 1).

The Bertioga Channel presents economic and social
importance, including recreational and fishing activities
(Silva et al., 2011). The length of the Canal is of ap-
proximately 25 km, with depths up to 15 m in the re-
gion of Barra de Bertioga and some depressions to the
Largo do Candinho, which observed the greatest widths;
the water inflow is carried by rivers with relatively
small discharges, with only the river Itapanhau present-
ing a higher importance (Bernardes & Miranda, 2001).

The Baixada Santista is an economically important re-
gion of Brazil, which, because of its significance, has
undergone several alterations on its coastal environ-
ment. In the vicinity of the Bertioga Channel, in the
City of Santos, is located the largest port in the country,
as well as the industrial complex of Cubatdo, which in-
cludes large petrochemicals, chemical and steel seg-
ment industries.

As a result, this Channel is exposed to various sources
of pollution that may increase the potential metal accu-
mulation in sediments. Given this concern, several stud-
ies related to metals have been developed in the region
(e.g., Siqueira et al., 2005; Oliveira et al., 2007; Silva et
al., 2011; Gongalves et al., 2013.). However, available
information are generally based on results from total or
partial metals, making important an evaluation on the
availability of potentially toxic elements in the region in
order to estimate the risk of remobilization. The rele-
vance of this kind of information is clear, both in com-
bination with studies on the biota, as constituting an

Figure 1 - Location of the sampled cores (B1, B2, B3, B4 ¢ B5) along the Bertioga Channel.
Figura I - Localizagdo dos testemunhos (B1, B2, B3, B4 e BS5) coletados ao longo do Canal de Bertioga.

291



Tramonte et al. (2016)

important coastal management tool for the monitoring
of chemical pollution in the region. It is appropriate to
clarify that the term “availability” used here is related to
the possibility of remobilization of metals in the envi-
ronment and does not reflect their bioavailability.

2. Materials and methods
2.1 Sampling and sample preparation

In February 2010 five sediment cores (B1, B2, B3, B4
and B5) were collected along the Bertioga Channel
(Figure 1) using a Rossfelder VT-1 vibracorer. These
sediment cores were fractionated into 2 cm thick slices
and freeze-dried, after what five samples of each core
(depth ranging between 0 and 10 cm) were selected, to-
taling 25 sediment samples that were subjected to se-
quential extraction. The selection of the first 10 cm
layer was due to the greater biological activity and
sediment-water interaction in this fraction.

2.2 Sequential extraction of metals

To determine the availability of Cd, Cr, Cu, Ni, Pb and
Zn in Bertioga Channel the sequential extraction proce-
dure was used. This method is based on the protocol
developed and optimized by the European Community
Bureau of Reference (BCR), currently Standards, Meas-
urements and Testing (SM&T), described in Pueyo et
al. (2001). The method provides three separate stages in
which the metals are sequentially extracted by the
chemical action of specific reagents for each of these
steps. Details are included in Supporting Information.

The quantitative analysis of selected elements was per-
formed through ICP-OES (inductively coupled plasma-
optical emission spectrometry) technique (Varian ana-
lyzer, model MPX 710-ES). The quantification limits
(QL) were 0.64 mgkg' for Cd; 1.00 mg kg for Cr;

0.72 mg kg™ for Cu; 0.53 mg kg for Ni; 1.35 mg kg™’
for Pb and 1.56 mg kg™ for Zn.

2.3 Environmental Chemical Analysis

The available content of Cd, Cr, Cu, Ni, Pb and Zn in
the analyzed sediments was estimated from the sum of
the concentration of these elements in the three frac-
tions operationally defined by the BCR (F1 + F2 + F3).
It is assumed that the metal associated with these frac-
tions can be released if changes in environmental condi-
tions occur (Calmano et al., 1993; Marin et al., 1997).
For the composition of these sums only values higher
than QL determined for each element were considered.
The available content of Cr, Cu, Pb and Zn was com-
pared with the quality standards established by the Ca-
nadian Sediment Quality Guidelines for the Protection
of Aquatic Life for marine sediment (CCME, 2001).
Based on the effects of the elements on the biota are set
two limits, the lowest limit, ISQG (Interim Sediment
Quality Guideline) and the higher limit, PEL (Probable
Effect Level). Due to the lack of reference values for Ni
in this guide, results for this element were compared
with the predicted values for dredging material in the
Brazilian Ministry of Environment Resolution N°. 454,
0of 2012 (CONAMA, 2012), in which quality criteria are
established from N1 levels (threshold below which
there is less likelihood of adverse effects to biota) to N2
(threshold above which there is a greater likelihood of
adverse effects to biota). Reference values set out in
those documents are shown in Table 1.

For the analysis of environmental risk were applied the
Risk Assessment Code (RAC) methodology, used in
several studies as a tool for better understanding of the
environmental risk in relation to remobilization of met-
als (eg. Jain, 2004; Singh et al., 2005; Ghrefat & Yusuf,
2006; Passos et al., 2010). This risk assessment criteria

Table 1 - Reference values (ISQG, PEL, N1 e N2) and range of metal available content (F1 + F2 + F3), in mg kg™, in each of

the sediment core.

Tabela 1 -Valores de referéncia (ISOG, PEL, NI e N2) e variagdo do teor disponivel de metais (F1 + F2 + F3), em mg kg, em

cada testemunho.

Canadian Valuss nlizs;il/gi)olnz
Metal | (CCME, 2001) (CONAMA. 2012)" B1 B2 B3 B4 BS
ISQG | PEL N1 N2
Ni - - 20.9 51.6 | 6.64—-9.30 1.77 - 3.69 8.89-11.53 7.57-10.66 9,82 -11,09
Cd 0.7 4.2 <QL <QL <QL <QL <QL
Cr 52.3 160 17.1 -22.06 2.7-6.50 14.96 — 19.01 15.58-18.83 | 16.61 —19.42
Cu 18.7 108 448 —5.57 0.84-1.72 2.93-4.76 2.04 -2.86 3.56 -5.02
Pb 30.2 112 16.39-36.43 | 1.93-13.16 | 11.45-16.57 | 12.49-20.96 | 16.11 -23.77
Zn 124 271 2526-42.31|11.35-19.66 | 24.23-39.48 | 30.73 —-35.60 | 40.42 —57.53

“marine sediments; salt/brackish water;

QL-quantification limit
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is based on the content of exchangeable metals and
those associated with carbonates, as this fraction ele-
ments are weakly bound to the sediments and therefore
at greater risk of remobilization in the aquatic system
(Passos et al., 2010). In this work, the RAC criterion
was applied based on the percentage of the element in
the acid-soluble fraction (F1). As presented by previous
works, when the metal percentage in this fraction is less
than 1%, according to the RAC, there is no risk to the
water system; between 1 and 10% a low risk is pre-
sented; between 11 and 30% there is medium risk; be-
tween 31 and 50% a high risk is predicted and, if
greater than 50%, there is highest risk (Jain, 2004; Pas-
sos et al., 2010; Zakir & Shikazono, 2011).

2.4 Statistical analysis

For the statistical analysis, sediment cores were consid-
ered as replicates and concentration as the variable of
interest, while depth, chemical element and fraction
corresponded to the three evaluated factors. Consider-
ing this type of design, multifactorial analysis of vari-
ance (three-way ANOVA), followed by Tukey HSD
test, was the procedure used to identify differences be-
tween the average concentration values among different
levels of the factors (i.e., sampling depth: 0, 2, 4, 6 and
8 cm; chemical element: Cr, Cu, Ni, Pb, Zn; fraction:
F1, F2, F3), also testing the interaction between these
(Zar, 2010). As the original data did not meet assump-
tions of normality and homoscedasticity, prior to testing
these were log transformed (natural logarithm (value +
1)). In summary, the purpose of this statistical analysis
was to assess whether the concentration in a given loca-
tion was influenced by the depth of the sediment, chemi-
cal element or the fraction considered, which is the di-
rect indication of their availability. Only data related to
Cd were not included in the analysis since its concentra-
tion presented values below QL for all samples.

3. Results and discussion

The maximum available content (F1+ F2 + F3) for Cr
(22.06 mgkg™), Cu (5.57mgkg ") and Zn (57.53 mgkg™)
was below their respective ISQG. As for Pb, the maxi-
mum level (36.43 mg kg™) estimated for the depth 0-2 cm
of'the sediment core B1, slightly exceeded its ISQG, but
this was due to a single sample, featuring a specific
situation. In the other B1 samples and the other ana-
lyzed sediment cores, Pb available content was less than
its ISQG. The maximum Ni content (11.53 mgkg”)
was smaller than those indicated in N1. Cd content was
lower than its QL on the three fractions of all samples
from sediment cores. These results suggest that if there
is remobilization, these elements probably do not repre-
sent a danger to biota, because of their low content.
Gongalves et al. (2013) also determined the levels of
Cr, Cu, Ni, Pb and Zn in the sedimentary column of the
same sediment cores and the results indicated that the

sediments collected along the Bertioga Channel are
non-toxic and not harmful for marine biota. Salaroli
(2013) analyzed the levels of these elements in surface
sediment samples collected along this Channel and Ita-
panhau river, and compared to the reference values es-
tablished by the Canadian Agency, verifying that all
levels were below the PEL and, in most samples, also
below TEL (Threshold Effect Level).

Considering the sediment cores, it was observed that B2
presented the set of samples with lower content of
available metals and this may be due to their remote lo-
cation in relation to the main sources of pollution in the
region. In the other sediment cores (B1, B3, B4 and B5)
the evaluated elements, in general, showed relatively
similar behavior in their potential for accumulation in
the sediments. These sediment cores are located near
potential sources of pollution and/or in regions where
oceanographic conditions favor the accumulation of
metals (Figure 1). B1 is closer to the city of Bertioga
and marina area, B3 is near the Santista estuary, while
B4 and B5 are near the region of Largo do Candinho. In
this region, there is a predominance of fine sediments
(Salaroli, 2013), in which occurs the enrichment of the
most active components present on the sediment surface
(Forstner, 2004). The Largo do Candinho is the central
region of the channel in which two tidal streams meet
(Rodrigues et al., 2003), favoring the deposition of fine
sediments. Table 1 presents the variation of available
contents for Cr, Cu, Ni, Pb and Zn in sediment cores, as
well as the reference values for these elements.

Observed concentration values were not influenced by
sampling depth, but were by the chemical element con-
sidered (Cu <Ni < Cr=Pb <Zn — p <0.03 for all com-
parisons) and the analyzed fraction (F1 <F2 <F3 -p<
0.0001 for all comparisons), with these two factors hav-
ing a significant interaction (Table 2). This result can be
attributed to the particular differences between the con-
centrations of specific elements and their association
with each of the fractions. Overall, considering the first
fraction, all elements showed similar levels except Zn,
which presented a higher concentration (p < 0.0001 for
all comparisons - Figure 2). In the second fraction the
only similarity in terms of concentration was observed
between Pb and Cr (p <0.05 for the other compari-
sons). In the third fraction Cr, Pb and Zn showed simi-
lar levels that, in general, were higher than those of the
other elements. However, a similarity in terms of con-
centration was observed between Pb and Ni, which due
to its intermediate concentration between Pb and Cu did
not differ from these two elements.

As for the available metal content and their association
with each of the fractions, it was found that Cr was asso-
ciated with F2 and F3 (F1 x F2 and F1 x F3 — p < 0.001).
In F2 the metal is bonded to Fe and Mn oxides, and in
F3 to organic matter and sulfides. In general, the bind-
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Table 2 - Effect of the fraction (F1, F2, F3), element (Cr, Cu,
Ni, Pb, Zn) and sediment depth in the core (0, 2, 4, 6,
8 cm) on the observed concentrations. Significant results
for HSD Tukey test are presented in the text.

Tabela 2 - Efeito da fragdao (F1, F2, F3), elemento quimico
(Cr, Cu, Ni, Pb, Zn) e profundidade de amostragem (0, 2,
4, 6 e 8 cm) sobre a concentragdo observada.

DF MS F P
Intercept 1 603.03 | 2005.39 | <0.0001
Metal 4 26.40 87.80 <0.0001
Fraction 2 88.94 295.78 | <0.0001
Depth 4 0.25 0.82 0.51
Metal X Fraction 8 5.08 16.91 <0.0001
Metal X Depth 16 0.11 0.36 0.99
Fraction X Depth 8 0.24 0.79 0.62
Metal X Fraction | 35 | g1 0.35 0.99
X Depth
Error 300 0.30

DF=degrees of freedom; MS=mean square; F=observed value relat-
ing to F distribution; p=probability associated to the F value consid-
ering DF.

Figure 2 - Effect of the element and fraction on the observed
concentration. Significant results for HSD Tukey test are
presented in the text.

Figura 2 - Efeito do elemento quimico e da fra¢do sobre a
concentra¢do observada.

ing of Cr to F3 was predominant in the samples (F2 x
F3 - p < 0.001), especially in sediment cores B1, B2
and B4.

Cu was mainly associated to F3 (p <0.0001 for all
comparisons), in which it is bounded to organic matter
and sulfides. Only in samples of B3 and B5 sediment
cores, this element was associated to F2. As reported by
Morillo et al. (2004), it is known that Cu can easily
form complexes with organic matter, because of the
high stability constant of organic Cu compounds.

Ni was associated to the three phases, but especially to
F3 (F1 x F3 and F2 x F3 — p<0.001). The association
to F1, in which the metal may be adsorbed on the sur-
face of the sediment and, associated with carbonates,
was less representative (F1 x F2 —p < 0.001), occurring
in just a few samples of B1, B3 and B5 sediment cores.
Pb presented associations with only F2 and F3 fractions
(F1 x F2 and F1 x F3 —p <0.0001). In sediment cores
B1, B2 and B5 the association of this metal to F2 was
predominant, while in B3 and B4 cores, Pb was associ-
ated mainly with F3.

Zn presented itself associated with all three fractions in
all sediment cores, despite their bond with F2 being
predominant (F1 x F2 and F2 x F3 — p <0.03). How-
ever, comparatively to the other studied elements, Zn
showed higher incidence of association to F1, even in
low concentrations (p <0.0001 for all comparisons —
Figure 2) .

Considering these results, it can be inferred that Cr, Cu
and Ni are mainly associated to the organic matter and
sulfides (F3), while Zn is to Fe and Mn oxides (F2), and
Pb to all these components (F2 and F3). Changes in lo-
cal environmental conditions may favor the release of
these elements. When these are associated with F1 they
may be released by changes in the ionic composition or
pH reduction; if associated to F2, by changes in redox
potential, and when associated with F3, they may be
released under oxidizing conditions (Marin et al., 1997).

Figure 3 shows the content of available elements (F1 +
F2 + F3), as well as the content associated with each of
the fractions. The absence of the content by one or more
fractions, means that the concentration was below the
QL of the element.

For a better understanding of a metal remobilization
risk, it was applied the Risk Assessment Code (RAC),
based on the element contents in the F1 fraction (%).
Considering that Cd, Cr, Cu and Pb in all samples
showed lower content in this fraction in relation to their
QL, the methodology could be applied only to Ni and
Zn. As a reference of total content were used the results
of pseudo-total contents of Ni and Zn in these sediment
cores, already published in Gongalves et al. (2013).

According to the RAC criterion, Ni, in general, showed
low risk (RAC < 10%) to the environment in sediment
cores B1, B3 and B5. In other cores (B2 and B4), Ni
content in F1 was below its QL in all samples. Gener-
ally, Zn presented low environmental risk (RAC < 10%)
in the sediment cores B1, B3, B4 and B5. However, in
core B2, RAC criteria indicated medium risk remobili-
zation (RAC < 30%) in all samples. However, remem-
bering that this methodology considers F1 concentra-
tion in relation to the total content, and reaffirming that
Zn content associated with this fraction was less than its
ISQG limit, if the remobilization of this element oc-
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Figure 3 - Available contents of Cr (a), Cu (b), Ni (c), Pb (d) and Zn (e) (in mg kg™') and association to the mobile fractions in

sediment cores of the Bertioga Channel.

Figura 3 - Teor disponivel de Cr (a), Cu (b), Ni (c), Pb (d) and Zn (¢) (em mg kg”) e em associa¢do ds fragbes méveis em

sedimento de testemunhos do Canal de Bertioga.

curred, probably, it would not represent danger to the
biotic communities.

In this study, the RAC criterion proved to be a comple-
mentary tool in assessing the remobilization of metals,
allowing the quantification of the environmental risk.
However, as reported by Ishikawa et al. (2009), the
numerical scale RAC alone is insufficient to assess this
risk, also being necessary to consider reference values
of the evaluated elements, to adopt it as an efficient and
reliable indicator.

Figure 4 shows the results for Ni and Zn RAC in the
sediment cores. The absence of the RAC in some sam-

ples are due to their content associated with F1 being
lower than the QL for the element.

4. Conclusions

The results showed that there is potential for remobili-
zation of Cr, Cu, Ni, Pb and Zn in Bertioga Channel
sediments, even though these elements were not mainly
associated to the acid-soluble fraction, environmentally
considered the most important due to their higher mo-
bility. Cr, Cu and Ni were associated mainly to the or-
ganic matter and sulfides, Zn to Fe and Mn oxides and,
Pb, to these four components. Changes in local envi-
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Figure 4 - Risk Assessment Code (RAC) for Ni and Zn in the cores from Bertioga Channel.
Figura 4 - Risk Assessment Code (RAC) para Ni e Zn nos testemunhos do Canal de Bertioga.

ronmental conditions, specifically in redox potential or
those that lead to oxidizing conditions, may cause the
remobilization of the evaluated metals and, conse-
quently, leave them available in the environment. How-
ever, even if released, due to their low content in the
sediments, it is estimated that they would not represent
a danger to the biota.

RAC criterion, based on the metal content associated
with the acid-soluble fraction (F1) was applied to Ni
and Zn and generally indicated low risk of remobiliza-
tion of these metals in the environment. Even in sam-
ples with medium risk, the content of these elements
was lower than their reference values.

However, even though Cr, Cu, Ni, Pb and Zn concen-
trations in the sediments are low, suggesting the preser-
vation of the region with respect to chemical contami-
nation, considering that this study was based on the
mobile fractions, it can be inferred that these results are
an indicative of the possible anthropogenic contribution
of these elements in the region, as well as of their po-
tential for accumulation in sediment, showing the im-
portance of the monitoring of potentially toxic elements
for future protection of biotic communities. Continuous
monitoring of chemical pollution in the region will al-
low the dimensioning of the possible impacts, thus con-
tributing to the action plan in the scope of integrated
coastal management.

The results presented in this study provide information
about the behavior and mobility of Cr, Cu, Ni, Pb and
Zn in Bertioga Channel sediments, representing a data-
base that could assist in coastal and environmental
management processes in the region.
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RESUMO

Pesquisas que examinam a ocorréncia de interferentes endocrinos (IE) no ambiente marinho tém aumentado substancialmente.

Estes contaminantes podem causar efeitos adversos em seres humanos e nos ecossistemas e tém sido observados em varios
compartimentos e matrizes ambientais. Neste estudo, mais de 240 trabalhos que relataram o desenvolvimento analitico de IE
em diversas matrizes e a ocorréncia destes compostos no ambiente marinho foram criticamente avaliados. Procedimentos de
preparo de amostra, visando a minima manipulagdo, a minima quantidade de solventes e energia de acordo com os principios
de Quimica Verde estdo sendo amplamente utilizados. Os IE em ambientes marinhos ocorrem em concentragoes traco e sua
quantifica¢do ainda representa um grande desafio. Como resultado, os efeitos desses contaminantes em ecossistemas marinhos
ainda sdao mal compreendidos. No entanto, devido ao amplo uso destes compostos é previsto que novos desenvolvimentos anali-
ticos para a determinagdo de IE irdo promover um grande aumento no numero de publicagoes cientificas no futuro. Regulagcoes
e medidas mitigadoras para a ocorréncia destes contaminantes ainda sdo bastante reduzida e precisam ser rapidamente imple-
mentadas para reduzir os futuros potenciais efeitos adversos nos servigos ecossistémicos dos ecossistemas costeiros.

1. Introduction

The lifestyle adopted by humans in the modern society
has favored the occurrence of continuous physical,
chemical and biological changes in the environment.
The contamination of water bodies due to the presence
of domestic and industrial wastewater, water runoff
and agricultural activities stand out among the major
human impacts on the coastal zones. Thousands
of substances (e.g., pharmaceuticals, personal care
products, surfactants, nanomaterials, metals, phthalates,
and hydrocarbons, among others), which have allegedly
subsidized the improvement of the quality of human life
and ensured the growth of activities such as aquaculture
and agriculture, are produced and released in the
environment.

The development of new analytical techniques of
separation, identification and quantification of substances
(e.g., high performance liquid chromatography
(HPLC) coupled to mass spectroscopy, among others)
has allowed the identification of a large number of
compounds in samples of water, air, sediments and
biological tissues so far unknown (Locatelli ef al., 2016;
Casatta ef al., 2015; Emnet et al., 2015; Benjamin et al.,
2015; Cai et al., 2012a, 2012b; Bartolomé et al. 2010;
Richardson & Ternes, 2011; Rubio & Pérez-Bendito,
2009). The sensitivity of many analytical techniques
has improved, reducing the limits of detection from
parts per million to parts per trillion and, in some cases,
to parts per quadrillion (Huerta et al., 2015; Bhandari
et al., 2009). As a result, the potential for studying
traces of contaminants in the environment, especially in
complex matrices, such as seawater, has also increased.
The substantial improvement in analytical sensitivity
enabled the detection of a series of compounds known,
generically, as emerging contaminants (EC). Emerging
contaminants can be defined as a class of natural or
synthetic chemicals, or any group of microorganisms that
are not naturally found in the environment (Richardson &
Ternes, 2011; EPA, 1997). In general, the ECs are present

unknown toxicity, large industrial production and they
are ubiquitous in the environment (Birch et al., 2015; De
la Cruz et al., 2012; Deblonde et al., 2011; Bhandari et
al., 2009). ECs are not necessarily new compounds, they
are input in environment for several years. However, the
identification and quantification of these compounds was
only possible after the development of new analytical
techniques that allows detection of trace and ultratrace
concentrations.

Among the emerging contaminants, a number of
compounds have been receiving special attention from
the scientific community, due to their potential capacity
of interfering with the functioning of the endocrine
system of organisms. The literature uses several names
for these compounds: xenobiotics, pseudo-estrogens,
pseudo-androgens, endocrine disruptors (ED), and
interfering endocrines (Lisboa et al., 2013; Menzies et
al., 2013; Grassi et al., 2013; Ghiselli & Jardim, 2007;
Lathers, 2002; Kardinaal et al., 1997). Many of them are
not degraded or broken down by any biochemical and/or
natural photochemical pathways and may also undergo
bioaccumulation and/or biomagnification (Colin et al.,
2016). In this paper, this group of compounds will be
referred to as endocrine disruptors.

Several contaminants, both organics and inorganics,
have their ecotoxicological profiles and modes of action
well determined. As a result decision makers can plan
accordingly in order to regulate their use, minimize
adverse effects for the provision of ecosystems services
or even ban some compounds. The literature has
already showed examples of the positive effect of such
regulations in contamination levels in the environment.
For instance, Sutton et al. (2014) observed declines in
Polybrominated compounds in sediment and biota of San
Francisco Bay. However, for most of the EDs dealt in this
manuscript it still is necessary a better knowledge and
understanding of the environmental cycles and toxicity
in order to subsidize the development of regulations and
management practices.
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2. Importance and relevance of endocrine
disruptors

The United States Environmental Protection Agency
(U.S. EPA) defines endocrine disruptors as exogenous
agents that interfere with the synthesis, secretion,
transport, binding, action or elimination of hormones
that are responsible for reproduction, development,
behavior and maintenance of body homeostasis (EPA,
1997). Although there are multiple mechanisms of action
of endocrine disruptors in biota, the vast majority of the
observed disturbances are attributed to the functioning
of the gonads, responsible for secondary sexual
characteristics, and the development and functioning of
sexual organs (Gu et al., 2016; Gavrilescu ef al., 2015;
Christiansen et al., 2012; Boisen et al., 2005; Lintelmann
et al., 2003; Toppari et al., 2001; Paulozzi, 1999).

In humans, EDs may cause serious problems such as
precocious puberty (Buttke et al., 2012), testicular
(Huyghe et al., 2003), breast (Lee & Choi, 2013;
Macon & Fentton, 2013), and prostate cancers (Bedia
et al., 2015; Prins, 2008), gynecomastia (irregular
breast growing in men) (Vandenberg et al., 2013),
tract disorders in the male reproductive system such as
cryptorchidism (irregular descent of the testicles from
the abdominal cavity) (Main et al., 2010; Toppari et
al., 2001), hypospadias (congenital malformation of
the urinary meatus) (Thorup et al., 2014; Main et al.,
2010; Boisen et al., 2005; Toppari et al., 2001; Paulozzi,
1999) low count and poor quality semen (Paoli et al.,
2015; Jouannet et al., 2001). It is estimated that more
than 87,000 commercialized chemicals need to be tested
in order to determine their potential influence on the
endocrine system of humans and biota (EPA, 1997).

It has been known that EDs can be either natural and/or
synthetic compounds, originated through domestic and
industrial uses (Gravilescu et al., 2015; Nurulnadia et al.,
2014; Diamanti-Kandarakis et al., 2009; Pojana et al.,
2004). Natural ED compounds of known effect include
steroidal hormones such as estrogen, progesterone and
testosterone, produced by both humans and animals. In
addition, there are also the phytosterols, which are natural
substances present in several plants that also possess
hormonal activity. In turn, synthetic compounds include
artificial hormones (contraceptives or additives used
in animal food) as well as the xenosteroids, substances
produced for use in the industry, agriculture and in the
manufacture of several products (Li et al., 2014; Kinani
et al., 2008; Ghiselli & Jardim, 2007; Birkett & Lester,
2003).

The most commonly known or classified as ED
xenosteroids are the alkylphenols polyethoxylated
(APEOs), organotin compounds, polycyclic aromatic
hydrocarbons (PAHs), polychlorinated biphenyls
(PCBs), phthalates, polybrominated flame retardants
(PBFRs), dioxins, furans, pesticides, and pharmaceutical

and personal care products (PPCPs), among others
(Richardson & Ternes,2014; Tanetal.,2007b; Lintelmann
et al., 2003). The EDs can be grouped according to their
chemical characteristics and utilization (Table 1).

Phytosterols are substances with estrogenic and
androgenic activities (Hwang et al., 2006) found in
plants such as soybean, wheat, rice, carrots, beans,
potatoes, cherries and apples (Richardson & Ternes,
2014; Richardson, 2002). The main representatives
of this class of EDs are isoflavones (genistein,
daidzein, biochanin A, formononetin, equol, and
demetilangolensine, among others), lignans (enterodiol,
enterolactone, secoisolariciresinol, and metairesinol,
among others), and coumestans (coumestrol) (Clapauch
et al., 2002). Although the capacity of the endocrine
interference of phytosterols is low, between one and
two orders of magnitude smaller than estradiol (Bovee
et al., 2004), some studies have reported the presence
of these compounds in water bodies at levels that may
cause endocrine disruption (Ribeiro et al., 2009; Kuster
et al., 2009).

Pesticides belong to a class of EDs with a several
representatives. Although the use of various pesticides
has been prohibited in different countries, residues of
these compounds are still present in the environment,
as in the case of DDT and its metabolites. This
reflects the high persistence and lipophilic properties
of these substances (Garcia-Jares et al., 2009). The
main compounds used as pesticides that can behave
as EDs are DDT, DDT metabolites (i.e., DDE and
DDD), methoxychlor, chlorinated cyclodiene,
vinclozolin, linuron and diuron, among
others (Mnif et al, 2011; Ceh & Majdi¢, 2010;
Lintelmann et al., 2003). Each of these compounds has
distinct effects on the endocrine systems of organisms.
For instance, the herbicide diuron is capable of inhibiting
the androgens (Thibaut & Porte, 2004) while the DDT
metabolites mimic the action of estrogens (Bulayeva &
Watson, 2004). However the possibilities and pathways
of pesticides may cause disturbance in endocrine systems
as well as their endpoints in individuals still is not well
understood (Ventura et al., 2016; Monteagudo et al.,
2016; Marx-Stoelting et al., 2014).

PAHs are generated in the processes of incomplete
combustion or pyrolysis of organic matter (e.g., coal,
oil, gas and wood) and traditionally have been used as
tracers of burning fuels (Santos et al., 2016; Sun et al.,
2013; Da Rocha, et al., 2009) and oil refineries (Bayat
et al., 2015; Zrafi-nouira et al., 2010). Antiestrogenic
effects of PAHs have been reported in the literature for
mollusks from contaminated areas (Gagné et al., 2002).
Weiss et al. (2009) suggested that the PAHs contribute to
the anti-androgenic activity of sediments in rivers.

Another group of EDs that has received attention is the
PCBs, which are compounds resulted from the addition
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Table 1. Main classes of endocrine disruptors and use.

Group Main Species Application and/or source
Estrone (E1)
17B-estradiol (E2) Natural estrogens (human or animal production)
Estrogen hormones®® ]
Estriol (E3)

170-ethynylestradiol (EE2)

Synthetic estrogen (contraceptives)

Dimethyl phtalate (DMP),
Diethyl phthalate (DEP),
Di-n-buthyl phthalate (DnBP),

Plasticizers in polymers.

Additives in pesticides, paints, cosmetics, floor

Phthalates"® . . nsul in electrical devi
Diisobuthyl phthalate (DiBP), coverings, ceilings, or insulators in electrical devices,
Di(2-ethylhexyl) phthalate (DEHP) among others
Di-n-octhyl phthalate (DnOP)
APEO
4-n-nonylphenol (4-n-NP) Detergents, paints, propellants in pesticides, personal
4-tert-nonylphenol (4-t-NP) care products, plasticizers, elastomers, polymerization of
Alkylphenols (APs)® acrylic and vinyl acetate

4-n-octhylphenol (4-n-OP)
4-tert-octhylphenol (4-t-OP)
Bisphenol A (BPA)

Phytosterols (phytoestrogens

Isoflavones (Genistein)

Soybean

and fitoandrogens)” Lignans (Metairesinol) Linseed and wheat
dichloro-diphenyl-dichloroethane (DDD)
dichloro-diphenyl-trichloroethane (DDT) Insecticides. Use banned in most countries
o dichloro-diphenyl-dichloroethene (DDE)
Pesticides® .
Methoxychlorine
Linuron Insecticide DDT substitute
Diuron Herbicides
Anthracene
Benzo(a)pyrene Incomplete combustion of organic matter (coal, oil,
Phenantrene petroleum, wood)
PAHSs® . .
Fluoranthene Burning of fossil fuels
Naphthalene
Pyrene
Addition of chlorine atoms to phenylbenzene o o o )
. Plasticizers, pesticides, disinfectants, capacitor and
PCBs"™! or biphenyl. :
. transformer fluid, among other
Several species
PBFRs" Several species For Avoiding the easy fire ignition in electrical and

electronic equipment

Monobutyltin
Antifouli d on boats, b frigerati t
Organotin compounds' Dibutyltin ntifouling used on boats, uoy.s, re rl.gc.ara ion system,
dock, etc.; wood preservatives; disinfectant.
Tributyltin
Byproducts of reactions:
Dioxins®¢ 2,3,7,8- tetrachlorodibenzo-p-dioxin Synthesis of chlorine,
Production of hydrocarbons
Furansb® 2,3,7,8-tetrachlorodibenzofuran Pyrolysis and incomplete combustion of organic material

in the presence of chlorine

“Beausse, 2004; *Birkett et al., 2003; ‘Gémez-Hens & Aguilar-Caballos, 2003; ‘Carpenter, 2006; °Eriksson et al., 2001;
Lintelmann et al., 2003; ¢Assungdo & Pesquero, 1999.
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of chlorine atoms to the byphenyl molecule. PCBs
were used as dielectric fluids in large transformers and
capacitors, plasticizers, heat fluids, hydraulic lubricants,
paints, and adhesives, among other applications (Anezaki
& Nakano, 2015; Liu ef al., 2015; Pocar et al., 2003).
Although many countries have banned the production of
PCBs in the 1970s and 1980s, it is believed that about
10®kg of PCBs are still spread out in the environment,
mainly due to their persistent characteristics (Anezaki
& Nakano, 2015; Scheringer et al., 2009; Boyle et al.,
1992). There are evidences that PCBs inhibit estrogen
activity, effectively increasing the bioavailability of
estrogen in the body (Kester ef al., 2000) and, therefore,
disturbing the functions controlled by this hormone.
Together with PCBs, PBFRs are part of the halogenated
organic compounds group, which are considered or
accepted to be EDs. Although some studies have reported
the endocrine disrupting potential of these compounds,
there are no restrictions regarding their production and/
or use (Richardson & Ternes, 2015; Kabir et al., 2015;
Mankidy et al., 2013a; Gereckea et al., 2008; Trachsel,
2008; Darnerud, 2008; Vos etal.,2003; Legle & Brouwer,
2003). Besides those EDs already described, estrogenic
hormones, alkylphenols (APs), bisphenol A (BPA) and
phthalates are noteworthy for having high capacity of
endocrine interference, yet they are of concern due to the
large industrial production, and consumption on a global
scale. Thus, these groups of substances will be discussed
in more detail in this text.

2.1. Estrogenic Hormones

Estrogens are hormones that take part of a larger group of
substances, the steroids. Figure 1 illustrates the structure
of these substances which have an arrangement derived
from the cyclepent[a]phenanthrene molecule (Moss,
1989). Estrogens are liposoluble, and this characteristic
allows them to pass through the cell membranes, thus
transmiting information by coupling themselves to
intracellular receptors (Tata, 2005). Natural estrogens
are responsible for female secondary characteristics,
for the development of the male reproductive system,
for processes associated with growth, metabolism,
reproduction, development, besides acting in the
maintenance of bones, cardiovascular and central nervous
systems (Hampl et al., 2016; Tata, 2005; Shimada et al.,
2001).

Estrogens have a tetracyclic structure arranged in a
phenol, two cyclohexanes, and a cyclopentane condensed
ring. Estrogens strutuctures are differentiated from each
other by the functional groups attached to carbons C16
and C17 (Figure 1) (Moss, 1989). Estrone (E1) and
estradiol present a carbonyl group and a hydroxyl group,
respectively, bonded to the carbon C17 of the tetracyclic
structure (Table 2).

H

Figure 1. Cyclopent[a]phenathrene.

The three-dimensional arrangement of the hydroxyl
group attached to the C17 in the estradiol originates the
17B-estradiol (E2) or the 17a-estradiol. In turn, estriol
(E3) presents two hydroxyls, one is connected to the C16
and the other to the C17; while the 17a-ethynylestradiol
(EE2), a synthetic estrogen used in many contraceptives
and therapeutic agents, presents an ethynyl group bonded
to the C17. All these estrogens have very low vapor
pressures, ranging between 2.3 x 10 and 6.7 x 10%°
mmHg (Table 2), responsible for the low volatility of
these compounds. The partition coefficients of estrogens
between octanol and water (Log K_ ) are high, ranging

between 2.81 and 4.15 (Lu, 2009).

The E1, E2 and E3 are produced mostly by ovaries and
are the main natural estrogens. These estrogens, together
with the synthetic hormone EE2, have been detected
in domestic wastewater and efluents from wastewater
treatment plants (WWTP) (Xu et al., 2012; Behera et al.,
2011; Quednow & Piittmann, 2008; Tan et al., 2007a;
Tan et al., 2007b) that are discharged in superficial water
bodies (Lisboa et al.,2013; Noppe et al., 2007). Although
most of the estrogen is excreted in their inactive form,
the action of bacteria transforms them into biologically
active compounds that are capable of producing adverse
effects (Zheng et al., 2012; D’Ascenzo et al., 2003;
Panter et al., 1999; Belfroid et al., 1999). Many studies
have shown that these estrogens, in concentration
as low as few ng L', may have adverse effects on the
reproductive systems of biota and humans (Luzio et al.,
2016; Palanza et al., 2016; Salvador et al., 2007; Kuster
et al., 2004; Grist et al., 2003). Human exposure to high
concentrations of estrogens can cause various disorders
such as gynecomastia, libido decrease, impotence, and
sperm counting decrease. In addition to direct effects
on the reproductive system, these estrogens and/or their
metabolites may cause breast, prostate, and/or ovary
cancers (Palanza et al., 2016; Frye et al., 2011; Xu et al.,
2007; Xu et al., 2005).

The estrogenic hormones are compounds with the
highest interference potential in the endocrine system
(Ghiselli & Jardim, 2007; Aksglaede et al., 2006; Reis
Filho et al., 2006. Laws et al., 2000). Although they
have relatively short half-lives, when compared to other
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Table 2. Physicochemical properties of steroids and phthalates.

Compound Molar mass® Solubility® Vapor pressure® LogK ¢ Chemical structure
o
|
Estrone (E1) 270.4 13 2.3x 101 3.43 /©i5jé
HO
OH

HaC
17p-estradiol (E2) 272.4 13 23x 101 3.94 /C(Sjé
HO
,@5jﬁ “““ OH
Estriol (E3) 288.4 13 6.7x 101 2.81
H

17a-ethynylestradiol (EE2) 296.4 4.8 45x10™M 4.15
| >
Dimethyl phtalate (DMP) 194 7,273 0.258 1.41 o
~
\
o)
o
Diethyl phthalate (DEP) 222 808 6.95x 107 2.35
O\/
0}
| N
s O
Di-n-buthy! phthalate 278 9.9 5.16 x 10° 422
(DnBP) O~
|
O

|
Butylbenzyl phthalate (BBP) 312 0.93 1.27x 103 522 OE
O\/\/
|
O

‘ 5/\/\
O
Di(2-ethylhexyl) phthalate 0
1 2.09 x 103 65x 103 .
(DEHP) 39 09x 10 3.65x 10 7.7 (‘) QW

Adapted from Lu, 2009. *Molar mass (g mol™); "Solubility in water (mg L' at 20 ° C); ¢ Vapor pressure (mmHg); ¢ Octanol / water partition
coefficient
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organic compounds (e.g. pesticides, PCBs and PAHs),
estrogens are introduced into the environment in a
continuous and large scale way (Johnson & Williams,
2004) and thus becoming a pseudopersistent pollutant.
Therefore, estrogens are potential sources of a large
number of adverse effects in the environment. For
instance, fish cultivated in waters contaminated by
estrogenic hormones have shown altered hormone levels
and anatomical changes in the reproduction organs
(Luzio et al., 2016; Volkova et al., 2015; Dzieweczynski
& Buckman, 2013; Larsson & Forlin, 2002). It was
also observed a total reversion of male to female sex in
medaka fish (Oryzias latipes), when exposed to natural
estrogens in concentration of 140 ng L' (Hirai et al.,
2006).

2.2. Alkylphenols and Bisphenol A

Alkylphenols (APs) and Bisphenol A (BPA) are the
endocrine disrupting substances most intensively
studied. The APs are substances formed by a phenol
group attached to a carbon chain (Table 3). APs, including
nonylphenols (NPs) and octylphenols (OPs) are used
directly in the production of a large range of products
or can be originated from the degradation of APEO
(Funakoshi & Kasuya, 2009). APEOs and APs belong
to a class of non-ionic surfactants used in the production
of phenolic resins, detergents, adhesives, paper, plastic
additives, acrylic, vinyl acetate, emulsifiers, wetting
agents, spermicides, among other applications (Hotta et
al., 2010; David et al., 2009; Isidori et al., 2006; Tsuda
et al., 2000).

NPs and OPs are names given to a large number of
isomer compounds with structural formulas C H, 0
and C H, O, respectively. In the context of endocrine
disruptors, the most studied NPs and OPs are the
4-n-nonylphenol (4-n-NP), 4-tert-nonylphenol (4-t-NP),
4-n-octylphenol (4-n-OP), and the 4-tert-octyl-phenol
(4-t-OP) (Koniecko et al., 2014; Quednow & Piittmann,
2008; Loos et al., 2008; Tsuda et al., 2000).

The effects of APs in humans are still unknown.
However, their endocrine disrupting potential has already
been established in laboratory experiments by the high
multiplication of breast cancer cells, which are sensitive
to estrogens (Kabir et al., 2015; Soto et al., 1995; Soto
et al., 1991). Indeed, manipulative experiments with
mice have shown an increase in the endometrial mitotic
index when single doses of 20 and 50 mg of NP were
administred (Soto et al., 1991). Kurihara et al., (2007)
showed that NPs present in sediments of Tokyo Bay
induced the production of vitellogenin (VTG) in male
and young fish.

Oehlmann et al. (2000) described the enlargement of
accessory sex glands, the stimulation of oocytes in
females and a reduction in length of penis and prostate
in males of the gastropod Lapillus nucella exposed to

OP. The main sources of APs for the environment are
the domestic, industrial and WWTP effluents (Bergé et
al., 2014; Richardson & Ternes, 2014; Solé et al., 2000;
EPA, 1997). APs can also be released into the marine
environment due to fossil fuel activities, such as the
release of water produced in oil rigs (Boitsov et al.,
2007).

In WWTP and in the environment, APEOs may only be
partially degraded microbiologically, which may generate
shorter chain APs (e.g., NPs, OPs and mono-, di-, and
tri- etoxylated APs) that are more persistent (David et
al., 2009; Zhang et al., 2008; Ying et al., 2002a; Renner
et al., 1997). In general, compounds originated from the
degradation of APEOs present higher estrogenic activity,
are more insoluble in water and have lower coefficients
of octanol/water (K, ) (Table 3). As a result, they are
more lipophilic and susceptible to accumulation in
fauna and humans (Gu et al., 2016; Casatta et al., 2015;
Nurulnadia et al., 2014; Bouzas et al., 2011; Basheer et
al., 2004; Ying et al., 2002a).

Bisphenol is a generic name given to a group of
hydroxylated diphenylalkanes, being the bisphenol A
(BPA) the main substance of this group (Perez et al.,
1998). BPA is used in various applications, such as
the production of polymers (e.g., polyvinyl chloride -
PVC), epoxy resins, polyester resins, polycarbonates,
fungicides, antioxidants, flame retardants, and resin
for dental filling (Frye et al., 2011; Yi et al., 2010;
Lintelmann et al., 2003). Additionally, BPA is used in
plastic films and packaging, routinely used into food
packages. This is a fact of concern given the known
ability of BPA to migrate from the packaging to the food
(Guet al., 2016; Casatta et al., 2015; Emnet et al., 2014;
Nurulnadia et al., 2014; Fasano et al., 2012; Bouzas et
al., 2011; Basheer et al., 2004). In some countries, such
as Canada, USA, France, and more recently in Brazil,
BPA has been banned from use in children utensils and
toys (ANVISA, RDC 41/2011; Lintelmann et al., 2003).

The estrogenic potency of BPA is 10 to 10~ times
smaller than that of estradiol (Lintelmann et al., 2003;
Milligan et al., 1998). However, its estrogenic capacity
can be amplified due to its wide release and large
persistence in the environment. The first evidence of
estrogenic activity of BPA was reported in the late 1930s
(Dodds & Lawson, 1938; Dodds & Lawson, 1936).
Overtime, various toxicological studies confirmed the
estrogenic behavior of bisphenol A (Xu et al., 2015;
Mandich et al., 2007). Vandenberg et al. (2010) have
examined 80 biomonitoring studies of BPA in tissues
and fluids of humans, focusing on individuals exposed
to BPA through the environment, or by non-occupational
exposure. Levels of BPA between 2 to 150 ng L' were
detected in children, teenagers and adults blood and
urine samples. Those results suggest that this substance
is possibly causing adverse effects in human health.

-305 -



Cotrim et al. (2016)

Table 3. Physicochemical properties of Alkylphenols, alkylphenols polyethoxylated e Bisphenol A.

Compound Molar mass® | Solubility’ | LogK_,° [ Chemical structure
4-n-Nonylphenol 220 s 13 448 /@/\/\/\/\/
(4-n-NP)
HO
4-t-Nonylphenol
(4-t-NP) 220 - -
HO
Nonylphenol
monoethoxylated 264 3.02 4.17
Nonylphenol
diethoxylated 308 338 401 /@/\/\/\/\/
o
"o
Nonylphenol
polyethoxylated R - - n
4-n-Octylphenol 206 16 i /@/\/\/\/\
(4-n-OP)
HO
4-t-Octylphenol
(4-t-OP) 206 - -
HO
Octylphenol
monoethoxylated
250 8.00 4.10
H/O \/\O /@/\/\/\/\
Octylphenol
diethoxylated 294 13.2 4.00 n
Octylphenol ) ) _
polyethoxylated
Bisphenol A 228 120 3.30 HOOH

Adapted from Ying et al., 2002a. *mole mass (g mol™!); *Solubility in water (mg L' at 20 ° C); “Coefficient of octanol/water partition.

Experimental tests with biota showed that the action
of BPA in mice may be associated to changes in the
development of the mammary gland tissues (Lee et al.,
2015; Vandenberg et al., 2007; Mufioz-de-Toro et al.,
2005; Markey et al., 2001), behavioral disorders and
premature sexual maturation (Talsness et al., 2009).
Ortiz-Zarragoitia & Cajaraville (2005) reported the
reabsorption of gametes in both genders of mussel

Mytilus edulis, also as a result of exposure to BPA.
Biological effects such as the increase synthesis of VTG,
the inhibition of gonad growth, the increase of liver
metabolism and the bioaccumulation of steroidal and
phenolic EDs were assessed in high-back crucian carp
(Carassius auratus) exposed to WWTP effluents (Liu et
al., 2012).
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The presence of BPA as well as APs in the environment
are caused by leaching processes of materials with them
in the constitution (Wang & Schnute, 2010). These
compounds have been detected in several environmental
compartments such as air, water, soil, sediment, and
biota (Salgueiro-Gonzalez et al., 2015; Nurulnadia et al.,
2014; Jakimska et al., 2013; Maggioni et al., 2013; Bach
et al., 2012). Due to the its higher water solubility when
compared to AP and phthalates, and its relatively high
log K value (Table 3) it may be predicted that BPA has
a wide distribution in the aquatic environment (Sun et
al.,2012; Cunha et al., 2012). This hypothesis, however,

needs to be further investigated.

2.3. Phthalates

Phthalates or phthalic acid esters are synthetic
compounds that have been used in industrial activities
since the 1930s. Their application includes plasticizers
in polymers and additives for various products such
as insecticides, paints, packaging, cosmetics, floor
coverings, ceilings, clothing, and/or electrical insulating
compounds additives (Net et al., 2015; Mankidy et
al., 2013b; Li et al., 2008; Horn et al., 2004; Sumpter,
1998). The most commonly used phthalates are dimethyl
phthalate (DMP), diethyl phthalate (DEP), di-n-buthyl
phthalate (DnBP), diisobuthyl phthalate (DiBP), di(2-
ethylhexyl) phthalate (DEHP) and butylbenzyl phthalate
(BBP). A quarter of the whole world production of
phthalate is represented by DEHPs, which is employed
in the production of PVC (Net et al., 2015; Dargnat et
al., 2009).

Although Brazil does not prohibit the use of phthalates in
products such as cosmetics and food packaging, the World
Health Organization (WHO) warns about the possible
health problems caused by these compounds (WHO,
2012). Phthalates, especially DnBP, BBP and DEHP,
have high values of log K (Table 2), characteristic of
lipophilic compounds, which allows the accumulation of
these compounds in the organic matter present in soils
and sediments (Benjamin et al., 2015; Net et al., 2015;
Gavala et al., 2003).

The interfering nature of phthalates has been reported in
a number of studies both in vivo and in vitro (Benjamin
et al., 2015; Romani et al., 2014; Mankidy et al., 2013;
Hashimoto et al., 2003; Picard et al., 2001; Korner et al.,
1999). Phthalates became the subject of much concern
once they are suspected to cause premature puberty (Tsai
et al., 2016; Zhang et al., 2015; Fisher & Eugter, 2014;
Colon et al., 2000).

In humans, phthalates can affect not only the endocrine
and reproductive systems, but also may cause respiratory
and dermatological problems (Pérez-Feas et al.,2011). In
rodents, the exposure of males in the intrauterine period to
DnBP, BBP and DEHP results in a series of reproductive
abnormalities, such as damage to testicles (Foster, 2006;

Gray et al., 2006; Foster et al., 2001). Other studies have
shown carcinogenic effects and feminization in mice and
fish even at low concentrations of phthalates (Benjamin
et al., 2015; Valton et al., 2014; Martino-Andrade &
Chahoud, 2010; Larsen ef al., 2002).

In the environment, phthalates can suffer natural
degradation (Benjamin et al., 2015; Liang et al., 2008).
According to ecotoxicological models for mammals,
fish and arthropods the degradation products of DEHP,
such as 2-ethylhexanol and 2-ethylhexanal, present more
toxicity than the original compound (Benjamin et al.,
2015; Horn et al., 2004; Nalli et al., 2002). Therefore,
environmental studies should take into account the
presence and toxicity of both the original compounds
and their metabolites.

The main routes of intake of phthalates in humans are
inhalation associated with atmospheric particulate matter,
direct contact with materials composed with phthalates
and the ingestion of contaminated food (Net et al., 2015;
Girtner et al., 2009; Rudel et al., 2003). The addition
of phthalates to food is not common. However, the foof
contact to its package or even with plastic utensils used
during food processing may generate food contamination.
The phthalates, which are used as plasticizers, are not
chemically bound to the polymer matrix, so they can
be quickly released to the environment during their
production, use and disposal (Net ez al., 2015; Sax, 2010;
Heudorf et al., 2007; Fromme et al., 2002). Considering
the relatively high vapor pressures, when compared to
other organic compounds (Table 2), phthalates can be
volatilized into the atmosphere and be transferred to
other environment compartments during their life cycle

(Net et al., 2015; Xie et al., 2007).

3. Analytical techniques employed in the
determination of EDs in the environment

Techniques for sample preparation

The development of new procedures for sample
preparation should aim for simplification, automation,
economy, minimal sample manipulation, minimal use
of solvents and energy, according to the principles of
the Green Chemistry (Huerta et al., 2015; Yan & Wang,
2013; Farré et al., 2010).

The determination of organic contaminants such as EDs
in environmental samples is always challenging, not only
due to the very low concentrations of analites but also
due to the complexity and diversity of sample matrices.
Matrix effects may have negative impacts to important
analytical parameters (e.g., limit of detection (LOD),
limit of quantification (LOQ), linearity, accuracy and
precision), making the direct analysis of environmental
samples very dificult (Farré et al., 2012; Wu et al., 2010).
Therefore, the pretreatment of environmental samples,
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especially for matrices such as coastal and ocean waters
that have high salinities, is a real necessity. This step,
nevertheless, usually takes up to 70-90 % of the analysis
time (Zuloaga et al., 2012).

Sample preparation for the determination and
quantification of organic compounds are based on three
main steps: extraction, clean up and pre-concentration.
The extraction step is a procedure performed to separate
the analytes from the sample matrix. In the clean up step
the possible interferences in the analysis, which difficult
to identify and quantify the compounds of interest, are
removed. EDs in environmental samples are usually
present at concentration levels below the LOD of most
analytical methods. Consequently, the pre-concentration
it is a crucial step to improve detectability and to meet
LOD and LOQ of analytical methods.

Sample preparation techniques are specific for each
sample type. Solid phase extraction (SPE), for instance,
has been the preferred technique in studies of EDs in liquid
samples (Anumol e Snyder, 2015; Melo e Brito, 2014;
Richardson & Ternes, 2014; Lisboa ef al., 2013; Zhang
et al., 2012; Richardson, 2012; Saravanabhavan et al.,
2009; Fatoki & Noma, 2001). The SPE technique applied
to aqueous samples has the advantage of aggregating
three steps, i.e., extraction, clean up and preconcentration,
in a single stage. In addition, SPE offers a wide variety
of solid phases for extraction, resulting in different
types of interactions with the analytes and, then, wide
applicability. Another advantage of SPE is the possibility
of automation, which facilitates its use in environmental
studies when it is necessary to process a large number
of samples. However, SPE has limitations, such as the
blocking of the extraction phase pores by the matrix
components, several operational steps, and analytical
variations among extraction cartridges (Richardson &
Ternes, 2014; Queiroz & Lancas, 2005; Lisboa et al.,
2013). Even with these limitations, the SPE has been the
extraction procedure most used in EDs studies. Shan et
al. (2014) analyzed BPA, 4-n-OP and 4-n-NP in tap and
bottled water using SPE C18 with minimum detectable
concentrations of 0.75-1.0 ng L' and the recoveries
ranged from 87.0 % to 106.9%. Zhang et al. (2012)
used C18 as stationary phase in SPE and found limits
of determination for OP, NP, E1, E2, E3, EE2 and BPA
in wastewater below 0.8 ng L', with recoveries higher
than 80%. Ribeiro et al. (2009) investigated the presence
of estradiol, estrogen, 17a-ethinylestradiol, bisphenol A,
4-octylphenol, 4-nonylphenol in estuarine waters, using
Oasis HLB cartridges and found BPA concentrations up
to 800 ng L.

In the case of solid samples, such as suspended
particulate matter, sediment and biota, the most used
sample preparation procedures are microwave assisted
extraction (MAE) (Vega-Morales et al, 2013; Liu
et al., 2012; Dévier et al., 2010), ultrasound assisted

extraction (UAE) (Huerta ef al., 2015; Yu et al., 2011;
Sanchez-Avila et al, 2011) and pressurized liquid
extraction (PLE) (Salgueiro-Gonzales et al.,2014; Ma
et al., 2013; Jakimska et al., 2013). They have been the
main alternatives to replace the extractions traditionaly
performed by Soxhlet (Bossio et al., 2008; Wang et al.,
2007). Both soxhlet and liquid liquid extraction (LLE)
extractions use large amounts of solvents, generate a
large amount of organic residues, are time consuming
and also difficult to automate. These factors decrease
their analytical speed, and make them unattractive for the
preparation of a large number of samples, as required in
monitoring programs. Due to the large complexity of the
solid matrices, such as sediment, soil or animal tissues, it
is necessary to perform clean up steps. These procedures
are intended to minimize or eliminate the impurities
that may cause equipment damage or even interfere
with the determination. Additionally, after their first
step extraction, those solid sample extracts obtained by
MAE, UAE and PLE are further cleaned up using mainly
the SPE technique. The main strategy used to perform
the clean up in solid samples is the SPE with C18 and/
or florisil cartridges (Zhang et al., 2012; Arditsoglou &
Voutsa, 2008a; Braga et al., 2005).

Yu et al. (2011) have used the UAE for the extraction
of hormones, BPA and personal care products and
have quantified them by ultra high performance
liquid chromatography coupled with tandem mass
spectrometry. The analytes were extracted for 15 minutes
with a mixture of acetonitrile/water, centrifuged and
cleaned up with C18 cartridges. The method was applied
to sludge and sediment samples with recoveries ranging
between 63 % and 119 % and LOQs between 0.1 and
3 ng g, for the sludge samples, and from 0.02 to 0.5
ng g, for sediments. Mat&ji¢ek (2011) has developed a
method for extraction of estrogens in sediments based
on MAE. The samples were extracted with a mixture of
methanol/water for 10 minutes, filtered and determined
by HPLC. Recoveries ranged 99-110 % and limits of
detection were 90 ng g (E2), 180 ng g (El), and 250
ng g' (EE2). Ma et al. (2013) have optimized a method
on GC-MS combined with PLE for the determination of
six phthalates in soil samples. The LOQs of the proposed
method ranged from 0.02 to 0.29 pg g' and recoveries
varied between 90 and 110%.

The LOD and recoveries reported in the literature for
MAE, PLE and UAE are very variable depending
on the sample size, solvent volumes and equipments
used. However, these techniques offer several benefits
compared to traditional Soxhlet technique, for instance
relatively fast extraction, reduced solvent consumption,
and a smaller amount of sample handling.
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Methods for ED analysis

The HPLC and gas chromatography (GC) are the most
commonlyanalyticaltechniquesused forthedetermination
of persistent organic pollutants (POP), EDs, and ECs in
environmental samples. GC and liquid chromatography
(LC) are powerful separation techniques and should be
combined with highly sensitivity detectors for enabling
the analytes determination. EDs are analyzed mainly by
liquid chromatography with ultraviolet, fluorescence,
and/or mass spectrometry detectors or by GC with mass
spectrometry detector (Huerta et al., 2016; Birch et al.,
2015; Emnet et al., 2015; Zhang et al., 2014; Selvaraj
et al., 2014; Melo & Brito, 2014; Lisboa et al., 2013;
Villar-Navarro et al., 2013; Ribeiro et al., 2009; Bossio
et al., 2008; Xie et al., 2007; Fatoki & Noma, 2001;
Khim et al., 1999). The coupling of a chromatograph
with mass spectrometer combines the advantages of the
chromatography technique (which are high selectivity
and separation efficiency) with the advantages of mass
spectrometry (e.g. structural information and high
selectivity) (Vekey, 2001).

GC is a relatively inexpensive, rapid and reproductible
technique for a large number of compounds in
environmental samples. The GC presents high resolution
and the possibility to be coupled to selective and sensitive
detectors such as mass spectrometry (MS) and electron
capture detector (ECD), among other possibilities.
However, GC is a technique that mainly requires
analytes to be volatile or semi-volatile, thermally stable
and non-polar in order to facilitate the maximum number
of successive interactions between the analyte and the
stationary phase, reducing the height and increasing the
number of theoretical plates (H and N, respectively).
Although polar-bonded phase columns are commercially
available, in general, studies mostly use DB-1 (100%
polysiloxane) or DB-5 (95% polysiloxane and 5%
phenyl) columns since they present higher robustness and
better reproductibility and repeatability. For the analyses
of PAHs, several pesticides, phthalates and PCBs, among
others, the GC can be used without the need of analyte
modification. However, the determination of hormones,
antibiotics and other drugs, APs and bisphenol A, among
other EDs by GC requires the use of a derivatization
step (Farajzadeh et al., 2014; Wu et al., 2010) in order to
prevent those analyte adsorption and decomposition in the
column or in the injector, resulting in non-reproducible
peak areas or heights and shapes. Moreover, the purpose
of derivatization is also the improvement of LOD and
selectivity (Farajzadeh et al., 2014). Derivatization is a
transformation the chemical compound into a specific
product with caraceristicas with features that allow its
determination.

On the other hand, a growing number of studies has
been done using LC, coupled to diode array detectors

(DAD), with fluorescence detectors (FLD) and/or of
mass spectrometer detectors (Huerta et al., 2015; Torres
et al., 2015; Valdés et al., 2015; Anumol e Snyder, 2015;
Salgueiro-Gonzales et al., 2014; Melo e Brito, 2014;
Ammann et al., 2014; Lisboa et al., 2013; Zhang et al.,
2012; Jardim et al., 2012; Maté&jicek, 2011; Labadie &
Hill, 2007; Ferguson et al., 2000; Khim et al., 1999).
A good advantage of the liquid chromatography is that
derivatization is mostly unnecessary. In this way, a
relatively complicated and time-consuming derivatization
procedure, which may lead to an underestimation of ED
concentrations and possibly contamination of samples,
is then eliminated. Another interesting LC advantage is
its applicability for the determination of polar organic
pollutants, thermolabile substances and/or those easily
decomposed, and, hence cannot be analyzable by GC
systems.

The best technique (GC or LC) and the best detector
(DAD, FLD, flame ionization (FID), ECD or MS) for
the determination of EDs in environmental samples
will depend on the study goals, the type of matrix to be
studied, and the physicochemical characteristics of the
analytes. Italso should be taken into account the following
parameters: sensitivity, number of samples, availability
of instrumentation, costs and the analyst skills. Liquid
and gas chromatography are complementary techniques,
and both have interesting innovations in order to achieve
LOD in the range of few ng L.

The recent advances in LC, GC, types of columns,
detectors (especially for mass spectrometers), the
interface chromatograph-detector and their speed of data
acquisition have been providing significant improvements
intheseparationof complex samplesinshortanalyses, with
little use of solvent and good selectivity and sensitivity.
With this, the current and future trend is to find EDs and
ECs at even lower concentrations levels in an increasing
number of matrices and places around the world. It is
also expected that studies are likely to switch focus, i.e.,
from descriptive studies of EDs occurrence in several
environmental compartments towards processes studies.
These changes will subsidize a better understanding in
the processes controlling transformations, transport, fate
and interactions between environmental compartiments.
Ecological, (eco)toxicological and human health
risk assessments will contribute even further for the
evaluation of behavior and possible adverse effects of
ED inputs into the ecosystems.

4. Occurrence of EDs in marine environment

The origins of EDs in the aquatic environment are highly
variable and are often attributed to human activity. In
general, coastal environments, such as estuaries, bays
and mangroves, serve as major receptors of domestic,
industrial, hospital, agricultural, and aquiculture
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effluents. Submarine outfalls, port and ship activities,
surface runoffs are also important sources of EDs. The
relative inefficiency of conventional WWTP in the
complete removal of EDs makes them one of the most
important sources of these compounds to water bodies
(Deblonde et al. 2011; Pal et al., 2010; Santos et al.,
2010; Kuster et al., 2009).

Once in the environment, EDs may undertake different
pathways: (i) distribution between environmental
compartments, such as water, air, soil, sediment,
suspended particulate matter and biota, (i) degradation
and subsequent transport and distribution of their
metabolites in the environment, (iii) bioaccumulation
and/or biomagnification (Lintelmann, 2003).

The presence, behavior, ecotoxicity and the interfering
effects of EDs have been reported for riverine
environments (Gu et al., 2016; Esteban et al., 2016;
Kabir et al., 2015; Liet al., 2014; Fu et al., 2007; Fatoki
& Noma, 2001,) while the effects and fate of EDs in
the marine environments is still unknown. Coastal
regions, in special estuaries, are dilution zones, where
river water mixes with marine waters. In general,
coastal waters have lower levels of contaminants than
freshwaters, either due to distance from sources or to
the occurrence of attenuation processes (i.e., dilution,
sorption, precipitation and photooxidation). Tables 4, 5
and 6 shows a review of the occurrence of EDs studies
in coastal environments, which will be discussed below.

Among the EDs discussed here, APs and BPA are the
most studied EDs in marine environments. As previously
discussed, APEOs, their degradation products (e.g., NPs
and OPs), and BPA are synthetic and their presence in
the environment is a result of human activity. Industrial
and domestic effluents, WWTPs (effluents and sludge) as
well as the application of pesticides are the main sources
of APs, APEOs and BPA to the marine environment
(Kabir et al., 2015; Gravilescu ef al., 2015; Quednow &
Piittmann, 2008; Soares et al., 2008; Ying et al., 2002a).

The high partition coefficients of NP, OP and BPA,
according to log K values of 4.48, 4.12, and 3.30,
respectively, suggest that these compounds, when
entering the aquatic environment they are sorbed in
suspended particulate matter and sediments.

NP concentrations in saline waters (Table 4) range
from 0.002 ng L, in the sea of Japan (Kannan et al.,
1998),to 4100 ng L', in the coast of Spain (Petrovic et
al., 2002). In turn, OP concentrations in water ranged
from 0.013 ng L', in the North Sea (Xie et al., 2006),
to 800 ng L', in Singapore (Basheer et al., 2004). The
concentrations of NP are up to an order of magnitude
above the concentrations of OP, probably due to the
highest use of polyethoxylated nonylphenol (Isobe et
al., 2001). In general, the most contaminated areas are
estuaries and coastal regions under the influence of
industrial and domestic effluents and WWTP. In the

ocean, concentrations decrease abruptly with distance
from the coast. In the North Sea waters, however, the
concentrations of OP (0.013 to 3 ng L) and NP (0.09
to 1.40 ng L") increased with the distance from the
coast (Xie ef al., 2006). The authors have suggested that
atmospheric deposition of OP and NP, from the burning
of aircraft fuels, was the main source.

In general, there is a negative correlation between
the concentrations of OP and NP with salinity. This
relationship is primarily due to dilution (physical mixing
processes) with distance from the source. Studies also
showed the influence of salinity on the distribution of
AP and APEO (Li et al., 2005; Ferguson et al., 2001).
Nevertheless, according to these studies the increase of
salinity favors the removal and degradation processes of
AP and PEA in the water column. This is the result of
the salting out. This process results from the decrease
in the solubility of organic compounds in water due to
the effect of ionic strength on their activity coefficients
but also represents these substances are going to be
preferentially absorbed in environmental matrices with
less polar nature as well as higher content of organic
matter, such as SPM, sediments and biota. Furthermore,
as a result of the reduced solubility, and high affinity
for organic matter, it is expected that these compounds
participate in processes of aggregation, flocculation and
and the fate is usualy the accumulation in sediments.

In sediments, concentrations of NPs (Table 5) ranged from
0.01 ng g, in Morro Bay, California (Diehl et al., 2012)
t0 32000 ng g', in Auckland, New Zealand (Stewart e al.,
2014), while the concentrations of OPs ranged from 0.01
ng g’!, in the estuary Urdaibai in Spain (Puy-Azurmendi
et al., 2010), to 179 ng g!, in Masan Bay, South Korea
(Khim et al., 1999). Similarly to the processes that
occur in the water column, the concentration of APs
in sediments decreases with increase distance from the
coast, due to dilution processes.

The presence of organic matter is the main factor
influencing on the accumulation of APs in sediments,
mainly due to lipophilic characteristics of these
compounds. Jonkers et al. (2003), found high
correlations between organic carbon and concentrations
of NP in sediments from Scheldt and Rhine estuaries.
The accumulation and persistency of AP in estuarine
sediments (Shang et al., 1999) suggests that benthic
macrofauna may be subject to long term exposition to
these contaminants, potentially causing chronic effects
in biota. The presence of AP in marine organisms (e.g.
fish, oysters, squid, mussels, prawns, etc.) has been
reported in several regions around the world (e.g., USA,
Italy, Taiwan, Greece, Singapore and Japan) (Colin et al.,
2016; Casatta et al., 2015; Emnet et al., 2015; Lee et al.,
2015; Arditsoglou & Voutsa, 2012; Bouzas et al., 2011;
Bartolomé et al., 2010; Wang et al., 2010; Kumar et al.,
2008; Ferrara et al., 2008; Isobe et al., 2007; Pojana
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Table 4. Endocrine disruptors (BPA, AP and estrogens) in seawater (ng L) around the world.

Site BPA El E2 E3 EE2 OP NP
Todos os Santos Bay, Brazil® <LOD-48.2 <LOD <LOD-18.2 | <LOD-37.9 <LOD <LOD-134 <LOD
Morro Bay, United States® - - - - - - 100-900
La Corufia Beach, Spain® 35 - - - - 175 70-199
Biscay Bay, Spain® 60-130 - - - - 50-100 1110-1460
Southeai; Igt(:zisfs (t):t g}salhforma, i ) i ) i “LOD-42 “LOD-230
Thermaikos Gulf, Greece" 10.6-52.3 <LOD <LOD <LOD <LOD 1.7-18.2 22-201
Northeast Coast, Spain# 7.1-35 - - - - 3.8-39 29-712
Aveiro Coast, Portugal 2.6-13 <LOD-0.5 | <LOD-1.1 - <LOD - 15-98
Mondego Estuary, Portugal’ 178-589 <LOD <LOD - <LOD <LOD -
Halifax ag:nsat(.i:john Port, i 14-75 18 ) <LOD i )
Thessaloniki Coast, Greece* 25-59 - - - - 8-29 181-915
Laguna Venice, Italy' 3.4-145 3.2-6.7 3.0-175 - 4.6-28 - 4.0-211
Scheldt Estuary, the Netherlands™ - 0.37-10 <LOD <LOD <LOD - -
Suruga Bay, Japan® 3.6-1070 <LOD-9.2 <LOD - <LOD <LOD 28.2-276
Acus}g‘:yt’%;‘i‘?erg é?a]?e‘;fzards ] 0.78-12 | 0.56-0.83 ; 3.01-4.67 ] ;
North Sea, German Creek? - - - - - 0.013-3 0.09-1.4
North Sea? - - - - - 0.013-0.3 0.09-1.4
Taiwan Coast’ - - - - - 61-66 290-370
Baltic Sea, German® 0.1-5.7 0.13-0.54 <LOD <LOD 1.6-17.9 0.1-1.1 1.3-7.5
Singapore coast' 2-2470 - - - - 10-800 290-370
Rhine Estuary, the Netherlands" - - - - - - 31-147
Scheldt Estuary, the Netherlands" - - - - - - 35-934
Coast of :r?;iljdlg/l[liid;terranean i ) i ) i 300 300-4100
North Sea, German Creek™ 1.6-6 - - - - 0.02-1.6 0.8-63
Jamaica Bay* - - - - - 1.56-8.3 77.4-416
Jamaica Bay” - - - - - 33 201
Japan Sea” - - - - - - %%%23_
Pearl River Delta and coastal® 10-227 <LOD-3,1 - - <LOD-1,56 - 11-234
Cape D’ Aguilar Marinbe Reserve, 14,1-206,5 ) i ) i i 91.7- 473.9
Hong Kong®
Gulf of Gdansk, Southern Baltic* | <LOD-713.9 - - - - <LOD - 834.8 §16?9D6_
Yangtze River Estuary, China® 0.98-43.8 <LOD-1.43 <LOD - <LOD-0.11 - -

“Lisboa et al., 2013; *Diehl et al., 2012; “Salgueiro-Gonzalez et al., 2012; ‘de los Rios et al., 2012; ¢Vidal-Dorsch et al., 2012;
fArditsoglou & Voutsa, 2012; ¢Sanchez-Avila et al., 2011;"Jonkers et al., 2010; Ribeiro et al., 2009; Saravanabhavan et al.,
2009; *Arditsoglou & Voutsa, 2008b; 'Pojana et al., 2007; "Noppe et al., 2007; "Hashimoto et al., 2007; °Zuo et al., 2006; *Xie et
al., 2006; “Ebinghaus & Xie, 2006; "Cheng et al., 2006; ‘Beck et al., 2005; ‘Basheer et al., 2004; “Jonkers et al., 2003; YPetrovic
et al., 2002; YHeemken et al., 2001; *Ferguson et al., 2001; YFerguson et al., 2000; “Kannan et al.,1998; “Xu et al., 2014; *Xu et
al., 2015; * Staniszewska et al., 2015; *Shi et al., 2014.
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Table 5. Endocrine disruptors (BPA, AP and estrogens) in marine sediments (ng g).

Site BPA 1l 1572 E3! EE2 OP NP
Abra and Urdaibai Estuary, Spain® | <LOD-0.04 <LOD <LOD <LOD <LOD <LOD <LOD-0.2
Morro Bay, United States® - - - - - - 0.01-157
Biscay Bay, Sar.ltander Coast, 4-59 ) i i i 9-14 150-210
Spain®
Thermaikos Golf, Greece! 7.2-39 <LOD <LOD <LOD <LOD 6.0-25 223-2695
Northeast Coast, Spain® - - - - - 38-39 79-521
South-central Coast, Chilef - 0.06-4.61 0.06-16.81 0.01-53.21 281 i-l - -
Urdaibai Estuary, Spain® 0.01-43 <LOD <LOD <LOD <LOD 0.01-0.03 154-264
Northeast Coast, China" - - - - - - 8.8-1000
Yangtze Estuary, China' 0.72-13.2 - - - - - 1.56-35.8
Xiamen Bay, China’ 1.7-121.9 1.1-7.4 1.0-2.4 <LOD 0.9-2.2 1.4-24.0 12.9-1160.0
Thessaloniki, Greece* 17 <LOD <LOD <LOD <LOD 8 266
Masan Bay, Japan' - - - - - - 92-557
Savannah Estuary, United States™ - - - - - 0.86-6.9 4.1-18
Laguna Venice, Italy" 3.4-145 <LOD <LOD - 12-41 - 47-192
Toquio Bay, Japan® - 0.05-3.6 | <LOD-0.59 - - - -
Taiwan Coast? - - - - - 27-49 130-190
Yeongil Bay, Korea? <LOD-191 - - - - <LOD-24.3 | <LOD-1430
East Coast of Sidney, Australia® - 0.16-1.17 0.22-2.48 - 0.05-0.5 - -
California Coast, United States® - <LOD-0.6 0.16-0.45 - - 1.9-8.2 122-3200
Rhine Estuary, the Netherlands' - - - - - - 1.5-92.2
Scheldt Estuary, the Netherlands' - - - - - - 0.4-1080
Spain Coast, Mediteranean and ) ) i i i 17-145 18-1050
Atlantic Ocean*
Toquio Bay, Japan” - - - - - 6-10 120-640
Jamaica Bay™ - - - - - <LOD-45 6.99-13700
Jamaica Bay* - - - - - 8.1 846
Masan Bay, South Korea¥ 2.7-50.3 - - - - 4-179 113-3890
Auckland, New Zealand” <LOD-145 | <LOD-2.2 | <LOD-1.0 - <LOD | <LOD-135 | <LOD-32000
Gulf of Gdansk (Baltic Sea)* - ] ] ] ] <4LS%]§' <LOD-249.08
Yellow Sea® - - - - - 0.8-9.3 349.5-1642.8
East China Sea®™ - - - - - 0.7-11.1 31.3-1423.7
Cape D’ Aguilar Marine Reserve, 60,8-265.9 ) i i i ) 527.3-800,0
Hong Kong™
Yangtze River Estuary, China* <LOD-7.87 <I{2?- <LOD-0.30 - <I(;(7)?_ - -

LOD=linit of detection. *Puy-Azurmendi et al., 2013; *Diehl et al., 2012; <de los Rios et al., 2012; ‘Arditsoglou & Voutsa,
2012; *Sanchez-Avila et al., 2011; Bertin et al., 2011; tPuy-Azurmendi et al., 2010; "Wang et al., 2010; Bian et al., 2010;
iZhang et al., 2009; *Arditsoglou & Voutsa, 2008b; 'Li et al., 2008; "Kumar et al., 2008; "Pojana et al., 2007; °Isobe et al.,
2006; PCheng et al., 2006; %Koh et al., 2006; '‘Braga et al., 2005; *Schlenk et al., 2005; Jonkers et al., 2003; "Petrovic et al.,
2002; “Isobe et al., 2001; “Ferguson et al., 2001; *Ferguson et al., 2000; YKhim et al.,1999; * Stewart et al., 2014; *Koniecko
et al.,2014; ®Duan et al., 2014; *Xu et al., 2015; *Shi et al., 2014
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Table 6. Phthalates in sediments (ng g') and water (ng L")

Site Sample DMP DEP DBP DEHP BBP DnOP
Abra and Urdaibai . <LOD- <LOD-
v, St Sediment <LOD 6218 1010 688-2530 - -
Biscay Bay, Santander Water <LOD 3330-37360 | 4450-5960 | 7080-85360 - -
Coast, Spain® Sediment <LOD 170-7670 630-1040 | 1120-15190 - -
Southeastern California
Coast, United States® Water ) ) ) ) ) <LOD-85
Northeastern Coast, Water 9.4-21 43-4482 - 4.6-138 2.6-658 -
Spain* Sediment 12-26 22-4317 - 1.9-107 12-3297 -
Urdaibai Estuary, Spain® | Sediment <LOD 908-6377 466-1168 346-4376 - -
Cantabria Coast, Spain” | Sediment <LOD <LOD <LOD 190-2800 <LOD
Kavala Coast, Greece® Water - - 370-700 600-1300 300-6000 -
Arctic Sea, Norway" Water 0.013-0.312 | 0.008-0.795 000825 ©10.024-3.330 - -
North Sea' Water <LOD-0.68 | 0.03-4.0 0.45-6.6 <LOD-5.3 | <LOD-0.26 -
Elizabeth Port and East 4400- 700- 2100-
London, South Africa/ Water | 500-3508001 396309 | 1028100 | 2306800 - -
. . <LOD- <LOD
Auckland, New Zealand Sediment <LOD <LOD <LOD 11500 -1600 <LOD
Anzali wetlands, Iran! Sediment - - 0.12-19.02 | 0.25-43.12 - -

LOD - Detection limit. “Puy-Azurmendi et al., 2013; ®de los Rios et al., 2012; “Vidal-Dorsch et al., 2012; ‘Sanchez-Avila et
al., 2011; *Puy-Azurmendi et al., 2010; ‘Antizar-Ladislao, 2009; ¢Grigoriadou et al., 2008; "Xie et al., 2007; Ebinghaus & Xie,
2006; 'Fatoki & Noma, 2001; “Stewart et al., 2014; 'Hassanzadeh et al., 2014

et al., 2007; Cheng et al., 2006; Basheer et al., 2004).
NPs concentrations ranged from 1.2 ng g in oysters, at
Savannah, USA (Kumar ef al., 2008), to 7600 ng g in
mussels and oysters from the northeastern coast of China
(Wang et al., 2010a). Concentrations of OPs ranged from
0.2 ng g, in anchovies in the Tyrrhenian Sea (Ferrara
et al., 2008), to 1460 ng g, in oysters collected on the
coast of Taiwan (Cheng et al., 2006). In many studies a
significant relationship between the concentrations of NP
and OP in biota and in the water column was not observed
(Tsuda et al., 2000). The absence of this correlation is not
only associated with the high water dynamics, but also
to the fact that the concentration of biological tissues
reflects the contamination exposure integrated over the
animal lifetime.

OP concentrations were positively correlated with NP
concentrations in oysters that inhabit the Taiwan Coast.
This was similar to that found between OP and NP in the
marine gastropod Thais clavigera,, which is a predator of
oysters Crassostrea gigas, from the same region. Cheng
et al. (2006), by analyzing these two trophic levels,
suggested that there was biomagnification of NP and OP..
Studies of biomagnification of EDs, nevertheless, are

still scarce and efforts should be made to understand the
mechanisms associated to the transfer and accumulation
of contaminants trofic levels.

In the studies reviewed, concentrations of NPs in
sediments and biota were always higher than the
concentrations of OP, similarly to the observed in water.
Moreover, NP present higher lipophilicity (log K, NP
> log K, OP), therefore it is accumulated in higher
proportion in sediments and biota when compared to OP.

Concentrations of OP and NP in coastal sediments are
much lower than concentrations found in rivers. Fu et al.
(2007) have reported concentrations of NP up to 31704
ng g in rivers that flow into the bay of Jiaozhou, China,.
In turn, for marine environments the NP values were
below 14000 ng g' (Gu et al., 2016; Isolbe et al., 2007,
Pojana et al., 2007; Ferguson et al., 2001;). Attenuation
due to dilution and degradation processes is possibly
the main reason for the differences in the concentrations
observed between riverine and marine environments.

The BPA concentrations (Table 4) in seawater ranged
from 0.1 ng L' in the Eastern Baltic Sea, Germany (Beck
etal.,2005),t0 2470 ng L' in waters from Singapore coast

-313-



Cotrim et al. (2016)

(Basheer et al., 2004). The BPA concentration is mainly
attributed to industrial activity and the WWTP effluents.
As aresult, it was observed a decreasing gradient of BPA
concentration with the distance increase from the sources.
This variation in the BPA concentrations has been
mainly attributed to dilution and degradation processes.
It is estimated that BPA present half-life between 2.5 - 4
days in marine waters (Heemken et al., 2001). Thus BPA
molecules that are not sorbed and tranferred to sediment
may be rapidly degraded.

In sediments, BPA ranged from 0.01 ng g”!, in sediments
from Urdaibai estuary, Spain (Puy-Azurmendi ef al.,
2010), to 266 ng g' in sediments of Cape D’Aguilar
Marine Reserve, Hong Kong (Xu et al., 2015). There are
few studies describing the presence of BPA in marine
organisms, among these, a study with mussels reported
BPA concentrations ranging from 0.54 ng g' and 213
ng g (Isobe et al., 2007). AP and BPA concentrations in
mussels are generally higher than those obtained for fish
since they feed on suspended material and accumulate
large amounts of contaminants (Basheer et al., 2004),
including trace metals and PHA.

Unlike the AP, the BPA concentrations in sediment and
biota were, in many cases, lower than its concentrations
in water. This pattern can be explained by the lower
lipophilicity of BPA compared to AP, and its high
solubility. It seems like that these compounds degrade
before reaching the sediments (Gu et al., 2016; Casatta et
al.,2015; Emnet et al., 2015; Miége et al., 2012; Bouzas
etal.,2011 Isolbe et al., 2007; Pojana et al., 2007; Cheng
et al., 2006; Heemken et al., 2001).

El, E2, E3 and EE2 are the most studied hormones,
primarily because of their large inputs in the environment
and their high endocrine disruption potential. The
concentrations of E1 in water, sediment and mussels
range from 0.13 ng L' (Beck et al., 2005) to 52 ng L!
(Noppe et al., 2007), 0.05 ng g (Isobe et al., 2006) to
7.4 ng g!, (Zhang et al., 2009) and 0.2 ng g to 0.4 ng
g (Saravanabhavan et al., 2009), respectively. The E2 in
water and sediment was found at concentrations ranging
from 0.56 ng L' (Zuo et al., 2006) to 175 ng L' (Pojana
et al.,2007), and 0.06 ng g to 16.8 ng g (Bertin et al.,
2011) respectively, while E2 has not been detected in
organisms. Among the studied hormones, the synthetic
EE2 is the only one that has exclusively anthropogenic
sources. EE2 in water, sediment and biota was found in
concentrations ranging from 1.6 ng L' (Beck et al., 2005)
to 28 ng L' (Pojana et al., 2007), 0.05 ng g! (Braga et al.,
2005)to 48 ng g! (Bertin et al., 2011), and 7.2 ng g! to
38 ng g (Pojana et al., 2007), respectively. On the other
hand, E3 was only identified in sediments of the south-
central coast of Chile (Bertin et al., 2011) ranging from
0.0lngg'to53.2nggl.

Estrogenic hormones are released into the environment
in their inactive conjugated forms (i.e. glucuronic or

sulfate acid). However, they are rapidly transformed
in their interfering forms through the activity of
microorganisms present in environment (Ying et al.,
2002b). Like other EDs, estrogens are presented in
relatively low concentrations in the marine environment,
due to dilution and/or attenuation processes.

High concentrations of estrogens were not found in
the sediments, possibly due to their relatively fast
degradation before the occurrence of other processes such
us sorption, flocculation and/or deposition. Bowman et
al., (2003) reported half-lives from 2.8 to 3 days for E1
and E2. However EE2, with slower degradation rate than
natural hormones (Braga et al., 2005), has the potential
to accumulate and to present high concentrations in
sediments. Evaluations of estrogenic hormones in
marine biota showed very low concentrations, reflecting
the concentrations observed in environment (Gu et al.,
2016; Emnet et al., 2015; Casatta et al., 2015; Micge et
al., 2012; Bouzas et al., 2011; Saravanabhavan et al.,
2009; Pojana et al., 2007; Isolbe et al., 2007; Cheng et
al., 2006 ).

Table 6 presents the occurrence of phthalates in water
and sediment from coastal regions. The highest
concentrations of phthalates were found in areas near
large harbors, quite possibly due to effluents and plastic
waste originating from them (Fatoki & Noma, 2001).
Urban and industrial effluents from neighboring regions
may also have been important sources of phthalates
in these regions. As for the other studied EDs, salinity
and content of organic matter in the water influence the
transfer of phthalates to sediments (Mackintosh et al.,
20006) or biota (Cheng et al., 2013; Bartolomé et al., 2010;
Dargnat et al., 2009). In general, with increasing salinity
the balance between the concentrations of phthalates in
the sediment and water may be affected. Phthalates can
be mobilized and transferred between compartments,
besides being degraded through biological processes.
The biodegradation processes occur with higher intensity
in aerobic conditions. In the anoxic environments
biodegradation processes are minimized (Fromme et
al., 2002). Similarly to other classes of contaminants,
phthalates can be stored in anoxic sediments for a long
period of time and in medium to large temporal scales
sediments may be remobilized and they may act as a
source of contaminants.

5. Conclusions

A large variety of emerging contaminants, and among
them, those ones which are likely to cause endocrine
disruption in some level, are emitted by ever-growing
and diverse man-made sources, effectively spreading
themselves out to every environmental compartiment
throughout the globe. The limited knowledge about
the chemistry, transport, toxicity and fate of endocrine
disruptors, associated to its wide use in anthropogenic
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activities have promoted a growing interest in the
development of analytical methods and its applications
to study the distribution and behavior of these
contaminants in the environment. Yet, problably the
quantity of new compounds considered “emerging”
or “endocrine disruptors” which has been recently
synthetized, developed, and released for use by industrial,
farmaceutical, agricultural, and aquicultural sectors are
continuously increasing, and faster than analysis systems
and analytical methods are possibly progressing. This
happens, in part, in order to benefit humanity for
increasing its well being conditions, but it also happens
for creating substitute molecules for those ones being
banned of use because are considered nocive for the
environment, biota and/or human beings. However,
an important portion of the problem is associated
with the accelerated development and registry of new
substances without a proper study of their cycle of life
(which includes environmental risk evaluation and the
development of degradation and removal processes for
them), which is time-consuming and cost-effective. So,
it is quite possible these new substances are going to be
accumulated in the environment soon after they started
to be utilized. In spite the recent advances in Analytical
Chemistry regarding sample preparation and detection
systems for the study of EDs, it is believed that a large
amount of micropolutants remain unindentified and
undetected in the environment. If they persist unkwown,
it is quite possible that identification of sources, transport
and fate of these contaminants are underestimated
or not existent at all. And, therefore, subsidizing the
development of regulatory measures, source control and
decision-making to promote the sustainable management
of ecosystems and the preservation of the environment
and human health is delayed or biased.

Studies around the world indicated that estuaries and
coastal regions under the influence of domestic or
industrial and WWTP effluents have increasing levels
of EDs, and hence this topic needs to be addressed.
However, the number of these studies is still very
incipient to produce a good diagnosis of the real situation
of these contaminants in marine environments. If on
one hand this data reflects the relative novelty of this
subject, on the other hand the major impediments to the
development of this topic is the complexity of marine
waters (i.e., high ionic strength, dissolved organic matter
and high content of dissolved salts, which are in general
the main interfering species in chemical analysis) and the
low concentration levels of EDs. These factors represent
significant challenges for the coming years. Additionally,
it is well accepted conventional water-treatment systems
are inefficient to remove EDs from their inffluents, which
eventually are realeased to superficial waters and then
reaching estuarine and coastal regions. In this way, it
becomes necessary the development of new and more
efficient water treatment systems, possibly employing

advanced oxidative methods or biodegradation by
microrganisms (such as bacteria, fungi, enzimes, yeasts,
and/or genetically modified organisms) able to break
ED molecules down. If new and more adequate WWTP
systems are developed, lower levels of residual EDs in
the effluents would be reached. In this way, it is possible
to a substancial lower amount of EDs could reach coastal
areas resulting in the decrease of contamination levels,
what could facilitate the management of those areas. In
the same direction, the development and application of
mitigation and/or remediation of affected areas would
alliviate the environmental pressure in regard to EDs to
the already impacted regions. New and more studies are
needed in these research areas.

It is also urgent the acquisition of robust databases
through long-term investigations about EDs behavior
and distribution in different compartments and how they
participate in food chain in order to access their possible
bioaccumulation and/or biomagnification among
different trophic levels. The real understanding of ED
effects in the aquatic environment is far from understood.
In addition, studies about the possible adverse human
health effects of endocrine disruptors are scarce. Until
robust analytical procedures, with high selectivity and
sensitivity could be developed to the analysis of a large
number of samples, as it is required in monitoring studies,
the behavior of these contaminants in the environment as
well as their fate and effects in biota may not be fully
understood. Indeed, cause-effect manipulative studies
and ecotoxicology tests are still in an embrionary stage
of development, and represent a major challenge.
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A alimentacao artificial como medida de reducao do risco em praias
suportadas por arribas rochosas na costa do Barlavento
(Algarve, Portugal)

Sebastido Braz Teixeira?

RESUMO

O turismo baseado no produto “sol e praia” ¢ a principal atividade econéomica da regido do Algarve. Parte consideravel das praias
da costa do Barlavento corresponde a areais encaixados, acumulados no recorte irregular de arribas (falésias) rochosas cortadas
em calcarenitos do Miocénico. A utilizacdo balnear de praias suportadas por arribas determina a existéncia de perigo para os
seus utentes (usuarios) dado que uma frag@o do areal se acumula em faixas potencialmente atingidas pelos detritos de eventual
desmoronamento das arribas. A alimentagao artificial de praias ¢ uma das possiveis intervengdes de mitigagdo do perigo para os
utentes das praias suportadas por arribas rochosas na medida em que diminui a frequéncia da incidéncia direta das ondas na base
das arribas e, aumentando a area de areal, fomenta o afastamento dos utentes do sopé das arribas. Com o proposito de reduzir
o risco associado a geodindmica das arribas foi executada alimentacdo artificial em seis praias encaixadas no Barlavento, em
2014 (Carvoeiro, Benagil, Nova, Cova Redonda, Castelo e Coelha). No presente artigo apresentam-se os resultados da variagao
da ocupacdo anual dos areais de duas praias (Nova e Cova Redonda) repartida pelas areas dentro e fora das faixas de perigo das
arribas ao longo da década 2006-2016. Os dados da ocupagdo foram obtidos através de contagens executadas ao longo de todo o
ano, sem qualquer distin¢do etdria, no periodo antes e apds a intervencao de alimentacdo artificial. Os resultados atestam inequi-
vocamente a reacao natural dos utentes ao enchimento da praia, traduzido na migracao natural da ocupagao no sentido do plano
de agua, resultando no afastamento das areas do areal contidas nas faixas de perigo das arribas. Na sequéncia da intervengao, a
ocupacao das faixas de perigo elevado e moderado reduziu muito significativamente, de 92% para 17% na praia Nova e de 44%
para 12% na praia da Cova Redonda. Os resultados mostram que a intervenc@o de alimentagao artificial executada nas praias
Nova ¢ Cova Redonda, em 2014, produziu redu¢do muito significativa da ocupagdo das faixas de perigo em ambas as praias ¢ o
incremento para o quadruplo da ocupagao no caso da praia Nova. Os resultados evidenciam a eficacia da opg¢do de alimentacao

artificial como medida de reducao do risco e a adequagao deste tipo de op¢ao numa regido como o Algarve, muito dependente do
turismo centrado na utilizagdo do recurso praia.
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ABSTRACT
Beach nourishment as a hazard mitigation tool on beaches backed by rocky cliffs on the Barlavento Coast (Algarve, Portugal)

Tourism based on “sun and beach” is the main economic activity in the Algarve region. A considerable part of the beaches at
the Barlavento coast corresponds to embedded sand accumulated in the irregular lacework coast line of rocky cliffs cut into
Miocene calcarenites. The pattern of touristic occupation at the Algarve and the geodynamics of the rocky sea cliffs, reflected
in the discontinuous and intermittent occurrence of slope mass movements produce the existence of risk to beach users at areas
backed by rocky cliffs. The size distribution of slope mass movements runout ratio (the ratio between the radius of the base of
cone of debris and the height of the movement) enables the definition of three cartographic hazard areas on beaches. the high
hazard area (red zone) where if a slope mass movement occurs, the probability of being hit by debris is greater than 50%, the
moderate hazard area (yellow area) where in the event of a slope mass movement occurs, the probability of being hit by debris
is less than 50%, and the low hazard area (blue) where the probability of being hit by debris is less than 5%. Beach nourish-
ment of pocket beaches provides extra area available for sunbathers out of the cliffs hazard zones. For purposes of mitigate the
risk associated with the cliff geodynamics, artificial beach nourishment was executed in six pocket beaches on the Barlavento
Coast, in 2014 (Carvoeiro, Benagil, Nova, Cova Redonda, Castelo and Coelha). In this paper we present and discus the results
of the beach nourishment and the occupation patterns on Nova and Cova Redonda beaches within the decade 2006-2016, before
and after beach nourishment. Occupation data was obtained throughout different epochs in the year by counting the number of
beach users without any distinction of age using periodic and systematic photographs taken at strategic points that provide full
coverage of the beach areas. Before beach nourishment the area of dry sand at half-tide under average summer wave conditions
outside high and moderate hazard zones was 0% at the Nova beach and 24% on the Cova Redonda beach. Beach nourishment
executed in the subaerial beach allowed the extension of sand in 50m on Nova beach and Cova Redonda beach. After the first
winter, following the natural adjustment of the beach profile, the width of the beaches was reduced by 19% and 40% respectively.

After beach nourishment the area of dry sand at half-tide under average summer wave conditions outside high and moderate
hazard areas was 48% at the Nova beach and 55% on the Cova Redonda beach. The results show that the reaction of users to
the beach fill was their natural migration towards the water, moving out from the cliff hazard areas. After the intervention, the
occupation of high and moderate hazard areas reduced very significantly, from 92% to 17% in Nova beach and from 44% to 12%
in the Cova Redonda beach. This reduction contrasts with the low 2% reduction of the occupation of hazard areas on the beach

of Senhora da Rocha, (no intervened), which was associated with enhanced hazard signaling performed in the same year. This
study shows that beach nourishment is an effective measure to reduce the risk to users of beaches backed by rocky cliffs, and in

the case of Algarve, is an appropriate hazard management tool.

Keywords: beach nourishment, hazard, rocky cliffs, Algarve, Portugal

1. Introducao Andrade, 2009; Teixeira, 2009a). Desde entdo, a entidade
gestora do litoral (atualmente a Agéncia Portuguesa do
Ambiente) tem vindo a reforcar a sinaliza¢ao de risco,
visando alertar os utentes dos perigos decorrentes da
geodinamica das arribas. Foi desenvolvida rede de
sinalética implantada em todos os acessos as praias
suportadas por arribas rochosas, que pretende informar
os utentes sobre as zonas de perigo, passiveis de serem
atingidas pelos detritos de movimentos de massa e,
portanto, potencialmente suscetiveis de causar danos
graves a quem permaneca nessas zonas (Teixeira, 2014).

As praias encaixadas em litoral de arriba rochosa sdo
muito procuradas pelos turistas que visitam o Algarve,
a regido de Portugal cuja economia gravita e depende
do turismo centrado no produto “sol e praia”. Com
vasta diversidade geomorfoldgica de enquadramento
das praias, o sucesso original do turismo de praia do
Algarve esta associado a beleza natural das pequenas
praias encaixadas, acumuladas nas reentrancias do
recorte irregular das arribas rochosas amarelas cortadas
em calcarenitos do Miocénico da costa do Barlavento

. Prosseguindo o objetivo de mitigacdo do risco para os
algarvio.

utentes das praias associado a geodinamica natural das
arribas, entre Agosto e Outubro de 2014 foi executada
intervencdo de alimentacdo artificial em seis praias

Pelo seu enquadramento geomorfoldgico, estas praias sao
normalmente de pequenas dimensdes, com capacidade

de carga muito reduzida. A intensa procura no verao e
a reduzida dimensdo dos areais promovem a ocupacao
intensiva destas praias até ao sop¢ das arribas, em areas
de perigo que potencialmente podem ser atingidas
pelos detritos de qualquer movimento de massa. Em 21
de agosto de 2009 ocorreu tombamento de um leixao
na praia Maria Luisa (fig.1a) de que resultou a morte
de cinco pessoas e ferimentos noutras trés (Marques e

encaixadas da costa do Barlavento: Carvoeiro, Benagil,
Nova, Cova Redonda, Castelo e Coelha (fig.1a),
resultando no alargamento do areal entre 30 m e 50
m. Esta obra, promovida pela Agéncia Portuguesa do
Ambiente, implicou investimento global de 2,0 M€,
envolveu a exploracdo de mancha de empréstimo de
areias situada ao largo (fig.1a) e subsequente deposicao
de 338.000 m* de areia grosseira naquelas seis praias.
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Com esta intervengao pretendeu-se reduzir o risco para
os utilizadores das praias, quer por via da redugdo muito
significativa da incidéncia das ondas na base da arriba
(componente geodinamica), quer por via da promogao
da utilizag¢do da praia em zona mais afastada da base das
arribas (componente antropica), diminuindo a exposi¢ao
dos utentes ao perigo.

O presente artigo pretende descrever os resultados da
obra de 2014 e avaliar em que medida foram atingidos
os objectivos de prevengdo do risco associado a
geodinamica natural das arribas nas praias Nova e Cova
Redonda, utilizando como padrio de comparacdo a praia
da Senhora da Rocha, localizada entre as duas e ndo
submetida a qualquer intervengao (fig. 1b).

2. Caracterizacio da area de estudo

2.1. Enquadramento geologico

O tragco dominante da morfologia do Barlavento é dado
por arribas rochosas amarelas, com alturas variaveis
entre 6 m e 40 m, talhadas em calcarenitos miocénicos,
intensamente fraturados e carsificados, sobre os quais
assenta uma cobertura plio-plistocénica de areias
argilosas vermelhas. Os contrastes de resisténcia dos
materiais constituintes das arribas e a diversidade
espacial das cavidades carsicas determinam um padrdo
de evolugdo do litoral muito irregular em planta, com
modelado rendilhado, com profusdao de leixdes, arcos,
furnas e algares, explorado como imagem de marca da
paisagem do litoral do Algarve. O modelado recortado
deste troco do litoral facilita a acumulagdo de dezenas
de praias, com dimensdes variaveis, algumas sem acesso
por terra. A area de estudo corresponde a pequeno trogo
do litoral do Barlavento, com uma extensdo de cerca de
1.5 km, que engloba as praias Nova, a poente, Senhora
da Rocha e Cova Redonda, a nascente (fig.1b). Estas
praias, individualizadas por espordes rochosos naturais,
contém areais de pequenas dimensdes, acumulados
sobre a plataforma de abrasdo das arribas. Em condigdes
de tempestade coincidentes com marés de aguas vivas, o
espraio das ondas varre a totalidade do areal, incidindo
na base das arribas (fig. 2).

A praia Nova, contida entre dois promontérios, ¢
suportada por arriba subvertical, elevando-se 22 m
acima do areal. Com frente de mar de 300 m, antes da
intervencdo o areal desta praia era muito reduzido, com
largura média de cerca de 20-25 m, sendo constituido
pela acumulagéo de areias grosseiras D, =0.65 phi (0.73
mm), com teor de carbonatos de 30-50% (Teixeira, 2009).
Com desenvolvimento longilitoral, esta praia ¢ sensivel
a alteracdes do rumo da ondulagdo incidente, acusando
migracdo do areal para nascente, sob agitacdo maritima
de SW e para poente, quando submetida a ondulacdo
de SE (Teixeira, 2009). O pontal que delimita a praia a
nascente tem comprimento de cerca de 100 m e atinge a

profundidade de 5 m, abaixo do nivel médio do mar (=2
m acima do plano convencional do Zero Hidrogréfico,
referéncia hidrografica utilizada em Portugal). A praia
da Senhora da Rocha, com frente de mar de 150 m,
contida entre pontais salientes, tem um areal com uma
configuracao planar semi-circular, com largura média de
60 m, a meia maré. Face ao encaixe desta praia, a rotagao
do areal em fungdo do rumo da agitagdo maritima ¢
menos pronunciada da que se verifica na praia Nova.
Na zona central da praia o perfil apresenta berma bem
desenvolvida, articulada com face da praia com declive
médio de 7,3°. O perfil de praia acusa oscila¢des do areal
que nao excedem 16 m de largura, sobre o plano do
nivel médio do mar. Com desenvolvimento longilitoral
numa frente de 230 m, a praia da Cova Redonda tem
morfologia idéntica a morfologia da praia Nova, com
largura da praia de cerca de 30-40 m. A evolug@o sazonal
do areal traduz-se na oscilagdo da largura da praia em
cerca de 10 m, mantendo a praia tipicamente uma face
com inclinagdo média de 7,3°. O pontal natural que retém
a praia a nascente tem comprimento de cerca de 75 m
e mergulha até profundidade de 3.5 m abaixo do nivel
médio do mar.

2.2. Enquadramento climatico e oceanografico

A regido do Algarve situa-se no extremo sudoeste da
Europa, com clima mediterraneo tipico, com verdes secos
e invernos amenos (fig.3). A precipitagdo anual atinge
500-600 mm, 80% da qual concentrada no semestre
hiimido (outubro-margo). O nimero médio anual de dias
de chuva nao ultrapassa 75 dias e no semestre seco (abril
a setembro), em termos médios, ndo se registam mais
de 18 dias de chuva (fig.3). Entre 15 de maio e 15 de
outubro a temperatura média ultrapassa 20° C, atingindo
25° C nos meses de julho e agosto (fig.3). O regime de
agitagdo maritima ¢ moderado, com altura significativa
média anual da ondulagdao de 1m (Costa et al., 2001).
A ondulagao de tempestade (Hs>2.5 m) ocorre quase
exclusivamente durante o semestre htimido.

O rumo da ondulagio na costa sul do Algarve ¢
marcadamente bimodal, com prevaléncia das ondas com
rumos do quadrante W (52.3%) e SW (18.3%). Os rumos
de E e SE representam cerca de um quarto das ocorréncias
e estdo associados ao vento de E, gerado na zona do
estreito de Gibraltar (Pires, 1989). Desta dissimetria do
rumo da agitacao maritima resulta em saldo potencial de
transporte sedimentar por via da deriva litoral, de W para
E. O regime de maré é semi-diurno com amplitude média
de maré de 2 m, atingindo 3 m em marés de aguas-vivas
e 3.5 m em marés de aguas-vivas equinociais. De acordo
com os dados registados na boia de Faro, desde 2001,
pelo Instituto Hidrografico (disponiveis em http:/www.
hidrografico.pt/boias-ondografo.php), durante a €poca
balnear (junho a setembro) a temperatura da 4gua do mar
mantém-se acima de 18° C, atingindo valores até 24° C
em agosto e setembro.
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Figura 1 — Enquadramento da area de estudo. a) Geomorfologia da zona costeira do Barlavento do Algarve. Principais localidades assinaladas
com circulos vermelhos, estagdo meteorologica de Alcantarilha assinalada com circulo azul. Localizagdo das praias mencionadas no texto.
Area da mancha de empréstimo utilizada na alimentagio artificial assinalada a azul. b) Localizagio dos perfis de controlo das praias: PN —

praia Nova, PS- praia Senhora da Rocha; PC, praia da Cova Redonda. (ortofotografia de 2012).

Figure 1 — Geographical setting of the study area. a) Geomorphology of the coastal area of Barlavento Coast. Main cities (red circles);
Alcantarilha meteorological station (blue circle); Area of dreging site used for beach nourishment (blue).b) Control profile location:. PN —
Nova beach; PS — Senhora da Rocha beach, PC — Cova Redonda beach (aerial ortophotograph 2012).
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Figura 2 — Praia Nova, Senhora da Rocha e Cova Redonda em baixa-mar (BM) média, sob condi¢des de agitacdo maritima média (painel
esquerdo); em preia-mar de aguas-vivas (PMAV), sob agitagdo maritima de tempestade (painel central); em preia-mar de aguas- mortas
(PMAM); sob condi¢des de agitacdo maritima tipicas do verdo (painel direito).

Figure 2 — Nova, Senhora da Rocha and Cova Redonda beaches at average low-tide (BM), under average wave conditions (left panel); at high spring tide
(PMAV), under storm conditions (central panel); at high tide on neap tide (PMAM), under average summer wave conditions (right panel).

Figura 3 — Distribuigdo anual da precipitagdo e temperatura na década 2006-2015, registada na estag@o de Alcantarilha (localizag@o na fig.
la). Dados disponiveis em http://www.drapalg.min-agricultura.pt.

Figure 3 -. Annual distribution of precipitation and temperature in the 2006-2015 decade. Data from the Alcantarilha station (location on fig.1a), available on
http://www.drapalg.min-agricultura.pt.
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2.3. Ocupacio turistica

As caracteristicas climaticas naturais do Algarve
permitiram, a partir da décadade 1960, o desenvolvimento
de economia regional assente no turismo, baseada no
produto “sol e praia”, com uma forte componente sazonal,
sendo agosto o més de maior procura. A area de estudo
estd integrada na unidade morfologica do Barlavento do
Algarve que corresponde a unidade central do Algarve,
onde se concentra o nucleo da atividade turistica da
regido. Ocupando apenas cerca de 30% do comprimento
total da franja costeira do Algarve, o litoral do Barlavento
acolhe 50% dos turistas que visitam ou utilizam as praias
da regido.

As dormidas nos estabelecimentos hoteleiros
constituem um indicador da procura turistica da regido,
cujas estatisticas estdo disponiveis em http://www.
turismodeportugal.pt. Utilizando esse proxy verifica-
se que a evolucao da ocupagdo dos estabelecimentos
hoteleiros no Algarve na ultima década revela o efeito da
crise economica global de 2009 traduzido na diminuic¢ao
das dormidas. Entre 2006 ¢ 2014 a amplitude da variacao
do indicador de dormidas no Algarve foi de 25%, com
valores minimos em 2009 e maximos em 2015 (fig.4).
Em 2015, o valor de dormidas atingiu 116% do valor
médio do periodo 2006-2014.

3. Perigo associado a geodinamica das arribas

A evolu¢do das arribas cortadas nos calcarenitos
miocénicos do Barlavento processa-se segundo uma
sequéncia descontinua e intermitente de movimentos
de massa que se revestem de multiplas formas, desde os
grandes movimentos associados ao colapso de cavidades

carsicas, que podem deslocar dezenas de milhares de
metros cubicos, com recuos instantaneos locais de mais
de uma dezena de metros, ao simples desprendimento de
pequenos blocos decimétricos. Em média, anualmente
0.2% da frente costeira de 46 km de arribas cortadas em
miocénico ¢ afetada por movimentos de massa (Marques,
1994, 1997; Teixeira, 2006, 2014). Os produtos dos
movimentos de massa acumulados na base das arribas
sdo, regra geral, rapidamente remobilizados pela acdo
direta da ondulagdo, constituindo fonte sedimentar
importante das praias, podendo permanecer no sopé das
vertentes alguns blocos mais resistentes ou de maior
dimensao, por periodos de décadas. Na tltima década, na
area de estudo, foram registados 10 movimentos de massa
com largura superior a 1 m (fig. A na SI-I), mobilizando
volume de 4600 m® e afetando frente de mar de 95 m.
O movimento de maiores dimensdes ocorreu em 29
de Novembro de 2014, promovendo recuo instantaneo
maximo da crista da arriba de 7 m (fig. B na SI-I).

A geodindmica natural das arribas e o modelo de ocupagao
turistica do Barlavento determinam a existéncia de perigo
para os utentes das praias. O regulamento do Plano
de Ordenamento da Orla Costeira Burgau-Vilamoura
(Resolugdo Conselho de Ministros n°33/99, de 27 de abril)
define especificamente a largura das faixas de risco para
0 mar, associadas a geodinamica das arribas equivalente
a 1.5x a altura da arriba rochosa. Com base na analise de
mais de uma centena de movimentos de massa registados
entre 1995 e 2014, Teixeira (2014) definiu tabela de
perigosidade (de probabilidade de ocorréncia) em fungao
do afastamento a base da arriba. Os resultados entdo
obtidos mostram que, na eventualidade de ocorréncia
de um movimento de massa, um utente repousando na

Figura 4- Evolugdo anual e mensal do n® de dormidas nos estabelecimentos hoteleiros, aldeamentos e apartamentos turisticos do Algarve na
década 2006-2015. Dados de Turismo de Portugal, disponiveis em http://www.turismodeportugal.pt

Figure 4 — Annual and monthly evolution of the number of overnight stay (hotels, apartment hotels and tourist apartments) Data from Turismo de Portugal
available on http://www.turismodeportugal.pt
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areia de uma praia a uma distancia superior a 0.86x a
altura da arriba tem mais de 50% de probabilidade de
nao ser atingido pelos detritos gerados pelo movimento.
Essa probabilidade sobe para 95% se a distancia a base
da arriba atingir 1.5x a altura da arriba. A partir destes
resultados, a Agéncia Portuguesa do Ambiente elaborou
cartografia de perigosidade em todas as praias suportadas
por arribas rochosas do Algarve, sendo a informacao
colocada em painéis em todos os pontos de acesso as
praias (disponivel em http://www.apambiente.pt).

A figura 5 reproduz a cartografia resultante dessa

informagdo nas praias Cova Redonda, Senhora da
Rocha e Nova. Nessa cartografia individualizam-se
duas faixas de perigo: a faixa vermelha (perigo elevado)
corresponde a zona onde, na eventualidade de ocorrer
desmoronamento, a probabilidade de ser atingida pelos
detritos de rocha ¢ superior a 50%. A faixa amarela
(perigo moderado) cobre a area onde a probabilidade
de ser atingida pelos detritos ¢ inferior a 50%. Na area
remanescente do areal ndo abrangida pelas duas faixas
a probabilidade de ser atingida por detritos de eventual
movimento de massa ¢ inferior a 5%.

Figura 5 - Placas informativas das faixas de perigo, nas praias Cova Redonda, Senhora da Rocha e Nova.
Disponivel em http://www.apambiente.pt/index.php?ref=16&subref=7&sub2ref=10&sub3ref=923

Figure 5 — Sea cliff hazard signs of Cova Redonda, Senhora da Rocha and Nova beaches.
Available on http.//www.apambiente.pt/index.php ?ref=16&subref=7&sub2ref=10&sub3ref=923
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4. A alimentacio artificial das praias

A alimentagao artificial de praias ¢ pratica corrente em
engenharia costeira, utilizada com objetivos diversos,
seja o combate a erosdo costeira (Van Rijn, 2011;
Pinto et al. 2015), seja como medida preventiva do
galgamento ou inundacdo (Hanson ef al., 2002, Gallien
et al. 2015), ou visando o aumento da area disponivel
para os utilizadores da praia ( Vera-Cruz, 1972), ou a
melhoria do conforto dos utentes através da alteragao da
granulometria da areia (Anthony et al., 2011).

A alimentacdo artificial das praias Nova e Cova Redonda
decorreu entre agosto e setembro de 2014, quando
foram depositados 157.200 m? de areia, repartidos pelas
praias Nova (90.000 m*) e Cova Redonda (67.200 m?),
correspondente a uma densidade de enchimento de
cerca de 300 m*/metro linear do comprimento da praia.
A opc¢ao de alimentagdo artificial de praias assentou na
deposi¢do de areia diretamente na zona subaérea, na
medida em que permite a utilizacdo imediata da praia
apos a intervengdo, apesar de implicar inevitaveis
perdas decorrentes do subsequente reajuste do perfil de
praia (Van de Graaff et al., 1991). A experiéncia obtida
em anteriores intervengdes de alimentacdo artificial no
Algarve mostra que no primeiro inverno apés a deposigao
na zona subaérea o perfil de praia perde em média 25%
da largura inicial apds a conclusdo da obra (Teixeira,
2011), pelo que os projectos de intervengao usualmente
consideram sobrealimentagao na zona subaérea da praia.

Na alimentacdo artificial foi utilizada mancha de
empréstimo localizada ao largo (fig.1a), a profundidade
de 20 m a 25 m, constituida por areias grosseiras com
didmetro médio de 1.0 mm (D,=0.0 phi), com teor
médio de carbonatos de 25%, com calibre superior a
das areias nativas das praias. No Barlavento do Algarve
a alimentacdo artificial foi executada pela primeira
vez na praia da Rocha em 1970 (Gomes e Weinholtz,
1971) e posteriormente, em 1998, nas praias dos Trés
Castelos e Tremogos (Teixeira, 2011). Nestes trés
casos, a alimentagdo artificial foi complementada com
a constru¢do de estrutura de retencao de areia (molhes
ou espordes), como forma de assegurar a longevidade da
alimentacao artificial e minimizar as perdas longilitorais.
No caso em estudo, nas praias alimentadas nao foi
feita qualquer estrutura de contencdo, antecipando que
o recorte indentado da costa e o encaixe das praias,
contidas entre pontais salientes, servisse o efeito natural
de retencdo das areias depositadas de forma artificial.

5. Métodos

5.1. Ocupacio das praias

No sentido de proceder a avaliagdo da ocupagdo das
praias da area de estudo foi utilizada vasta série de
fotografias obtidas em locais que permitem a cobertura

integral do areal e com definigdo suficiente que possibilite
a contabilizacdo da totalidade das pessoas presentes quer
no areal, quer no plano de agua associado, incluindo os
utentes a banhos, no momento da obtencao da fotografia.
Além das fotografias obtidas em pontos estratégicos em
terra, foram também utilizadas as fotografias obtidas no
ambito das campanhas de monitorizagdo da costa, quer as
fotos aéreas obliquas obtidas a bordo de aeronave, quer
as fotos obtidas a bordo de embarcagdo. Uma vez que
a intervenc¢do de alimentacdo artificial foi executada em
2014, ja no periodo de recuperacao da atividade turistica
(fig. 4), e no sentido de absorver as alteragdes dos
padrdes de ocupagao das praias do Algarve associados as
oscilagdes da actividade econémica, optou-se por utilizar
os dados anteriormente a alimentagdo artificial por um
intervalo mais largo, cobrindo o periodo pré, durante e
poés crise econdmica global (2006-2014).

As fotografias obtidas durante o intervalo temporal de
uma década, entre maio de 2006 e maio de 2016, repartidas
por todo o ano, cobrem o intervalo horario entre as
8h00m e as 20h00m. No periodo anterior & intervencao
de alimentagdo artificial (2006-2014), as fotografias
foram obtidas de forma aleatdria, determinadas pelas
campanhas regulares de monitorizagdo da evolucdo da
costa. Apds a intervengdo houve um esforco maior de
recolha de informagdo, concentrado na época balnear,
por forma a caracterizar quer o efeito da alimentagdo
artificial, quer o padrao sazonal de ocupacgao das praias.

As trés praias em analise t€ém orientagdo longitudinal,
sendo limitadas por pontais rochosos com dire¢ao
proxima de N-S, enquadramento que implica a existéncia
de sombra nos areais nas primeiras horas do dia ¢ no
final da tarde. Desta circunstancia fisica, aliada ao usual
padrdo da pratica balnear, resulta que no semestre entre
maio e outubro a utilizacdo das praias seja sobretudo
concentrada entre as 10h30m e as 18h30m. Assim, para
uniformizar a informagdo no periodo anterior e posterior
a intervengdo de alimentacao artificial das praias, foram
utilizadas as fotografias obtidas nos dias de semana entre
as 10h30m e as 18h30m entre maio e outubro, € nos
restantes meses, as fotografias obtidas no intervalo entre
duas horas apos o nascer do sol e duas horas antes do por
do sol. Este conjunto de informagao utilizada traduz-se
num total de 603 observagdes (quadro I na SI-II).

Perante o recorte quase linear em planta e face a pequena
variacdo altimétrica do topo das arribas, as faixas
de perigo correspondem aproximadamente a bandas
paralelas a base das arribas. A delimitacdo das faixas
de perigo sobre as fotografias foi feita assumindo esse
padrdo linear, tomando como referéncias auxiliares
pontos especificos para delimitar os limites das faixas,
utilizados sistematicamente em todas as observacdes.
Em cada fotografia analisada foi contabilizado o nimero
total de utentes, repartidos por trés grupos, consoante
a sua localizagdo relativamente as faixas de perigo das
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arribas: o grupo que ocupa a faixa de perigo maximo
(faixa vermelha), o grupo que ocupa a faixa de perigo
moderado (faixa amarela) e o grupo que ocupa a area
fora das faixas anteriores (risco baixo). O nimero de
pessoas contabilizadas inclui todas as faixas etarias,
incluindo criangas.

5.2. Perfis e levantamentos topohidrograficos

O levantamento periddico e sistematico de perfis de
praia de controle num vasto conjunto de praias do
Algarve € rotina da Agéncia Portuguesa do Ambiente (e
dos organismos responsaveis pela gestdo costeira que a
antecederam) desde 1997. O levantamento periddico de
pertfis teve inicio em 2001, nas praias Nova e Senhora da
Rocha e, em 2012, na praia da Cova Redonda. Os perfis
de praia sdo realizados em locais constantes, no areal
seco da praia subaérea com extensao condicionada pela
altura da maré mas atingindo sempre cota +2m (ZH). Os
levantamentos topohidrograficos utilizados no presente
estudo correspondem aos levantamentos realizados no
ambito da obra de alimentagdo artificial das praias (escala
1:2000), antes (julho 2014), apos (setembro 2014) e um
ano apos a intervengdo (julho 2015).

6. Resultados e discussao

6.1. Alimentacao artificial das praias

As oscilagdes do perfil de praia monitorizado na praia
Nova, localizado no ter¢o nascente da enseada (fig.1b),
mostram que antes da alimentagdo artificial a amplitude
da varia¢ao da largura da praia (medida sobre a curva
+2m-ZH) atingia 40 m, cerca do dobro da larguramédia da
praia (23 m) (fig.6). Apesar da magnitude das oscilagdes
do areal, o perfil da praia mantinha-se essencialmente
constante, exibindo apenas o elemento face da praia,
com inclinagdo de 0,13 (7.4°).0 enchimento da praia
Nova produziu uma praia com um acréscimo imediato
de 50m de largura, superior a largura total das faixas de
risco elevado e moderado, associadas a geodinamica das
arribas. Apds o primeiro Inverno, a largura média da
praia atingiu 63 m, a que corresponde uma diminui¢ao
da largura da praia de 19%. Apds o segundo inverno a
largura média da praia era ainda de 64m, o que atesta a
estabilidade das dimensodes do areal. A evolugdo do perfil
desta praia acusa a oscilagdo, anteriormente identificada,
com uma face da praia com declive médio de 7° e com
oscilacdo anual da largura de cerca de 15 m. Na praia da
Senhora da Rocha, ndo submetida a qualquer alimentagao,
o perfil de praia manteve-se com a oscilacdo sazonal
identificada na década anterior, mas os perfis de praia
obtidos no segundo ano apds a alimentagdo das praias
contiguas mostram aparente reforgo. Esta observagao,
que devera ser acompanhada de perto no futuro préximo
sugere que esta praia podera ter ja capturado uma fracao

da areia depositada na praia Nova. No perfil da praia
da Cova Redonda, com largura média de 34 m antes
da alimentagdo, o enchimento do areal possibilitou
aumento imediato da largura para 82 m. Apos o primeiro
inverno, na sequéncia do reajustamento da areia as
dimensdes do encaixe da praia, a largura média atingia
63 m, traduzindo-se na redugdo de 40%, reclativamente
ao enchimento inicial. Ap6s o segundo inverno, a largura
média da praia ¢ de 58 m, o que equivale a perda de 50%
da alimentagdo artificial realizada em 2014. Apesar do
sucessivo encurtamento do areal, o perfil da praia mantém-
se essencialmente invariante, com face de declive de 7°.
A diferenga de perdas de areia nas praias Nova ¢ Cova
Redonda no periodo ap6s a alimentagao artificial mostra
que a mobilizacao da areia tem componente longilitoral
consideravel e que os pontais que limitam as praias
a nascente tém capacidade diferente de retencdo dos
sedimentos em transito por efeito da deriva litoral. O
pontal nascente da praia da Cova Redonda, que mergulha
a 3.5 m abaixo do nivel médio do mar ¢ menos eficaz
na retencdo de areia do que o pontal da praia Nova, que
mergulha aos 5 m abaixo do nivel médio do mar.

Com base nos levantamentos topograficos executados em
julho de 2014 e em julho de 2015, previamente e apds a
alimentacao artificial, foram calculadas as arcas de areal
existentes nas trés praias de estudo e avaliado o espaco
disponivel para os utentes, sob condi¢cdes de agitacao
maritima média de verdo (Hs=0.5 m), em condigdes
de baixa-mar média, meia maré e preia-mar média.
Utilizando as equagdes desenvolvidas por Teixeira
(2009b) para o calculo do espraio da onda na costa sul
do Algarve, verifica-se que nas trés praias, com declives
muito similares, a altura do espraio das ondas atinge
aproximadamente 1 m acima do plano de 4gua da maré.
Assim, foram calculadas as areas do areal seco limitadas
pelas curvas de 2 m (ZH), para a baixa-mar média, 3 m
(ZH) para a meia maré e 4 m (ZH) para a preia-mar média.
Esta informacao foi cruzada com a cartografia das faixas
de perigo, considerando-se, além das duas faixas de
perigo elevado (vermelha) e perigo moderado (amarela),
uma terceira faixa que contém o areal remanescente. Esta
terceira faixa de perigo (baixo - azul) corresponde a area
do areal onde, na eventualidade de ocorrer movimento
de massa das arribas, a probabilidade de ser atingida
pelos detritos ¢ inferior a 5% (Teixeira, 2014).

Os resultados mostram que antes da alimentacdo
artificial, na praia Nova, face a pequena largura da praia,
a maior parte do areal seco estava incluido nas faixas
de perigo maximo (fig.7) e moderado, pelo que os seus
utentes s6 estavam salvaguardados desse perigo quando
a tomar banho (fig.5). A meia mar¢, todo o areal seco
estava contido nas faixas de perigo (fig.7). Nas mesmas
condi¢des de maré, na Cova Redonda a area do areal
seco disponivel fora das faixas de perigo maximo e
moderado era de apenas 24%, percentagem que se
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Figura 6 - Variagdo dos perfis da Praia Nova, Senhora da Rocha e Cova Redonda (localizagdo na figura 2). Ordenadas em
metros referentes ao Zero Hidrografico (ZH), plano convencional localizado cerca de 2 m abaixo do nivel médio do mar.
Perfis antes da alimentagdo artificial (a negro), apos a alimentagdo artificial (verde), no primeiro ano apds o enchimento
(azul) e no segundo ano apds o enchimento (vermelho).

Figure 6 — Variation of cross-shore profiles on Nova, Senhora da Rocha and Cova Redonda beaches (location on fig. 1d).
Y-axis (m) relative to Hidrographic Zero datum (ZH), Portuguese conventional plan lying ~2 m below mean sea-level.
Before beach nourishment (black), after beach nourishment (green); first year after beach nourishment (blue); second year
after beach nourishment (red).
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Figura 7- Variagdo da 4rea de areal seco, antes (painel superior) e apds (painel inferior) a alimentacao artificial, em fun¢@o do estado da
maré em condi¢des de agitagdo maritima médias do verdo. BM — baixa-mar média; MM — meia maré; PM — preia-mar média. Areas do
areal seco contidas na faixa de perigo maximo (vermelho), na faixa de perigo moderado (amarelo) e na faixa de perigo baixo (azul),

Figure 7 - Dry beach area, before (upper panel) and after (lower panel) beach nourishment, depending on the state of the tide, under
average summer wave conditions. BM - average low tide; MM — half-tide; PM - average high tide. Dry sand areas on the maximum
hazard zone (red), moderate hazard zone (yellow) and low hazard zone (blue).

reduzia para 18% em condicdes de preia-mar média. Na
praia da Senhora da Rocha, face a largura da praia, existe
fragdo significativa do areal permanentemente fora das
faixas de perigo maximo e moderado. Neste caso, estas
faixas de perigo estdo sobretudo dispostas em redor dos
promontorios que limitam o areal e ocupam 40% do
areal disponivel.

Os resultados ilustrados na figura 7 mostram que, do
incremento da largura da praia associado a intervencao de
alimentacao artificial das praias Nova e Cova Redonda,
resultou a ampliagdo muito significativa do areal seco
disponivel fora das faixas de risco maximo e moderado.
Em condigdes de agitacdo e maré¢ média de verdo, na
praia Nova, anteriormente a alimentacao artificial, ndo
havia qualquer por¢ao do areal seco fora daquelas faixas
de risco. Apos a intervencao, a area contida na faixa de
risco baixo ocupava ja mais de 48% do areal existente.
Na praia da Cova Redonda, em situagdo de preia-mar
média no verao, a fragdo do areal na faixa de risco baixo
era apenas de 18%, antes da intervencdo, valor que
aumentou para 52% apos a alimentagdo artificial.

6.2. Ocupacio global das praias

Tal como seria de esperar, a ocupagdo das trés praias
apresenta padrao de ocupagdo com forte componente
sazonal, acompanhando a varia¢ao anual da temperatura
e da ocupacao turistica. O pico da ocupagdo em qualquer
das trés praias esta concentrado no més de agosto
coincidindo com o més de maior procura turistica da
regido (fig. 8). Sob o mesmo clima mediterranico que o do
Algarve, no sul da Califérnia 0 més de maior ocupacao é
julho (Dwight ef al., 2007). Ja nas praias mediterraneas,
como na Catalunha, (Guillén et al., 2008) ou na Riviera
francesa (Balouin ez al., 2014) o pico da ocupagdo ocorre
em agosto. Nas praias do Algarve verifica-se ainda um
pico secundario na ocupagao coincidente com o periodo
da Péscoa, mais pronunciado quando esta festividade
ocorre na segunda quinzena de abril (caso dos anos de
2006, 2011 e 2014).

Os resultados da distribuicdo anual da ocupagdo das
trés praias (fig. 8) mostram que na praia da Senhora
da Rocha, em que ndo houve qualquer intervencdo de
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alimentacao artificial e que serve como praia de controlo,
nao houve alteragcdes significativas na ocupacdo da
praia, a excecdo do ligeiro incremento de ocupa¢do no
trimestre entre agosto e outubro. Em termos globais
anuais, o incremento de ocupagdo na praia da Senhora
da Rocha foi 13%. Também na praia da Cova Redonda,
os resultados mostram estabilidade quer no padrao de
distribuicdo anual da ocupagdo, quer na magnitude
da mesma, com ligeiro incremento da ocupacdo anual
(11%) apos a alimentag@o artificial. Este incremento de
ocupagao nestas duas praias ¢ equivalente ao incremento
da procura turistica (fig.4), pelo que pode ser atribuido
a melhoria da atividade econdmica pds 2014, traduzida
num aumento da procura da praia pelos turistas. Ja na
praia Nova, no periodo apds a intervengao de alimentagao
artificial, verificou-se incremento muito significativo da
procura do areal, registando-se aumento da ocupacao da
ordem de 4 vezes (fig.8), concentrado no periodo entre
maio e outubro. Estes resultados mostram que, nesta
praia, a alimentacdo artificial produziu efeito muito
relevante no incremento de atragao turistica, ao contrario
do registado na praia da Cova Redonda. Sem ter havido
qualquer alteragdo nos acessos ou estacionamento
automovel que fomentasse o aumento da procura da
praia Nova, a razdo mais plausivel para o incremento da
utilizagdo desta praia devera estar associada a alteragdo
do comportamento dos hospedes dos empreendimentos
mais proximos, que usualmente ndo utilizavam a praia.
Uma praia recentemente ampliada, localizada a curta
distancia do alojamento turistico onde estdo hospedados
terd sido motivo suficiente para a procurarem, seja como
alternativa a outras praias mais distantes ou as proprias
piscinas dos empreendimentos.

6.3. A ocupacio das faixas de perigo

A informacgao cartografica sobre a distribuicao espacial
das faixas de perigo das arribas esta disponivel em
todos os acessos as praias (fig. 5), alertando para o risco
associado a geodinamica das arribas. A figura 9 sintetiza
a distribuicdo anual (com valores médios mensais) da
ocupagdo das trés faixas dos areais (perigo elevado-
vermelho, perigo moderado-amarela e perigo baixo- azul)
nas trés praias nos periodos antes e apos a intervengao de
alimentacdo artificial nas praias Nova, Senhora da Rocha
e Cova Redonda.

Na praia da Senhora da Rocha, a variagao da distribuigao
da ocupagio das faixas de perigo revela alteragdoes muito
pouco significativas, verificando-se que, no periodo
2014/2016, a ocupagdo das faixas de perigo elevado e
moderado ¢ apenas 2% inferior a que se verificava no
periodo anterior a interveng@o nas praias contiguas. Este
resultado indicia que o efeito da colocagao da sinalizagdo
na reducdo da ocupacdo das faixas de perigo ¢ muito
residual, demonstrando que a sinalizagdo reforcada em
2014 nao teve ainda efeito significativo na alteracdao do

comportamento dos utentes face ao perigo, apesar de
publicitado em todos os acessos as praias. No entanto,
verifica-se que a densidade de ocupacdo do areal nas
faixas de perigo baixo ¢ muito superior (cerca do dobro)
do que a densidade de ocupacdo nas areas abrangidas
pelas faixas de risco elevado e moderado (quadro II na
SI-IT). Este resultado indicia que os utentes tendem a
utilizar areas de menor perigo, em detrimento das areas
assinaladas como mais perigosas.

Na praia da Cova Redonda, a alteragdo do padrdo
de ocupacdo das faixas de perigo € notdria, com a
diminui¢do muito significativa da ocupagdo das faixas
de perigo elevado e moderado (quadro II na SI-IIT). Em
termos médios anuais, no periodo anterior a alimentagao
artificial da praia, 44% dos seus utentes permaneciam
naquelas faixas, valor que reduziu para 12% apos a
intervengdo. Este resultado deve ser atribuido ao aumento
do areal disponivel e ao consequente afastamento dos
utentes da base das arribas em direc¢do ao plano de agua.
Apesar do aumento do areal, ainda se registam utentes
com comportamentos de risco, verificando-se que, em
meédia, 3% dos utentes permanecem na faixa de perigo
elevado (faixa vermelha) e 9% utilizam o areal contido
na faixa de perigo moderado (faixa amarela).

Na praia Nova, a semelhanga do registado na praia da
Cova Redonda, apoés a alimentagdo artificial verifica-
se alteracdo de comportamento dos seus utentes, com
a migracdo da ocupagdo rumo ao plano de agua e
consequente afastamento da base das arribas (fig. C da
SI-I). Nesta praia, em que antes da alimentagdo artificial
92% dos seus utentes permaneciam nas faixas de perigo
(71% na faixa vermelha e 21% na faixa amarela),
apods a intervengdo essa percentagem reduziu muito
significativamente para 17% (7% na faixa vermelha
e 9% na faixa amarela). Em termos percentuais, a
ocupagdo da faixa de perigo elevado reduziu para 1/10
da ocupacao registada antes da intervengao. Apesar de a
ocupacdo da praia Nova ter quadruplicado na sequéncia
da intervengdo, mesmo em termos absolutos se verifica
uma reducdo de utentes em zonas de risco potencial.
O nimero de utentes que no pico da ocupagd@o no més
de agosto era de 91 nas faixas de perigo (65 na faixa
vermelha e 24 na faixa amarela) passou a 67 apos a
intervengao (30 na faixa vermelha e 37 na faixa amarela).

7

A capacidade de carga das praias ¢ um parametro
usualmente utilizado, como indicador da disponibilidade
fisica da praia em acomodar a sua utilizagdo, havendo
certo consenso nos valores padrdo. Nas praias urbanas o
valor guia para a area minima aceitavel por utente anda
pelos 5 m?/utente, podendo chegar a valores da ordem de
25 m?/utente em praias naturais com custos de alojamento
mais elevado (Roca, 2008 e referéncias ai incluidas). As
praias em analise sdo do tipo intermédio entre aqueles
extremos guia. O proprio Plano de Ordenamento da Orla
Costeira vigente aponta para valores guia de capacidade
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Figura 8 — Dados de ocupagao das praias ao longo do ano entre maio de 2006 e maio de 2016, antes e apds a alimentagao
artificial. Valores brutos (painel da esquerda) e médias mensais (painel da direita).

Figure 8 — Annual beach occupation data within the decade May 2006 — May 2016, before and after beach nourishment. Daily (left panel)
and monthly average (right panel) beach occupation.

de carga de 15 m?/utente para as praias em analise. Com
base nos levantamentos topograficos de 2014 e 2015 e
nos valores médios da ocupagao das praias em Agosto
para condi¢des de agitagdo média a meia-maré (quadro 11
na SP-II), verifica-se que na praia da Senhora de Rocha
o espago real ocupado pelos utentes ronda 17-20 m?/
utente, sendo inferior na area da faixa de perigo baixo
(13-16 m*/utente). Na praia da Cova Redonda, a carga da
praia antes da alimentagdo artificial na area da faixa de
perigo baixo era de 17 m?/utente.

Apos a alimentacao artificial das praias, a capacidade real
de ocupagdo das praias na faixa de perigo baixo sofreu
incremento muito significativo, tendo em consideracao
os valores guia de 15 m*/utente. A densidade de ocupagao
quer da praia Nova, quer da praia da Cova Redonda tem
agora valores superiores a 25 m*utente nas areas das
faixas de perigo baixo. Apesar do incremento do espaco
disponivel em ambas as praias, a utilizacao das faixas de
perigo elevado e moderado continua a ocorrer, embora ja
de forma muito mais reduzida.

-339 -



Teixeira (2016)

Figura 9 - Ocupagdo média mensal das praias, distribuidas pelas areas de perigo elevado, moderado e baixo, antes (painel da
esquerda) e apos (painel da direita) a alimentagao artificial.

Figure 9 - Monthly average beach occupation distributed by high (red), moderate (vellow) and low (blue) hazard areas, before
(left panel) and after (right panel) beach nourishment.
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7. Conclusoes

A geodinamica natural das arribas determina a existéncia
de perigo para os utentes das praias encaixadas
suportadas por arribas rochosas do litoral do Algarve.
Para diminuir a frequéncia da a¢ao direta das ondas na
base da arriba e promover a utilizagdo das praias fora
das faixas de perigo das arribas, em 2014 foi executada
alimentacdo artificial da zona subaérea das praias Nova e
Cova Redonda, onde a area do areal seco a meia maré em
condig¢des de agitacdo média do verdo na faixa de perigo
baixo era respetivamente de 0% e 24%. A alimentag@o
artificial das praias executada na fragdo subaérea permitiu
o alargamento do areal em 50 m nas praias Nova e da
Cova Redonda. Apds o primeiro inverno, na sequéncia
do ajuste natural do perfil de praia, a largura das praias
foi reduzida em 19% e 40% respetivamente.

Contagens sistematicas das pessoas presentes nas
praias durante a década 2006-2016 no periodo antes e
apos a intervencdo de alimentacdo artificial atestam
inequivocamente a reacdo natural dos utentes ao
enchimento da praia, traduzindo-se na sua migracao
instintiva e natural no sentido do plano de agua,
resultando no seu afastamento relativamente as faixas
de perigo. Na sequéncia da interven¢do, a ocupacao
das faixas de perigo elevado e moderado reduziu muito
significativamente, de 92% para 17% na praia Nova e de
44% para 12% na praia da Cova Redonda. Esta reducao
contrasta com a baixa reducdo de 2% da ocupacdo
das faixas de risco elevado e moderado medida na
praia da Senhora da Rocha, ndo submetida a qualquer
alimentacdo, que foi associada ao efeito do reforgo da
sinaliza¢do executado no mesmo ano.

Os resultados da evolugdo da ocupacdo das praias
apos a alimentag@o artificial mostram que enquanto na
praia Nova a ocupagdo quadruplicou, na praia da Cova
Redonda a ocupacdo sofreu ligeiro incremento, similar
ao verificado na praia da Senhora da Rocha, atribuido
ao aumento da procura associado a melhoria regional da
atividade econdmica. Esta diferenca de reacdo em duas
praias contiguas mostra que, previamente a intervengao,
ndo ¢ possivel antecipar a amplitude do incremento
da utilizacdo associado ao facto de a area disponivel
aumentar.

Os resultados apresentados e discutidos no presente
trabalho demonstram que a alimentagdo artificial ¢
medida eficaz na reducdo do risco para os utentes das
praias suportadas por arribas rochosas, sendo no caso do
Algarve, medida adequada na gestao do risco.
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Nonlinear and dispersive wave effects in coastal processes

José Simao Antunes do Carmo *

ABSTRACT

Numerical models are useful instruments for studying complex superposition of wave-wave and wave-current interactions in
coastal and estuarine regions, and to investigate the interaction of waves with complex bathymetries or structures built in near-
shore areas. The ability of the standard Boussinesq and Serre or Green and Naghdi equations to reproduce these nonlinear
processes is well known. However, these models are restricted to shallow water conditions, and addition of other terms of dis-
persive origin has been considered since the 90’s, particularly for approximations of the Boussinesq-type. Using the general
wave theory in shallow water conditions, the different approaches commonly used in hydrodynamics studies in river systems,
estuaries and coastal zones are initially addressed. Then, to allow applications in a greater range of shallow waters, namely in
intermediate water conditions, a new set of extended Serre equations, with additional terms of dispersive origin, is presented
and tested with available data in the literature. The hydrodynamic module, composed of the extended Serre equations, is then
used as part of a morphodynamic model, which incorporates two more equations taking into account various processes of
sediment transport. The wave velocity-skewness and the acceleration-asymmetry are taken into account and discussed based
on numerical results and physical considerations.

Keywords: Wave theory in shallow waters, extended Serre equations, sediment transport, Bailard model, wave acceleration-
asymmetry, wave velocity-skewness.

RESUMO
Efeitos nao-lineares e dispersivos da onda nos processos costeiros

Os modelos numéricos sdo instrumentos uteis para estudar a propaga¢do de ondas em meios com diferentes caracteristicas,
desde aguas profundas (ao largo) até condi¢des de agua pouco profunda, e investigar a intera¢do de ondas com batimetrias
complexas ou estruturas construidas em regioes costeiras e estuarinas. As capacidades de modelos do tipo Boussinesq e as
equagoes de Serre, ou de Green e Naghdi, para reproduzir os processos ndo-lineares de diversas interagdes sdo bem
conhecidas. No entanto, estas aproximagoes classicas restringem-se a condi¢oes de aguas pouco profundas. Desde meados da
década de 90 tém sido desenvolvidas formulag¢ées que modificam ou acrescentam termos de origem dispersiva para apli-
cagoes mais generalizadas, particularmente em aproximagoes do tipo Boussinesq. Recorrendo a teoria geral das ondas em
condigoes de dguas pouco profundas, sdo aqui apresentadas, em primeiro lugar, as aproximagoes comumente usadas em
estudos da hidrodinamica em meios fluviais, estudrios e zonas costeiras. Tendo como objetivo alargar o campo de aplicagdo a
outros dominios, em particular a condigdes de dguas intermédias, é em seguida apresentada e testada com dados experi-
mentais uma formulacdo das equacoes classicas de Serre com melhores caracteristicas dispersivas lineares. Por fim, é pro-
posto um modelo morfodinamico 1DH composto por um modulo hidrodindmico, que resolve as equacoes expandidas de Serre,
e por duas equagdes que incorporam varios processos de transporte sedimentar. Em particular, sdo avaliados e discutidos
termos de transporte induzidos pelo enviesamento (skewness) e pela assimetria da onda.

Paravras-chave: Teoria da onda em dgua pouco profunda, equagdes expandidas de Serre, transporte sedimentar, modelo de
Bailard, enviesamento e assimetria da onda.
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1. Introduction

Knowledge of the flow characteristics associated with
surface waves and currents, and their dependency on
the bathymetry and coastal geometry, is of considerable
importance when designing structures commonly found
in the coastal environment, like groynes and break-
waters. Such knowledge also helps to predict the modi-
fications thereby introduced into sea disturbance and
into transport and deposition of sediments.

By the end of the 70’s linear models were used to
simulate the refraction effect produced by depth
variation along the direction of the wave crest
propagation, and the diffraction effect produced by the
gradient of the wave amplitude along its crest. In the
80’s other models, that take into account not only de
refraction but also the diffraction process, have been
proposed and commonly used by Berkhoff ef al. (1982),
Kirby & Dalrymple (1983), Booij (1983), Kirby (1984)
and Dalrymple (1988), among many others. However,
as they are based on the linear theory, those models
should not be utilized in shallow water conditions.

Even at that time, models based on the Saint-Venant
equations were frequently used in practical applications.
However, as has been widely demonstrated, in shallow
water conditions and for some types of waves, models
based on a non-dispersive theory, of which the Saint-
Venant model is an example, are limited and are not
usually able to compute satisfactory results over long
periods of analysis (Santos, 1985). Nowadays, it is
generally accepted that for practical applications the
combined gravity wave effects in shallow water
conditions must be taken into account. In addition, the
refraction and diffraction processes, the swelling,
reflection and breaking waves, all have to be
considered.

A number of factors has made it possible to employ
increasingly complex mathematical models. Not only
our theoretical knowledge of the phenomena involved
has improved greatly, but also the numerical methods
have been used more efficiently. The great advances
made in computer technology, especially since the
1980s, improving information processing and enabling
large amounts of data to be stored have made possible
the use of mathematical models of greater complexity
and with fewer restrictions.

Therefore, only models of order ¢* (o =h,/1), where
ho and A represent, respectively, depth and wavelength
characteristics) or greater, of the Boussinesq or Serre
types (Boussinesq, 1872; Serre, 1953), are able to
reproduce several phenomena in addition to the
dispersive effects, including the non-linearities resulting
from wave-wave and wave-current interactions, and the
waves resulting from sudden time-bed-level changes

that cause tsunamis, wherein submerged landslides in
reservoirs, or landslides on reservoir banks, are
examples of such changes.

In the past few years, the possibility of using more
powerful computational facilities along with the
technological evolution and sophistication of control
systems have required a thorough theoretical and
experimental research designed to improve the
knowledge of coastal hydrodynamics. Numerical
methods aimed to applications in engineering fields
more sophisticated and with a higher degree of
complexity have also been developed.

In Section 2, the general shallow water wave theory is
used to develop different mathematical approaches,
which are nowadays the basis of the most sophisticated
models in hydrodynamics and sedimentary dynamics.
An extension of the Serre equations for applications in
intermediate water conditions and comparisons of
numerical results with physical data available in the
literature are presented in Sections 3 and 4. Then, a
morphodynamic model composed of this hydrodynamic
module and a sediment transport model is proposed and
discussed in Section 5. The sediment transport model
consists on a sediment conservation equation and a
dynamic equation. An improved version of Bailard
model, incorporating various sediment transport
processes, is used as the dynamic equation of the solid-
phase model. It is shown that both the skewness and the
wave asymmetry lead to an increase of the sediment
transport in the wave direction.

2. Mathematical formulations

We start from the fundamental equations of the Fluid
Mechanics, written in Euler’s variables, relating to a
three-dimensional and quasi-irrotational flow of a
perfect fluid [Euler equations, or Navier-Stokes
equations with the assumptions of non-compressibility
(dp/dt = div v = 0), irrotationality (rot v= 0) and perfect
fluid (dynamic viscosity u = 0)]:

u +v, +w, =0

U, U+ v+ wu, =-p./p

Vv, Huv + v+ wy, =—py/p (1)
W, Uw, +vw, +ww, =-p.[p-g

U, =W V. =W,V =u,

with p=0 at z= n(x,y,t), w=n, +un +vy, at
zZ= n(x,y,t), and w=¢ +ul +v¢ at z=—-h, + f(x,y,t).

In these equations p is density, ¢ is time, g is
gravitational acceleration, p is pressure, 1 is free
surface elevation, ¢ is bottom, and (u, v, w) are velocity
components.
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Defining the dimensionless quantities &=a/h, and

o = hy/A, in which a is a characteristic wave amplitude,
ho represents water depth, and A is a characteristic

wavelength, we proceed with suitable non-dimensional
variables:

x'=x/A, y'=y/A, z'=z/h,, ' =n/a,
&'=¢lhy, ' =t\fgh [i=1c,[2, p'=p[(pgh,),
u' =u/(aM)= uho/(ac0 ),

V' = v/(aM)= vho/(ac0 ),

w' = w/l/(aho\/g/_ho)= v/l/(aco ),

where ¢, represents critical celerity, given by
co=(ghy)"?, n is free surface elevation, & represents
bathymetry, u, v and w are velocity components, and p
is pressure.

In dimensionless variables, without the line on the
variables, the fundamental equations and the boundary

conditions are written (Carmo & Seabra-Santos, 1996):

A — Fundamental equations

a) u +v, +w, =0

b) eu, +&tuu, + ezvu}, +&’wu, =-p.
C) ev, +eluv, +ew +e’wy =—p, )
d) eo’w, +e’cuw, +e’a’vw, +e’c’ww, = —p_ -1
e) u, =0'w;V.=0'Ww; v, =u

x y

B — Boundary conditions

3.) w=(1/g)§t+u§,( +V§y s z=-1 +‘f::
b) w=n, +eun +evny, , Z=€&N 3)
c) p=0 , Z=€n

Integrating the first equation 2.a) between the bed
-1+ ¢ and the free surface ez, taking into account 3.a)

and 3.b), yields the continuity equation (4):
[1-(/e)c] +[0-¢+en)a], +[(-c+en)p] =0 @

where the bar over the variables represents the average
value along the vertical. Then, accepting the fundamen-
tal hypothesis of the shallow water theory,
o =h,/4 <<1, and developing the dependent variables

in power series of the small parameter o’, that is
f=2)(02)i(/’,~,f0r f=v,wpnéa) (5)

where A=u_+v , from continuity 2.a) and with 3.a)
and 3.b) we obtain:
w, == +1-&,)4, +w, (6)
W;* = _(1 +én, - fo )Ao + W; (7)

where the simple and double asterisk represent the
variables values at the bottom and at the surface,

respectively. Of 2.e) we obtain, successively (Santos,
1989):

Uy =1u, (x,y,t)
Vo=V (x,y,t) ®
u = _(1/2)(Z +1 _éo )2 AOx
+ (Z +1 _50 )(go.vAo + W;,\' )+ ul*
9)

v, = _(1/2)(2 +1 _50 )2 A()y
+(+1- &, )(g”oon + Wy, )+ v,

so that the average values of the horizontal components
of the velocity, on the vertical, are given by:

U=u,+0’u, - (02/6)(1 +en, —&, ) A,

+ @2 )1+ em, -&,)E0 Ay + i, )+ O6*)
V=v,+0’v - (02/6)(1 +en, =&, )2 A,

+ (02/2 )(1 +en, - &, )(foon + W, )+ O(o“ )

On the other hand, taking into account that,

(10)

f=1 +0(02)for f= (u,v,;y,f,w*) (11)
from (5) and (9) we obtain:
u’ =u-— (02/3)(1+817—§)22x
+ (02/2)(1+811—5)(fx2+ W )+ O(a“) 12)

v =\7—(02/3)(1+8;7—§)22y

+ (02/2)(1+8;7—§)€y2+w; )+ 0(04)

Representing by I'=w, +euw, +evw, +eww,  the

vertical acceleration of the particles, we get

- 2
T =wy, +eugw,, +evyw,, +ewyw,, + 0(0 ), and from

(6), (7) and (11) the following approach is obtained:

F=—(z+1—§)@, +81/_lZX+8\72y—6‘Zz) 13)

* —_— * —_— * 2
+w, +euw, +evw, )+ Olo

in which the terms within the two first parentheses rep-
resent the vertical acceleration when the bottom is hori-
zontal, and the terms inside the third parenthesis repre-
sent the vertical acceleration along the real bottom. It

should be noted that equation 2.d) can be written:
ec’T=-p, -1 (14)

where, for vertical integration between the bottom and
the surface, the pressure p on the surface is obtained:

p. =en, (8021"** + 1)

p, =en, (8021"** + 1) (15)

345



Antunes do Carmo (2016)

which, along with 2b) and 2c¢), allow us to obtain
(Santos, 1989):

(u, + Ul +EVU, + EWU, ) +1, (1 +eo’ T )= 0 -
(v, +EUV, +EVY, +EWY, ) +1, (1+e0T)=0

or even, given that (/) = /" —e(f.) ., where
f= (uv) and s = (x,y,t):

Hk *k 3k *k 3k 2 *k
U, +eu u, +ev u, +17x(1+ea r )=O a7

Aok Aok ok ok ok 2 ok
v, teU Vv +EV v, +11y(1+so-I‘ )=0

By developing expressions (17) in second approach
(order 2 in 6?), the following equations of motion (18)
are obtained (Santos, 1989; Carmo, 2015):

u +euu + 51717y +1,
+o {03 )en-) + (12)e 1P+ (13)1 4 en-¢)P }
+0fen, 0+ (12)1+ 2n-¢)0, ]+ 06*)=0

V, +EUV, +EVY, + 7,

+‘72{[(2/3)(‘9’7—5)v + (1/2)fy:|P+ (1/3)(1+g;7—§)Pv} (18)
+0[on, 0+ (/2)(+ en- )0, ]+ 06+ )= 0

P=(+en-¢)eA - oA, - v, - 1)
Q=w, +eiiw, + 7w,

w=(/e)é +ué, +v¢,

A=7 +7,

where, likewise, the bar over the variables represents
the average value along the vertical. In dimensional
variables and with a solid/fixed bottom (&, =0), the

complete set of equations is written, in second ap-
proach:

h,+ i), + (), =0

u, + U, +Vi, + g1, +|:(2/3)hx + (1/2)fx]P
+(/3)mP +h0+0/2)hQ, =0

v, @y, +v, + gn, +[ /30, + (1/2)¢, P
+(/3)n P, +h,0+(/2)h0, =0

P-h(d>-wd -vd, -4

(19)

O=w, +uw, +vw,
w=ug, +Vv¢,

A=u +V,

where h=h,-¢+n is total water depth. The one-

dimensional form (1HD) of the equation system (19) is
written, also with a fixed bottom:

h +@h), =0
hu, + huu_+ ghn,
+[n(3+0/2)], + £ (P/2+0)=0

P=_h(1/_lxt +u—u,\’x _L_l\'z)

0=¢ (@, +am )+ & 00
Assuming additionally a relative elevation of the surface
due to the waves (& = a/h, ) having a value close to the
square of the relative depth (o =h,/4), ie. 0(8):
0(02 ), from the equation system (18), and at the same

(20)

order of approximation, the following approach is ob-
tained, in dimensional variables:

ho+nw), +(#v), =0
U UL+ VU, + 8T,
= 0/6)¢ P+ /3)n P +(/2)h,0, =0
v, +uv, +vv, +gn,
~@/6)¢, P+ (/3)n, P, +(/2)h,0, =0
where /. = h, — ¢ is the water column height at rest, P
and Q are given by P-= —(ho —S)QYX +Vy)’ and

0= (17@ +v¢, )’ . The momentum equations are written:

2n

i, + i, +vir, +gn, +(/6)n. &, (@, +7,)

—@3 @ +v,) +(3me @ +v,) @2
+(/2)n, @e, +v¢E)) =0

V,HUV, VYV +gN, + (1/6)11, g, (ﬁx +17y)r
032 @+, ), + @30 e, @ +v,) @)

/2, (e, +7¢,), =0
with &, =0, the complete system of equations (24) is
obtained:
h, + (hb_t)r + (h\7)y =0
u,+uu, +vu, +gi,
-W3)m @, +7,, )+ nea,
220, (€7 +87, +¢5,+£,7,)=0

v, +UV VYV + g7,

-3 @, +v, )+ hew,
+ (1/2)hr (fyyvt + ézy]/_lxt + é:xl_tyr + é{xy]/_lt )= O

24)
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Further simplifying the equations of motion (18),
retaining only terms up to order 1 in o, i.e., neglecting
all terms of dispersive origin, this system of equations
is written in dimensional variables:

B+ (), + (), =0

X

u, +uu, +vu, +gn, =0 (25)

Vv, +uv, +vv, +gn, = 0

Approaches (19), (24) and (25) are known as Serre
equations, or Green & Naghdi, Boussinesq and Saint-
Venant, respectively, in two horizontal dimensions
(2ZHD models). The classical Serre equations (19) (or
Green & Naghdi, 1976) are fully-nonlinear and weakly
dispersive. Boussinesq equations (24) only incorporate
weak dispersion and weak non-linearity, and are valid
only for long waves in shallow waters. As for the Bous-
sinesq-type models, also Serre’s equations are valid
only for shallow water conditions.

3. Derivation and numerical formulation of higher
order Serre equations

3.1. Mathematical derivation

To allow applications in a greater range of 4, /A, other

than shallow waters, a new set of extended Serre equa-
tions, with additional terms of dispersive origin, is de-
veloped and tested in Carmo (2013a,b) by comparisons
with the available test data. The methodology used by
Beji & Nadaoka (1996) and later by Liu & Sun (2005),
to obtain an improved set of Boussinesq equations, was
used to improve the dispersion characteristics of equa-
tions (20).

From the equation system (20), by adding and subtract-
ing terms of dispersive origin, using the approximation
u, = —gn, and considering the parameters a, £ and y,
with f =15a-0.5y, allows to obtain a new system of
equations with improved linear dispersion characterist-
ics:

h, +Wh), =0
u, +ul, +g(h+§)x + (1 +a)(Qu, - hh, ux,)

x

—(+ ﬂ)/;—zu +agQ+&), —aghh (h+&),,

h? h?
- lBg ? (h + 5).\”.“{.\' - hhxuuxx + ? (uxuxx - uuxxx )
wh (), +Eur (),

+ (Q "'hfx.\»)”“x +§§muz =0

(26)

where Q=¢ 5, + %h S+ (%rx)z .

After linearization of the equation system (26), the fol-
lowing dispersion relation is obtained, similar to the one
obtained by Liu & Sun (2005) for an extended version
of Boussinesq equations:

w* khﬁ+@ﬁ—yﬁ)@@Y]

gk 1+[(+a)/2-0+y)/6]kn )

Comparing equation (27), written in terms of the phase
speed (28)

27

. 1+(@/2-y/6 ) (kh )
C=te r{l+[(1+a)/2—y(1+y)/6:|(khr)2}(28)

with the linear dispersion relation ?/ gk=tanh(khr ),

using the approach (29)

Cjiry = 612)_22 = (ghr )tanh (khr )

_oh [1 + (115 )h, )zl i

1+ @/5)kh, )

(29)

allows to obtain values for the parameters o and y. In a
first approximation, we can suggest: o= 0.1308 and
y=-0.0076 (Carmo, 2013a, b). It can be proven that a

value of o within the interval aE[O.l 3,0. 14] could be a

good choice (Clamond et al., 2015). Considering these
boundaries for o, the parameter y will be within the

interval y€[-0.01+0.02]. It should be noted that with
o ~2/15=0.1333, as proposed by Madsen et al. (1991)

and Madsen & Serensen (1992) for an extended version
of the Boussinesq equations, the value y = 0 is obtained.

Different approaches for the wave and group celerity,
up to order o, can be found in Simarro (2013) and
Simarro et al. (2015). Through analyses of the wave
shoaling in one-layer, and comparing the shoaling
errors for different sets of Boussinesq-type equations,
Simarro (2013) propose the following values:
B =10.06219 instead of § = 0.06667, as also proposed by
Madsen & Sorensen (1992), or 3 =0.15278 instead of
f=0.20, as suggested by Beji & Nodaoka (1996).
Using B =0.15278 and with a =0.1350, a value of
y=-0.5117 is obtained. It is thus evident that further
studies on this matter are needed, but this is not the goal
of the present work. Values of a=0.1308 and
y = -0.0076 are used in this work.

3.2. Numerical solution

The equation system (26) is solved using an efficient
finite-difference method, whose consistency and sta-
bility are tested in Carmo (2013a,b) by comparison with
a closed-form solitary wave solution of the Serre
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equations. For this purpose, the terms containing
derivatives in time of u are grouped. The final system of
three equations is re-written according to the following
equivalent form (SERIMP model) (Carmo, 2013a,b):

h +h), =0
q, + {uq —%[uz + (l + 2a)h2(ux )2
(e 20)e Vo -ne (). ]

e+ a@)+ahun, I, -aghn, - pe"n,. - Gob)

(30a)

) hewt-he ]

B\, K
+ a—g huxuxx+ﬁ?uuxxx+rb/(ph)=0

[1+(+a)Q]u-Q+a)hhu, - (1+ﬂ)h3—2um =g (30c)

Q=g +ohe, + € (30d)
To compute the solution of equation system (30) (values
of the variables # and u at time ¢ + Af ) we use a numeri-
cal procedure based on the following scheme, itself
based on the last equation system (30), for variables 4, g
and u. Knowing all values of #, and u,, i=1,N, in the
whole domain at time »nAf, the equations (30c) and
(30d) are used to obtain the first values of ¢, and Q; in
the whole domain. Then, we continue with the following

steps, in which the index p means predicted values
(Carmo, 2013a,b):

(1) The first equation (30a) is used to predict the vari-

able values £, at time #+ At (h:4), in the whole

domain.
(2) The second equation (30b) makes it possible to

predict the variable values ¢, at time 7 + Az (g%),

taking into account the values
h!** =0.5 (h’ + h ], namely for Q; in the whole

domain.
(3) The third equation (30c) makes it possible to com-
pute the mean-averaged velocities u/** at time
t+ Ar, taking into account the predicted values
htht
pi

main.

t+At
pi

and ¢’%*, namely for Q. in the whole do-

“

The first operation (step 1) is repeated in order to
improve the accuracy of the variable values /4, at

t+Ar (R, the

i =0.5(u’ + u"" ) in the whole domain.

i

time using values

(5) Finally, the second operation (step 2) is repeated in
order to improve the accuracy of the variable values

g, at time 7+A¢ (g'**), taking into account the
l,_l[r+Ar =05 (hit + hir+A1)
u™ =0.5 (uf +ut ) in the whole domain.

values and

At each interior point i, the first, second and third-order
spatial derivatives are approximated through centered
differences and the time derivatives are approximated
using forward differences. The convective terms (uh)x
and (uq)x in equations (30a) and 30b) are approximated
through centered schemes in space and time for vari-
ables & and g. At each time ¢, these terms are written in
the following form:

(Llh )x = ul.t ( h;” _ h/'i] + l’l/.t:lA’ _ h[fj—lAf )
4Ax

=) 31)
+l(hr + hf+Ar M
2N .
(uq )x = u: ( q;H — q’L] :Aq)ZIIA’ - q[tlet )
(32)

1 1 r+Ar I/I;+1 ~ Z’tir—l
+—(g' +q' —l el
5 (‘1, q, { Ax

All finite-difference equations are implicit. Therefore,
the solution of system (30) requires, in each time step,
the computation of five three-diagonal systems of N-2
equations (steps 1 to 5), which are easily computed
using the three-diagonal matrix algorithm (TDMA), also
known as the Thomas algorithm. The stability condition
to be observed can be expressed in terms of the
Courant/CFL number, and is given by:

Cp =1/gh%<1.0

More accurate results are obtained with a domain
discretization comprising about 25 to 30 points per
wavelength and the condition (33) much lesser than
unity, even below 0.5.

This numerical model (SERIMP) was used and tested in
Carmo (2013a). With o« = f = 0, a comparison is
presented with a closed-form solitary wave solution of
these equations for a wave with a/40 = 0.60. As can be
seen, the agreement between the numerical results and
the analytical solution is perfect as much in wave
amplitude as in phase (Carmo, 2013a).

(33)

3.3. Boundary conditions

If an incident wave elevation n(O,t) is given on the

boundary (at x = 0) and the wave height is small
compared to the water depth, the linear wave theory can
be used to obtain the velocity of the incident wave
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)
u(O,t)=

1+ (3/3)h, ) ]

where B/3=a/2-y/6 and h =h,-¢ is the water

column height at rest on the boundary. Different kinds

of wave patterns may be used. For mono-chromatic
waves, the water-surface elevation 77(0,t) is given by

n(0,7)

n(O,t)= asin ((Dl), where a, ® and k are, respectively,
the wave amplitude, frequency and wave number.

In general, our goal at the output boundary is to avoid
reflections of the wave. To do this, the domain is ex-
tended with a damping region of length Ly,,. Terms
like — m(x )n and - m(x )u may be added to the evolu-

tion equations for /# and u, respectively. The length of
the damped region is chosen such that we do not see
any significant reflections. The implemented procedure
is similar to that described in Zhang et al. (2014).

The terms —m(x)n and —m(x)u are added to the

second member of A- and w-equations (26),
respectively. As a first approximation, these terms can
be written as:

-m(n=-o,()n
- m(x)u = -, (x)u
where n=h-h +¢
(Dl (x)= ((T)I/Ldamp )f(x)7 (’I)l = 10@ H Ldamp = 1Oh iS

the sponge length, and

f(x)= (n"'l)(x Loy )n, O<x<L,,,
0, x<0

(35)
(36)

is the free surface elevation,

n=2.

2

4. Applications of the 1HD extended Serre equations

4.1. Solitary wave travelling up a slope and

reflection on a vertical wall

Experimental data and numerical results are available
for a solitary wave propagating on the bathymetry

(34

shown in Figure 1 (Carmo, 2013a,b). It shows a constant
depth before x = 55 m and a slope 1:50 between
x=55m and x = 75 m. An impermeable vertical wall is
placed at x = 75 m, corresponding to fully reflecting
boundary conditions. A solitary wave of amplitude 0.12
m is initially centered at x = 25 m. The computational
domain was uniformly discretized with a spatial step
Ax =0.05 m. A zero friction factor has been considered.
Computations were carried out with a time step
At =0.010 s. Figure 2 compares numerical time series
of surface elevation and test data at x = 72.75 m.

Figure 2 shows two peaks; the first one corresponding
to the incident wave, and the second to the reflected
wave. As pointed out in Carmo (2013a), the extended
Serre model predictions for both peaks agree well with
the measurements. RMSE values equal to 0.0090 m and
0.0117m were found in first and second peaks,
respectively, for the wave height. Regarding the phase,
there is a loss of approximately 0.05 s and of 0.10 s in
those peaks.

Predictions of the extended Boussinesq equations for
both peaks are less accurate. Particularly for the
reflected peak, this is overestimated in about 20%. This
result is not surprising, given the lower validity of the
Boussinesq model for waves of higher relative
amplitude. Indeed, this model assumes O(s)<<1,

contrary to the Serre model, which is O(a)= 1. We used

the extended Boussinesq model developed by Liu &
Sun (2005). However, a similar study performed by
Walkley & Berzins (1999), using the extended
Boussinesq model developed by Nwogu (1993), shows
no relevant differences in the graphs.

4.2. Periodic wave over an underwater bar

Beji & Battjes (1993) conducted experiments in a flume
of 0.80 m wide with a submerged trapezoidal bar. The
up- and down-wave bottom slopes of the submerged bar
are 1:20 and 1:10 respectively. Before and after the bar,
the water depth is 0.40 m, with a reduction to 0.10 m

Figure 1 - Bathymetry for a solitary wave travelling up a slope and its reflection on a vertical

wall (not in scale).

Figura 1 - Batimetria para a propaga¢do de uma onda solitaria sobre um trecho inclinado e sua
reflexdo numa parede vertical (fora de escala).
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Figure 2 - Solitary wave travelling up a slope and its reflection on a vertical wall. Free surface eleva-

tion in a depth gauge located at x = 72.75 m. Experimental (

); Serre extended (sssssssss );

Boussinesq extended (—— ) (adapted from Carmo, 2013a).

Figura 2 - Propagagdo de uma onda solitaria sobre um trecho inclinado e sua reflexdo numa
parede vertical. Varia¢do da superficie livre numa sonda localizada em x = 72.75 m. Experi-

mental (
caracteristicas dispersivas melhoradas (

above the bar, as shown in Figure 3. Experimental data
obtained in this installation are available in the litera-
ture, and can be used for comparisons. The measured
data are compared with numerical results of a 1HD ex-
tended version of the Boussinesq model (24), with
0o=0.1308 and y=-0.0076, and the extended Serre
equations (26) (SERIMP model) in Carmo (2013Db),
both improved with linear dispersive characteristics.
Comparisons are made in three wave gauges located at
x=10.5m, x=13.5 m and x = 17.3 m. For this purpose,
a regular incident wave case with height 0.02 m, period
T = 2.02 s and wavelength 3.73 m has been simulated.
The computational domain was discretized with a uni-
form grid interval Ax = 0.025m. A time step
Ax =0.0010s was used. Globally, numerical results of
the improved Serre and Boussinesq models agree quite
well with the measured data (Carmo 2013Db).

Following is presented a comparison of the standard
Serre’s model (20) with the extended Serre equations
(26) (SERIMP model). The standard Serre’s model (20)
is only valid for shallow waters, thus under conditions
up to /,/A=0.05. In this experiment, the dispersion

); Serre com caracteristicas dispersivas melhoradas ((sssssssss): Boussinesq com
) (adaptada de Carmo, 2013a).

parameter (o = h,/1) is greater than 0.05 (about 0.11)

in front and behind the bar, and therefore affects the va-
lidity of the numerical outcomes. Due to the fact that
over the bar there are very shallow water conditions
(0 =0.03) the standard Serre equations are used con-
sidering the input boundary located at section
x =13.5 m, where the input signal is known (measured
data). In this way, results of the Serre’s standard model
are not influenced, as would happen, by changes arising
from the wave propagation before the bar, under inter-
mediate water depths.

Figure 4 shows a comparison of numerical results of the
standard Serre’s model (20) with the extended Serre
equations (26), considering, in the first case, the input
boundary at x =13.5 m (gauge signal) (Carmo, 2013b;
2015). The influence of additional terms of dispersive
origin included in the extended Serre equations is clearly
shown in Figure 4. The standard Serre model results
(dashed line) are clearly of lesser quality. It should be
noted that this application also demonstrates the good
behavior of our numerical model to propagate a complex
signal imposed at boundary.

Figure 3 - Bathymetry for a periodic wave propagating over a bar (not in scale).

Figura 3 - Batimetria com barra sobre a qual se propaga uma onda periodica (fora de escala).
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Figure 4 - Periodic wave propagating over a bar. Comparison of test data (

) with numerical re-

sults of the extended Serre model (26) (#ssssssss) and the standard Serre equations (20) (———)

(adapted from Carmo, 2013b, 2015).

Figura 4 - Propagag¢do de uma onda periodica sobre um fundo com barra. Comparag¢do de dados expe-

rimentais (

) com resultados numéricos do modelo de Serre melhorado (26) ((sssssssss e com

resultados das equagées classicas de Serre (20) (— — — ) (adaptada de Carmo, 2013b; 2015).

5. Sediment transport model
5.1. Mathematical formulation

The Bailard model (Bailard, 1981) does not consider
the contribution of the wave acceleration-asymmetry in
the sediment transport. As outlined in Dubarbier et al.
(2015), models frequently used to estimate the evolu-
tion of beach profiles are inefficient with regard to the
simulation of bottom shapes and migration of bars. This
may be attributed to the absence of transport induced by
acceleration-asymmetry of the wave.

In the following we use a 1HD model to compute the
sediment transport in a channel, over a sand pit, and
examine its ability to generate and propagate ripples
and other bottom shapes. The morphodynamic model
consists of the hydrodynamic equations (26) and the
following sediment conservation equation (37) and a
dynamic equation (38), in which four sediment trans-
port processes are incorporated (Carmo, 2015):

(-p) +(q,), =0
(@.)=(a.)+{a.)+{a.)+(a,)

where

R s e (LR R
(q.)= (C” l)w (<|u| > %§<u|5>) (40)

<q5k =Cy (T Uorb ) (41)
(g,)=-,(TU2,4,) (42)

In equations (37) and (38), <> represents mean values

(37)
(38)

of the arguments in the wave period, g, is the net sedi-
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ment transport, which is composed of the bedload
transport, ¢y, the suspended load transport, ¢, the
skewness related transport, gy, and the transport related
to wave asymmetry, g,,; u is the wave velocity, p is the
sediment porosity, ¢ is the internal angle of friction,

e, €[0.10,0.30] and ¢, €[0.01,0.03] are efficiency co-

efficients, w, is the sediment fall velocity, ¢, and ¢y, are
global rugosity coefficients, cy and Cyy are calibration
coefficients. U, =zH,, / (T sinh (kh)] is the orbital ve-

locity amplitude, 4, =(u*)/(u*)"" is a measure of or-

~(RLOTF) /)" is

the velocity asymmetry coefﬁment, where H[u(t ] is

bital velocity-skewness, and 4,

the Hilbert transform of » . The asymmetry coefficient is
= <03>/afm, with @ = <a2 >1/2 ’

being a the wave acceleration.

All calibration coefficients, in particular the efficiencies
(ea» &) and (cu, cy), Which represent the incomplete
knowledge in our understanding of these processes, re-
quire a site-specific morphodyamic calibration. Once
properly calibrated a comprehensive cross-shore profile
model may predict the bar dynamics on the time-scale
of days (at least). However, it must be noted that this
calibration process is non-trivial since a large number
of model coefficients is involved, typically requiring a
large number of computations and optimization strat-
egies. At a first approach, coefficients cy and c,, are of
the order of 10 to 10°, and are not necessarily equal.
This work shows comparisons of numerical results con-
sidering cg = Cy = 5x10 and ¢y = Cy = 10°. Anyway,
it should be noted that the effects are in a significant
part determined by the calibration coefficient settings
that have been kept constant.

Bed slope-related transport is included according to the
Bailard equation increasing (decreasing) the down-slope

here approximated by A,



Antunes do Carmo (2016)

(up-slope) sediment transport. Equation (37) is easily
computed using the Weighted Essentially Non-
Oscillatory (WENO) scheme, as is presented in Long et
al. (2008).

5.2. Numerical applications

Gardin (2004) compares the evolution of a bed profile
with a pit using measurements and Delf3D computa-
tions. The sediment transport, especially cross-shore,
was evaluated according to Bailard in the TRAN mod-
ule of Delft3D software, which takes into account the
effects of slope and wave asymmetry. According to the
measurements, an important sedimentation offshore the
pit is noted. Gardin (2004) concluded that the numerical
model allows to obtain the pit evolution in agreement
with the observations, with however a slight shift of the
pit in the offshore direction.

The wave asymmetry effect is clearly shown in Groot
(2005). Two transport formulas implemented in LO-
MOR model were applied in the prediction of the mor-
phological behavior of a sandpit. The sediment trans-
port due to wave asymmetry is neglected in both formu-
las. Numerical results of LOMOR using both formulas
were compared with Delft3D computations. Delft3D
takes into account velocity skewness and asymmetry. In
all cases, the pit showed migration, damping and evolu-
tion of the slopes. However, contrary to LOMOR,
Delft3D showed sedimentation downstream the pit.

Measured and modeled results of an offshore and on-
shore sandbar migration are shown in Zheng et al.
(2014). The authors noted that the velocity skewness de-
creases from the seaward boundary toward the seaward
flank of the initial bar, and then it increases over the in-
itial bar and decreases over the area of final bar position,
which is the region of active sandbar migration. After
the final bar, velocity skewness increases toward the
shoreline. The measured velocity asymmetry continu-
ously increases from offshore and reaches its maximum
shoreward of the final bar crest and then decreases to-
ward the shoreline. Zheng et al. concluded that the on-
shore transport mainly appears where both velocity
skewness and asymmetry are relatively high.

Based on 41 experiments, Berni et al. (2012) obtained a
large range of values for the free-stream skewness and
large values of the asymmetry. The authors analyzed
numerically and experimentally the asymmetry
transformation process to skewness within the boundary
layer. They concluded that this transformation results in
skewed velocities near the bed that lead directly to net
sediment transport.

The dominant hydrodynamic processes governing
cross-shore sandbar behavior have been discriminated
by Dubarbier et al. (2015) using four modes of sedi-
ment transport driven by wave skewness and asym-

metry, mean current and slope effects. They concluded
that acceleration—skewness-induced transport system-
atically results in a slow onshore sandbar migration to-
gether with a slow bar growth. They also concluded that
velocity—skewness-induced transport can drive onshore
and offshore bar migrations with substantially larger
rates.

A morphodynamic model (MORSYS) was used by
Rosa et al. (2011) to study the evolution of a sand pit
offshore Vale do Lobo (Algarve, Portugal). The authors
conclude that the simulations performed for a whole
period of 2.5 years and during one month encompassing
two storm events show similar trends for the
morphological evolution of the sandpit. The obtained
results allowed to evaluate the good performance of the
numerical model.

Sand extractions and formation of sand pits is a
common activity in coastal zones. Therefore, the sand
pit evolution, and in particular its migration and rate of
replenishment should be reproduced with sufficient
accuracy. Following, the evolution of a sand pit is
studied using the morphodynamic model described
above.

In our numerical experiment, a wave with the following
characteristics is considered: height H = 0.20 m, period
T = 8 s, and wavelength A= 24.8 m. This wave is
introduced at the upstream boundary and propagated
along a horizontal channel 1.0 m depth in the first 28.75
m. From this point there is a sand pit, with the upstream
face having a slope 9.82% down to a minimum
£=-0.275 and left constant between 31.55 m and

32.175 m. Then the pit increases up to & =0, having

this face a positive slope 18.64%. A median diameter
d,, =1.0 mm is representative of the bottom grain size.

Figure 5 shows the simulated wave along the channel
with a sand pit, between 15 m and 45 m. The wave
transformations that occurred are evident, increasing the
skewness and asymmetry of the wave. Figure 6 shows
bottom configurations obtained 450 waves after, cor-
responding to a simulation time of 60 minutes, con-
sidering the first two terms qg, and g, of equation (38)
(dashed line) and all terms of this equation with cy = cy,
= 5x10° (dotted line). Figure 7 shows bottom configu-
rations obtained 450 waves after, corresponding to a
simulation time of 60 minutes, considering all terms of
equation (38) with ¢y = ¢g, = 5x10 (dotted line) and
with ¢y = ¢, = 107 (bold line), respectively.

Although lacking experimental evidence, the presented
results seem to translate the physical phenomena. In-
deed, they exhibit identical behavior to that shown in
the measured and simulated examples in the literature
above. Observing Figures 6 and 7, a preliminary con-
clusion can be drawn. Excluding the transport associ-
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Figure 5 - Initial velocity of the wave propagating over a sandpit.

Figura 5 - Velocidade inicial da propaga¢do de uma onda sobre uma cova de areia.

Figure 6 - Bottom profiles after 60 minutes of simulation, considering terms qy and q, of equation
(38) (dashed line), and all terms qg, qg, qs and qq, of this equation with ¢y = ¢y, = 5x107° (dotted

line).

Figura 6 - Configuragdes do fundo apos 60 minutos de simula¢do, considerando os termos (g € Qg da
equagdo (38) (linha tracejada), e todos os termos Qq, Qs Qsk € Qsy desta equagdo com cg = cyy, =

5x10° (linha ponteada).

Figure 7 - Bottom profiles after 60 minutes of simulation, considering all terms qg, Qss, qsx and qsy of
equation (38) with ¢y = ¢, = 5x10° (dotted line) and with ¢y = ¢y, = 107 (bold line).

Figura 7 - Configuragées do fundo apos 60 minutos de simulagdo, considerando os termos Qs, Qss, Qsk
e (s da equagdo (38) com Cg = Cgp = 5x10° (linha ponteada) e com cg = Cgp = 10° (linha car-

regada).

ated with the wave velocity-skewness and the accelera-
tion-asymmetry reduces the onshore sediment transport
(in the wave direction). Another evidence is the large
difference in the bottom configurations considering
relatively close values of cy and c,,, thus showing great
sensitivity to small variations of the involved constants.

6. Conclusions

Analytical developments and results of the numerical
models presented in this work are promising enough to
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warrant further developments in both fields of the
hydrodynamics and morphodynamics.

In hydrodynamic terms, extended versions of
Boussinesq type models have shown a good
performance. Less common are models of extended
Serre equations, example of which is the model
translated by equations (26); however, as is widely
recognized, under certain conditions, the Serre
equations more accurately simulate the behavior of the
physical phenomena than Boussinesq type models.
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In morphodynamic terms, it is known that the term
<|u’|u> is associated with the short wave asymmetry and
skewness in the surf zone. It is zero when there is no
short wave skewness and a positively skewed wave re-
sults in an onshore directed transport. Consequently, as
is reported in literature and this work also shows, the
wave asymmetric oscillatory flow contributes to a
shoreward directed net sediment transport.

The numerical results presented in this work, although
qualitative, seem to translate the physical behavior of
the processes involved. It is clearly shown that the
skewness and wave asymmetry lead to an increase of the
sediment transport in the wave direction.

An extended version of the two-dimensional equation
system (19) with improved linear dispersion
characteristics and using a finite element method is
being developed and will be published soon. Also the
experimental validation of the morphodynamic model
will take place as quickly as possible.

Appendix

Supporting Information associated with this article is available on-
line at http://www.aprh.pt/rgci/pdf/rgci-
660_Carmo_Supporting-Information.pdf
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