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Preface

Monitoring seawater and modeling ocean parameters require innovative methods
to assess the impacts of marine pollution on the ecosystem. It is a decision-making
process designed to evaluate environmental impacts and the effect of pollutants,
which can be divided into long-term and short-term effects. Oil spill often has cata-
strophic effects on the marine biota when released. On the other hand, the study of
the impact of human activities is necessary. We should care about the continuing
environmental degradation of our oceans and coastal areas because it is detrimental
to human health, economic development, the climate, and our planet’s store of
biodiversity.

The introduction of harmful pollutants into the marine environment interferes with
the functioning of the marine ecosystem, and heavy metals are toxic to marine life
such as fish and shellfish, and subsequently to humans. Nowadays, remote sensing
technology has been developed and widely applied to assess marine pollution, and
models have been developed to assess pollutants.

Remote sensing data combined with information from in-situ observations helps

in the detection and extraction of polluted components in water, and accurate
measurements of pollution levels in large regions ensures objectivity for methods of
analysis.

This book discusses all methods, algorithms, and models that process and measure
concentrations of pollutants. This publication will be valuable to marine biologists
and environmentalists concerned with marine pollution and monitoring methods.

Houma Bachari Fouzia
National Higher School of Marine Sciences and Coastal Management,
Algeria



Chapter1

Introductory Chapter: Marine
Monitoring Pollution

Houma Fougia, Boufeniza Redouane Larbi, Adem Amina,
Chabi Naceva and Bachavi Nour El Islam

1. Introduction

Monitoring the quality of the marine and coastal environment combines activi-
ties of various kinds and is defined as a type of activity that can be exercised on
aregulatory basis (this is a control) or to evaluate levels or trends for a scientific
study. This definition made it possible to clarify later, after a good number of
debates, the definition of the monitoring objectives. It was at the origin of the
extensive definition produced by the Oslo and Paris Conventions (the OSPAR
Convention), which constitutes the most current reference: “continuous monitor-
ing is the repeated measure of the quality of the marine environment and of each
of its compartments, namely, water, sediment and living environment; natural or
anthropogenic activities or inputs that may affect the quality of the marine environ-
ment; and the effects of its activities and contributions” [1].

Monitoring of the coastal and marine environment in particular requires the
study of water (physical chemistry, temperature, salinity, oxygen, bacteriology,
etc.), the sediment (grain size, micro, etc.), and living (benthos, plants, magnolio-
phytes, algae, fish, coral, biomonitoring, bioindicators). The methods and means of
analysis and monitoring features of the marine and coastal environment (physical
and chemical parameters, pollutants, nutrients, etc.) are numerous. Measurements
are essential for understanding and interpreting data to accomplish the goals of
surveillance [2].

The study of environmental pollution implies as a precise knowledge as possible
of the distribution of pollutants in ecosystems and their effects on living organisms.
Sometimes, it is customary to distinguish between a chemical monitoring whose
purpose is to determine the level of contamination by a particular pollutant biotope
and biomass and other biological monitoring which aims to assess the impact at
a given moment or time of environmental pollution on exposed populations and
communities. Since the critical level of ecotoxicological concentration-response
relationship to a given pollutant is known, it will subsequently be possible to estab-
lish environmental protection standards for the pollutant under consideration.

2. Monitoring of general quality parameters
2.1 Enrichment and eutrophication parameters
This monitoring only covers water bodies. The basic parameters are tempera-

ture, salinity, nutrients (nitrate, nitrite, ammonium, phosphate), chlorophyll a,
and pheopigments. On some sites, dissolved oxygen and silicate are also measured.
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Analysis and determination of concentrations of pollutants environment can track
their transfer to coastal waters.

The enrichment of water by nutrients, especially nitrogen and/or phosphorus, causes
an accelerated growth of algae and higher forms of plant life to produce an undesirable
disturbance to the balance of organisms present in the water and to the quality of water
concerned. Thus, due to massive chemical inputs (agriculture, detergents, etc.), enrich-
ment can lead to eutrophication. Therefore, it is important to follow the control param-
eters of this evolution (COD, BODS5, chlorophyll, organic matter, turbidity, etc.) [3].

Also, the optical properties (wavelengths of absorption and diffusion) of sus-
pended particles are similar to those of chlorophyll pigments. The turbidity causes
a loss of the luminous flux (by absorption or diffusion) in the water mass, which
makes its quantification by modulation of its spectral signal a very important point
for a better estimation of the Chl-a by satellite.

2.2 Chemical contaminants
2.2.1 Heavy metals

This contamination due to the presence of heavy metals and elements contami-
nating the biosphere, lead, as well as cadmium, arsenic and mercury, which is the
most worrying of these pollutants. The contribution of the chemical species results
in a more or less important contamination, that is to say a level of concentration
above the normal, or a level at least detectable.

Contaminants are most often measured in living matter (shellfish and fish),
in sediment, but sometimes also in water or suspended matter. The toxicity of
a metal depends on its concentration in relation to the need and the tolerance
of the organisms. At excessive concentrations, even trace elements can become
toxic [4].

2.2.2 Hydrocarbons and PCB

The behavior of hydrocarbons at sea is complex: it obeys many physical and chemi-
cal processes. The oil is spreads on the surface of the sea (voluntarily or accidentally),
and floats under the influence of its own weight, and the forces exerted on it are the
current and the wind. These forces will also combine to move the tablecloth.

Over time, the lighter components of the oil will evaporate, and some will
dissolve in the water. The waves, by their agitation, will cause a dispersion of tiny
droplets in the water column or cause the formation of an emulsion of water and oil,
which will stay on the surface.

The rate at which these different physicochemical phenomena occur is a func-
tion of the nature of the oil, wind speed, wave height, and temperature. When
pollution occurs, it is very useful for surveillance teams to know how it will evolve.
To do this, prediction models are used based on available information on pollution.
These models also use weather and hydrodynamic forecasts. In marine ecosystems,
PAHs and PCBs are bioavailable to fish and invertebrates (especially mollusks) not
only from water and suspended matter in water but also from sediment [5].

3. Monitoring of biological effects
Monitoring biological effects aims to assess the health status of marine flora and

fauna by measuring the response of these organisms to disturbances in the quality
of the environment.
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The microbiology of seawater concerns all microscopic living organisms
(bacteria, viruses, fungi, etc.). The search for microorganisms can be done in
water or shellfish as needed. Oysters and mussels are the most used ones (filtering
organisms).

Fecal coliforms are used as indicators of fecal contamination of the water
environment (freshwater and marine waters) and also indicative of a probable
presence of pathogenic microorganisms. They are most often taken into account
in surveillance. Bacteriological analysis is a means of determining the quality of
seawater.

4. Environmental monitoring: satellite observation

Satellite remote sensing is considered a promising technique for studying some
phytoplanktonic algae because of its advantages of large-scale, real-time, and long-
term monitoring; the application of statistical models in the field of remote sensing
is an indispensable tool. The main objective of this study was to quantify the spatial
distribution, and develop empirical models, and detect phytoplankton algal bloom
phenomena (diatoms and dinoflagellate), transparency of water, turbidity of sea,
coastal pollution, chlorophyll, suspended matter, and hydrocarbons with remote
sensor satellites.

Detection of changes in transparency of the water column is essential for under-
standing the responses of marine organisms to the availability of light. Water trans-
parency models determine long-term geographic and depth distributions, while
acute reductions cause short-term stress, potentially mortality, and may increase
the vulnerability of organisms to other environmental factors. Several studies have
shown that monitoring water clarity, which is well correlated with water quality, is
a good way to manage water quality; however, it is impossible to monitor the clarity
of water in a large area for long periods.

Also, thermal pollution of marine water adversely affects the local environment
and ecosystems due to consequent rise in water temperature [5].

5. Aims of this book

Surveillance provides some of the scientific basis for standard development and
application. The methodology of marine pollution control is governed by algo-
rithms and models.

A monitoring strategy should be put in place, coupled with an environmental
assessment concept, through targeted research activities in areas identified at the
local and regional level. This concept will make it possible to diagnose the state of
“health” of these zones and consequently to correct the anomalies.

6. The main objectives are:
6.1 Task I: ecological monitoring

Analysis and determination of environmental concentrations of pollutants and
their transfer to coastal waters involves the developing ecological parameters to
detect changes in ecosystem health. This includes new research on the field ecologi-
cal status of species in addition to conventional monitoring and assessment of the
ecological status of coastal waters.
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6.2 Task II: risk assessment

The application of risk assessment techniques will make it possible to evaluate
the impact of substances on the marine ecosystem.

Using bioaccumulation and biomagnification measurements, the potential
effects of pollutants detected on humans and local populations of common terns
will be assessed.

6.3 Task III: development of marine environmental management and monitoring
tools

In this phase, integrated risk assessment procedures are developed for the assess-
ment of the impact of pollutants on human health and the environment. Other tools
for monitoring and mapping marine pollution are integrated into a marine informa-
tion system that manages pollutant databases and simulations obtained by high-
resolution temporal and spatial satellite imagery (maps, satellite images, pollutant
concentration, hydrodynamic parameters, physicochemical parameters, phytoplank-
ton, sea color, chlorophyll, temperature, turbidity, suspended matter, coastal bathym-
etry, salinity, etc.). The result of monitoring is a computerized decision support tool
that meets the objectives of managers [6].
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Chapter2

Detection and Monitoring of
Marine Pollution Using Remote
Sensing Technologies

Sidrah Hafeez, Man Sing Wong, Sawaid Abbas,
Coco Y. T. Kwok, Janet Nichol, Kwon Ho Lee, Danling Tang
and Lilian Pun

Abstract

Recently, the marine habitat has been under pollution threat, which impacts
many human activities as well as human life. Increasing concerns about pollution
levels in the oceans and coastal regions have led to multiple approaches for measur-
ing and mitigating marine pollution, in order to achieve sustainable marine water
quality. Satellite remote sensing, covering large and remote areas, is considered
useful for detecting and monitoring marine pollution. Recent developments in
sensor technologies have transformed remote sensing into an effective means of
monitoring marine areas. Different remote sensing platforms and sensors have their
own capabilities for mapping and monitoring water pollution of different types,
characteristics, and concentrations. This chapter will discuss and elaborate the
merits and limitations of these remote sensing techniques for mapping oil pollut-
ants, suspended solid concentrations, algal blooms, and floating plastic waste in
marine waters.

Keywords: remote sensing, water pollution detection and monitoring, optical
sensors, oil spill, algal blooms, chlorophyll-a, suspended sediment concentration,
marine plastic litter

1. Introduction

The oceans act as a natural sink for carbon dioxide and other greenhouse gases.
However, anthropogenic activities have severely polluted the marine environment
in the past few decades. Pollutants including plastic, oil, toxic chemicals, radioactive
waste, and domestic and industrial sewage can be found in marine waters. Marine
pollution is also caused by the discharge of sewage into rivers and excessive nutri-
ents entering marine waters from agricultural fertilizers and pesticides [1]. These
pollutants have adverse impacts on marine ecosystem including but not limited
to sensitive coral reefs, mangroves, and aquaculture [2]. Therefore, in addition to
reducing pollutant flow into oceans, it is essential to map and monitor marine pol-
lutants to ensure a sustainable marine ecosystem.

Scientists and researchers have been working on detailed ocean monitoring
for a sustainable blue economy. A variety of sensing systems are now available

7 IntechOpen
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for ocean monitoring including autonomous underwater vehicles (AUVs),
profiling floats, gliders, drifters, volunteer measurements from ships, and
sensing nodes with cable networks [3]. These approaches to marine monitoring
usually measure temperature, conductivity, pH, salinity, dissolved oxygen,
fluorescence due to chlorophyll, turbidity, and color dissolved organic matter
(CDOM). The most common approach for marine pollution measurements is to
use conventional method of collecting in situ water samples using boats/ships
from different depths of water with water samplers. The water samples are
analyzed in the laboratory to determine the physical and chemical properties
of the water. Such methods are accurate but time-consuming and geographi-
cally constrained and require trained professionals and laboratory analysis.
However, real-time or near real-time measurements of marine pollutants and
toxins across a range of spatial scales are necessary for monitoring and manag-
ing the environmental impacts and understanding the processes governing
their spatial distribution [3].

To overcome these problems, remote sensing technology provides spatially
synoptic and near real-time measurements that can be effectively used to detect,
map, and track many pollutants such as oil and chemical spills, algal blooms, and
high suspended solid concentrations. Aerial and satellite remote sensing has been
demonstrated as an effective tool in detecting and mapping pollutant spills and for
providing useful input data for oil spill models, to track pollutants through space
and time [4-6]. An added advantage of remote sensing is that it provides informa-
tion from remote areas. However, existing remote sensing technology still has some
limitations, such as estimating pollutants over the vertical dimension of the water
column.

The initial premise of watercolor remote sensing was to determine optical water
quality variables such as chlorophyll-a (Chl-a) concentration, diffuse attenuation
coefficient, and water-leaving radiance spectra [7]. The optical properties of water
depend on many factors, e.g., suspended organic and inorganic particles and dis-
solved substances. There have been many successful applications of using remote
sensing sensors for water color monitoring. The coastal zone color scanner (CZCS),
having a spatial resolution of 825 m for six spectral bands from 443 to 750 nm, was
the earliest satellite sensor designed and launched in 1978 specially to study ocean
color. The sea-viewing wide field-of-view sensor (SeaWiFS) was the successor
to CZCS with a spatial resolution of 1.1 km for eight spectral bands from 402 to
885 nm. Currently, many satellite sensors provide ocean color data for marine moni-
toring such as the moderate resolution imaging spectroradiometer (MODIS), the
geostationary ocean color imager (GOCI), the visible infrared imager radiometer
suite (VIIRS), the ocean and land color imager (OLCI), the Landsat operational
land imager (OLI), and the Sentinel-2 multispectral instrument (MSI), all of which
have suitable spectral and spatial resolutions capable of detecting marine pollutants
and other water quality parameters (Table 2).

In order to track marine pollutants, prior understanding of marine dynamics
is important, such as ocean current direction and magnitude, direction and speed
of surface winds, sea surface temperature (SST), and sea surface salinity (SSS).
Remote sensing now provides multiple satellite and airborne sensors to acquire
information about marine dynamics over the vast marine regions. Apart from opti-
cal data, scanning radiometers and microwave sounders measure SST data, altim-
eters collect wave height data, and synthetic aperture radar (SAR) can measure the
sea surface roughness patterns from which information on sea surface winds can be
derived [31]. These datasets are of critical importance for detection and tracking of
pollutants.
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2. Remote sensing of water monitoring

Remote sensors capture the response of the electromagnetic interaction with
water (Figure 1). Absorption and scattering are inherent optical properties (IOP)
of water; and variations in IOP change the reflectance of water which is captured
by a remote sensing sensor, and this is known as the apparent optical properties
(AOP) of water (Figure 2). Reflection, absorption, and transmittance of electro-
magnetic radiation are highly dependent on the concentrations, types, and presence
of substances in water. Total absorption is the sum of absorption by phytoplankton
(microalgae), non-algal pigments (NAP), color dissolved organic matter (CDOM),
and absorption by water, whereas light scattering by water is mainly controlled
by suspended sediments (SS) present in water. Hence, ocean color represents the
responses in , green, and red region, and data can be used to estimate the concen-
trations of water constituents [7].

Generally, clear water has low reflectance in the visible spectrum and has
no reflection in near infrared (NIR) region, as it is absorbed by clear water.
However, high reflectance measurements in red (600-700 nm) and NIR region
(750-1400 nm) show a strong correlation with SS concentrations. A high con-
centration of suspended sediments blocks the transmittance to and from lower
depths and therefore increases reflectance from the water surface. Similarly, high
concentrations of chlorophyll (a photosynthetic pigment in phytoplankton and
macroalgae) in water cause high reflectance in the green region (500-600 nm)
and high absorption in the blue and red regions due to photosynthetic activity
(Figure 2).

A portion of absorbed incident energy by the earth’s features is also re-emitted
in the thermal infrared region of the electromagnetic spectrum. Many satellite
sensors such as MODIS, VIIRS, the advanced very high-resolution radiometer
(AVHRR), and the sea and land surface temperature radiometer (SLSTR) measure
the emitted thermal energy to determine sea surface temperature (SST). SST is an
important parameter for understanding ocean water circulation. In case of large oil
spills, these data can be effective for pinpointing the oil spilled areas, as they appear
cooler than water surface due to their lower emissivity [31].

Figure 1.

Intevaction of light with the water surface. a is absorption (ayy,, absorption by phytoplankton; a,ay, absorption
by non-algal pigments; acpom, absorption by color dissolved ovganic matter; and a,, absorption by water), b
is backscattering (by, backward scattering; by forward scattering), R, is vemote sensing reflectance vecorded by
sensor, E, is downwelling ivvadiance, L, is upwelling radiance, and L, is water-leaving radiance [32].
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Figure 2.
Reflectance (Ry;) by clear water (blue), water with chlorophyll content (green), water with CDOM (black),
and sedimented water (orange) [32].

Fluorescence is another type of energy emitted by a substance when it comes to
alower energy level from a higher energy level. The emitted energy is in a longer
wavelength than the excitation wavelength. Algae absorb visible light for the
photosynthesis process and emit excessive energy in the form of fluorescence signal
(681 nm, the fluorescence band) when chlorophyll molecule comes to the non-
excitation state during the photosynthesis process. The fluorescence can be detected
by optical sensors with fine spectral resolution in the far-red and NIR and has a
potential source for monitoring changes in the photosynthesis process in plants.
Furthermore, in laser fluorometry, laser light is used to excite molecules [33]. This
technique is common to detect oil and chemical spills [31].

2.1 Remote sensing platforms and sensors for water monitoring

There are now several remote sensing platforms for monitoring water pollutants,
and they can be categorized into two types: airborne and spaceborne.

2.1.1 Airborne sensors

An aircraft flies at relatively low altitudes (a few hundred meters to a few
kilometers above the surface); therefore, the acquired data always have higher levels
of detail. Airborne data are particularly useful for real-time monitoring of oil and
chemical spills. Four common airborne sensors used for spill surveillance [34] are
listed below:

i. Infrared/ultraviolet line scan (IR/UVLS)
ii. Side-looking airborne radar (SLAR)

iii. Microwave radiometer (MWR)

iv. Laser fluorosensor (LF)

10
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Airborne hyperspectral sensors with fine spatial resolution are able to cap-
ture detailed spectral variations. Therefore, they help to select the appropriate
spectral region to study a specific water quality parameter, design satellite sen-
sors, and improve already developed algorithms. Some airborne hyperspectral
sensors particularly useful for studying coastal/river water quality are described
in Table 1.

2.1.2 Spaceborne sensors

Spaceborne sensors can cover extensive and remote areas for water quality
monitoring. Optical spaceborne sensors used for marine monitoring are mostly in
sun-synchronous orbit; only GOCI, designed specifically for marine monitoring, is
placed in geostationary orbit. The spatial coverage of these sensors ranges from tens
to hundreds of kilometers, and the temporal frequency is from hourly to weekly
monitoring.

Many algorithms have been developed to retrieve water quality information such
as primary productivity, Chl-a variability, SS, total suspended solids (TSS), turbid-
ity, total nitrogen, total phosphorus, CDOM, and SST. Table 2 shows the satellite
sensors most used for the study of water quality parameters related to marine pol-
lution. The major application areas of active spaceborne sensors include, but are not
limited to, sea surface currents, oil spills, biogenic films (algal blooms), and river
plumes (Table 5).

Sensor Manufacturer Number Spectral Spatial Studied parameter
of bands range resolution
(nm) (m)
Airborne visible NASA Jet 224 400- 17 Bottom albedo,
infrared imaging Propulsion 2500 water absorption,
spectrometer Lab backscattering
(AVIRIS) coefficients [35],
Chl-a, CDOM, TSS
[36]
HyMap Earth Search 128 400- 3-10 Heavy metals [37]
Sciences Inc. 2500
Portable NASA Jet — 350- 0.3 Sediment, CDOM,
remote imaging Propulsion 1050, chlorophyll
spectrometer Lab SWIR fluorescence [38]
(PRISM) band turbidity, Chl-a,
(1240 dissolved organic
and carbon [39]
1640)
Airborne prism VITO 313 VIS and 2-5 Chlorophyll
experiment (Belgium) NIR fluorescence, SS
(APEX) (380- [40]
970),
SWIR
(970-
2500)
Table 1.

Hyperspectral airborne sensors used in water quality assessment.
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Satellitesensor ~ Launch date Spectral bands Spatial Swath Marine
(nm) resolution width parameter
(m) (km) accessed

Satellite sensors with moderate spatial resolution

Landsats 4 and 1 March 5 (450-1750), 1 30-120 185 Chl-a, SS, Secchi
5TM 1984 (2080-2350), and 1 depth [8]
(1040-1250)
Landsat 7 15 April 6 (450-1750), 1 15-30-60 183 Chl-a, SS, Secchi
ETM+ 1999 Pan (520-900), 1 depth, turbidity
(2090-2350), and 1 [9]
(1040-1250)
Terra Aster 18 December 3 (520-860), 6 15-30-90 60 Chl-a [10]
1999 (1600-2430), and 5
TIR (8125-11,650)
EO-1 November (443-2350) 30 Turbidity [11],
ALI 2000 SS [12]
EO-1 Hyperion 1 November 242 (350-2570) 30 75 Chl-a, SS, CDOM
2000 [13,14]
PROBA CHRIS 22 October 19 (400-105) 18-36 14 Chl-a,
2001 phycocyanin

[15] behenic
macroalgae [16]

HICO 10 128 (350-1080) 100 45-50 Chl-a, turbidity,
September CDOM [17], SS
2009 [18]
Landsat 8 OLI/ 11 February 1 cirrus cloud 15-30-100 170 Chl-a, SS,
TIRS 2013 detection (1360- turbidity, TN, TP
1380), 5 (430-880), [19]

1 Pan (500-680), 2
(1570-2290), 2 TIRS
(10,600-12,510)

Sentinel-2 MSI 23 June 2015 8 (490-865), 1(443) 10-20-60 290 Chl-a, CDOM,
coastal aerosol, and DOC [20], SS [21]
3 (1375-2190)

Satellite sensors for regional coverage

Orb View 2 1 August 8 (402-885) 1130 2806 Chl-a [22]
SeaWiFS 1997
Terra, Aqua 18 December 2 (620-876), 5 250-500—- 2330 Chl-a, CDOM SS
MODIS 1999 (459-2155), 29 100 [23], turbidity
(405-877), and [24], TP [25]

thermal
ENVISAT-1 1 March 15 (390-1040) 300-1200 1150 Chl-a, SS [26, 27]
MERIS 2002
GOCI 26 June 2010 8 (412-865) 500 2500 Chl-a, SS,

turbidity [28]
Suomi NPP 28 October 5bands (640-1145), 375-750 3060 Chl-a [29]
VIIRS 2011 16 bands
(412-12,013), DNB
(500-900)
Sentinel-3 16 February 21 (400-1020) 300 1270 Chl-a, SS, CDOM,
OLCI 2016 and Secchi depth
[30]
Table 2.

Satellite sensors mostly used to vetrieve marine water quality parameters.
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3. Remote sensing for marine monitoring
3.1 Chlorophyll (Chl-a) and algal blooms

Most algal species are nontoxic and are always present in coastal and open
oceans. Planktons are the base of the marine food chain [22]. But, algae do not have
to produce toxins to be harmful to the environment. The accelerated growth of
algae produces a large amount of biomass which blocks sunlight and produces an
anoxic or hypoxic condition (dissolved oxygen is depleted from the water column),
which is hazardous to marine life. Algal blooms also affect coastal operations such
as movement of ships, coastal tourism, and coastal sports (Figure 3). Algal blooms
can persist from a few days to more than a month and spatially they may extend
from a few meters to tens of kilometers.

The impact of algal blooms on marine life depends largely on the algal species
involved. In situ field data collected using vessels are important for determining the
algal species and level of toxicity during the bloom. However, field data are always lim-
ited for estimating the spatial extent as well as the dispersion. Detection of algal bloom
by estimating the Chl-a concentrations using satellite imagery has been well-researched,
as remote sensing has been used to observe ocean primary productivity since the launch
of CZCS in 1978. High spatial and temporal resolutions are the main requirements of
remote sensing data to study the variability in ocean and coastal Chl-a. By comparing a
time series of satellite images, researchers can evaluate the spatial and temporal varia-
tions in Chl-a concentration during the bloom. This can also help to understand the
dynamics of blooms. However, there are still certain conditions for using optical remote
sensing to detect Chl-a, including (i) no or low cloud cover, (ii) the bloom should be
near to the surface, and (iii) the bloom must cause the coloration of the water.

Optical remote sensing can observe the coloration of water due to algal pig-
ments. In the open ocean, the color of water is mainly determined by phytoplank-
ton; hence, it is relatively simple to develop algorithms using a bio-optical approach
and remote sensing reflectance [22]. In the open ocean, Chl-a can be retrieved
from the ratio of blue and green wavelengths as Chl-a absorption is sensitive to
blue wavelength and reflectance peak occurs in the green wavelength region [22].
However, in coastal waters, the color of water also depends on organic matter
such as NAP, CDOM, and inorganic solids, and consequently it is more complex
to determine accurate Chl-a concentrations in coastal/turbid waters. Researchers
have demonstrated that waters with increased Chl-a concentrations show a lower

Figure 3.

Spread of green algae along the coast of Qingdao in 2008, when summer Olympics was planned in this coast
(source: Corey Sheran/Flickr) (right) and algae visible in MODIS false color image (shortwave, NIR, and Red)
(source: MODIS rapid response project at NASA/GSFC) (left).

13


http://dx.doi.org/10.5772/intechopen.81657

Monitoring of Marine Pollution

spectral response at short wavelengths especially in the blue wavelength regions
[41]. This is due to increased absorption of red and blue wavelengths during
photosynthetic process. Figure 4 shows the reflectance of water with increasing
Chl-a concentrations. Thus, in coastal waters, the red/NIR ratio is more effective for
retrieval of Chl-a due to the presence of suspended solids and the increased spectral
response of Chl-a pigments at longer wavelengths [43].

Narrow spectral bandwidth is a necessity for accurate retrieval of Chl-a concentra-
tions [7]. The height of the spectral peak between 700 and 710 nm is used as a proxy
for phytoplankton biomass [44]. Many researchers have used broad wavelength data
(i.e., Landsat, HJ-1A/1B) as input to regression and neural network approaches for
estimating Chl-a, achieving reasonable accuracy (70-90%) [9, 19, 45, 46].

Table 3 shows some studies and datasets used to study Chl-a in marine regions. Lim
and Choi [19] found that green and NIR bands of OLI are highly correlated with
Chl-a (R = 0.71) in Korean waters. Nazeer and Nichol [46] also used the red/blue
ratio to retrieve Chl-a with high accuracy (R = 0.85). Gurlin et al. [43] calibrated
three models for Chl-a concentrations from 0 to 100 mg m ™ using two bands (red
and NIR) of MERIS and MODIS reflectance data. They found that a simple two-band
model achieved a higher accuracy than a complex three-band model. Moses et al. [51]
also calibrated a red-NIR algorithm for high Chl-a concentrations in productive turbid
waters. Figure 5 shows Chl-a concentrations in highly turbid Pearl River Estuary and
connecting rivers, derived using high-resolution MSI data with the method of Moses
et al. [51].

Recently, machine learning approaches taking advantages of reflectance in
all bands have also been applied using Landsat [45, 52] and GOCI data [28]. Our
work also shows the potential use of Landsat TM, ETM+, and OLI with a machine
learning approach to estimate Chl-a in coastal waters (Figure 6). We have evalu-
ated three machine learning models to estimate Chl-a in the coastal waters of Hong
Kong, of which artificial neural networks (ANN) performed best resulting in
higher R (0.91) and lower RMSE (1.4 pg/L) than models based on support vector
regression (SVR) and random forest (RF) algorithms. Chlorophyll indices such as
the cyanobacteria index [53], maximum chlorophyll Index [54], and maximum
peak height algorithm [55] have been demonstrated the robustness for detecting
algal blooms and surface scum in coastal waters. Lunetta et al. [56] described the
potential of using cyanobacteria index to measure cyanobacteria cell counts in
bloom situations using MERIS data. Nazeer et al. [57] used board waveband band
data (Landsat TM, ETM+, and HJ-1A/1B CCD) along with meteorological data
as inputs to an artificial neural network model to map phytoplankton cell counts
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Figure 4.
Changing spectral response of water with different levels of chlorophyll concentration [42].
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Band combination Sensor Reference
All bands (neural network and other machine learning methods) GOCI [28]
TM, SAR (45]
Multiple bands and their ratios (multiple regression) OLI band (2-5) [19]
OLCI [30]
™ (8]
HICO (17]
Blue (400-500 nm) and green (500-600 nm) ratio In situ [22]
Blue (400-500 nm) and red (600-700 nm) ratio TM, ETM+, HJ-1A/1B [9, 46]
CCD
Green (500-600 nm) and red (600-700 nm) ratio ™ [47]
In situ (0.70/0.56 pm) [44]
Red (600-700 nm) and NIR (700 pm-900 pm) ratio MERIS, MODIS [43]
HICO (48]
Using a single band Green (500-600 nm) Daedalus Airborne [49]
Thematic Mapper
Red (600-700 nm) AVHRR [50]
Table 3.

Methods used to retrieve Chl-a using vemote sensing data in the viver and marine waters.
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Chl-a concentration observed in the Pearl River Estuary and its connecting rivers on 31 December 2017.

during a bloom in the complex coastal waters of Hong Kong and validated the

model in two lakes in the United States and Japan.

Synthetic aperture radar (SAR) data can also be used to detect large algal blooms
in cloudy weather as algal blooms may appear as an area of low backscatter com-
pared to surrounding water surfaces [50].
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Figure 6.

Comparison of measured and predicted values from three machine learning models. (a) Chl-a concentration
using artificial neural network, (b) Chl-a concentration using support vector regression, and (c) Chl-a
concentration using random fovest.

3.2 Turbidity, total suspended sediments, and stormwater runoff plumes

Turbidity is an optical property of water and is highly influenced by concentra-
tions of suspended and dissolved organic and inorganic materials in water, includ-
ing Chl-a, SS, and CDOM. SS is mainly responsible for the light scattering, whereas
CDOM and Chl-a control the light absorption properties of water [58].

Turbidity and TSS are two important variables of marine systems studies
because of their direct linkages with photosynthetically available radiation, which
affects the growth of plankton and other algae [41]. Turbidity has also been used
to measure fluvial SS concentrations in rivers and river plumes [59]. These fluvial
SS loads are rich in nutrients and considered a cause of eutrophication. So, it is
vital to have time series records of suspended sediment concentrations for better
understanding of land-ocean interactions. High SS loads negatively affect aqua-
culture [59] and are hazardous to benthic invertebrates [60]. These parameters are
also associated with the diffuse attenuation coefficient (penetration of light, in the
blue-green region of the spectrum, through water column) and Secchi disk depth (a
measure of water transparency) [41]. For all these reasons, turbidity and TSS con-
centrations are considered to be critical parameters in the study of marine systems.

Ocean color remote sensing techniques are widely used to monitor spatiotem-
poral variations in SS concentration and for mapping of water turbidity. Figure 7
shows the changes in ocean color due to high sediment loads in the Yangtze River
Estuary [60] and the Pearl River Estuary [61]. It is suggested that an algorithm
using single bands provides a good estimation of TSS concentrations if an appro-
priate band is used [62]. Moreover Novo et al. [63] and Curran et al. [64] have
demonstrated that a single-band approach may be adopted when water reflectance
in the single band has a linear relationship with TSS concentrations. However,
coastal water often consists of a complex mixture of substances and results in large
variations in reflectance. In this case, multiple spectral bands should be adopted
for TSS retrieval [62, 65, 66]. These methods using band arithmetic can achieve
high accuracy around 80% for retrieving TSS concentrations in complex waters
[67, 68]. The peak of the reflectance curve shifts from the green region to the red
region with increasing concentration of dissolved and suspended matter; and water
starts reflecting significantly in NIR region [21] (Figure 8). For water with high
TSS concentrations, the spectral region between 600 and 900 nm should be used.
Several studies using Landsat TM, ETM+, and OLI show that the blue, green, red,
and NIR bands are useful for the determination of TSS [8, 19, 68-70]. Literature
also shows that TM, ETM+, OLI, and MODIS are the most frequently used sensors
for developing algorithms to study seasonal TSS variability in coastal and estuarine
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Figure 7.

Terra-MODIS true color image, captured on 16 September 2000, shows the sediment plume of the Yangtze
River Estuary (left). The Sentinel-2 true color image, captured on 31 December 2017, shows high sediment
concentrations in the Pearl River Estuary (vight).
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Figure 8.
Remote sensing reflectance (R,;) spectra of water containing different suspended solid concentvation
(mg/L) [21].

areas, due to the large amount of archived remote sensing data [24, 71, 72]. The
recently launched MSI sensor onboard Sentinel-2A and Sentinel-2B provide high
spatial resolution of 10-20 m with a high temporal resolution of 5 days. The high
spatial resolution (10 m) red and NIR bands are capable of routine monitoring of
TSS concentration and turbidity in narrow bays, rivers, and inlets. Figure 9 shows
the suspended matter concentrations, and Figure 10 shows turbidity in the Pearl
River Estuary and connecting rivers using MSI data with algorithms of Nechad et al.
[62] and Nechad et al. [73], respectively.

Methods and algorithms for estimation of TSS and turbidity have been evolved
from simple methods such as linear/nonlinear regression and principal component
analysis (PCA) to relatively complex techniques such as genetic algorithms and
ANN. Nazeer and Nichol [68] initially developed a regression model resulting
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Figure 9.

High levels of suspended matter concentration were observed in the Pearl River Estuary and its connecting
rivers on 31 December 2017.

in an RMSE of 2.60 mg/L. Later, Nazeer et al. [52] evaluated the potential of a
machine learning model for estimating TSS in the complex coastal area of Hong
Kong achieving an RMSE of 4.59 mg/L. Our work of machine learning models with
Landsat TM, ETM+, and OLI data in the same area also shows promising results
for estimation of TSS (Figure 11). In our work, ANN outperformed the other two
machine learning approaches, SVR (support vector machine) and RF (random
forest), resulting in the lowest RMSE of 2.8 mg/L. Table 4 includes some studies
and methods used to study TSS in rivers, bays, estuaries, and relatively open coastal
waters.

Stormwater runoff is also a large source of marine pollution as runoffs and
pollutants from the urban watershed enter into the coastal environment after
rainstorms. Stormwater runoff and municipal wastewater plumes may sometimes
be overlooked due to persistent cloud cover in optical imagery. These types of
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High levels of turbidity were observed in the Pearl River Estuary and its connecting rivers on 31 December 2017.
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Comparison of measured and predicted values from three machine learning models. (a) TSS concentration
using artificial neural network, (b) TSS concentration using support vector regression, and (c) TSS
concentration using random fovest.
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Band combination Sensor Reference
All bands (neural network and other machine learning methods) GOCI [28]
Landsat TM, [52]
ETM-+, OLI, HJ-1
A/BCCD
TM, SAR [45]
Multiple bands and their ratios (multiple regression) Landsat OLI [19]
band (2-5)
Landsat ETM + [9]
Multiple green (500-600 nm) and red (600-700 nm) ratio Landsat TM, [68]
ETM+
Green (500-600 nm) and red (600-700 nm) ratio HJ-1A/1B CCD [67]
Red (600-700 nm) and NIR (700-900 nm) ratio MODIS [65]
Single band algorithms Green (500-600 nm) SeaWiFS [58]
EO-ALI [12]
Red (600700 nm) Landsat TM, [47, 68]
ETMs+, HJ-1

AVHRR, SeaWiFS [58]

MODIS, MERIS, [24, 62, 65]
SeaWiFS
HICO [17]

NIR (700-900 nm) MODIS, MERIS, [62]
SeaWiFS

Table 4.
Methods used to retrieve TSS using remote sensing data in marine waters.

runoff are often detectable via SAR as they deposit surfactants on the sea surface,
smoothing the small gravity waves and thus producing an area of low backscatter in
comparison to the surrounding sea surface [74]. DiGiacomo et al. [74] used high-
resolution SAR to monitor such plumes in the Southern California Bight. In their
study, the dynamics of runoff plume was modeled using SAR images together with
meteorological data as a function of cumulative event discharge, timing of the peak
flow, and total storm precipitation. Holt et al. [75] used multi-platform SAR data
along with MODIS and precipitation data to study a stormwater plume and its flow
direction.

3.3 Oil spill

A large oil spill from tankers causes not only significant economic loss but also
destruction to the aquatic ecosystem. After the spill, oil undergoes several processes
such as spreading, evaporation, dissolution, drifting, photolysis, biodegradation,
and the formation of oil-in-water and water-in-oil emulsions [76].

Owing to the dynamic spreading nature of the spill, both remote and station-
based sensors are essential for comprehensive and effective monitoring. Airborne
survey of an oil spill can be carried out by side-looking airborne radar (SLAR), laser
fluorosensor (LF), and ultraviolet and thermal infrared video cameras. Ultraviolet,
microwave, thermal, and optical airborne sensors all exhibit the ability to detect
oil spills [6]. Ultraviolet sensors are sensitive to oil thickness of 0.01-0.05 pm. Oil
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appears as a bright target in this region of the spectrum, and brightness increases
with the thickness of the oil. Optical sensors can measure thicker oil (2-500 pm)
and are able to detect oil dispersed in water, whereas thermal infrared sensors
measure oil with a thickness of about 10-50 um [34]. Airborne LF and microwave
radiometers (MWR) are considered to be the most appropriate sensors for oil spill
detection. SLAR, ultraviolet, and thermal video cameras were used to identify areas
of thick oil during the Sea Empress oil spill in 1996. Oil also undergoes weathering
and aging. Multispectral satellite images, taking advantage of fluorescence charac-
teristics of oil, can detect spills and assess the levels of weathering of the oil [31].
Spaceborne synthetic aperture radar (SAR) is commonly used for ocean pollu-
tion monitoring, especially oil spills. Table 5 includes some SAR-equipped satellites
used for oil spill detection. The advantage of SAR is the capability to take measure-
ments during all day and all-weather conditions. Therefore, they are considered
superior to optical sensors in this application [5]. The spreading trend of oil highly
depends on wind direction and speed. An oil spill would break up and disperse
if the wind speed is greater than 10 m/s [74]. DiGiacomo et al. [74] used ERS-2
SAR and RADARSAT-1 SAR images to map oil spills in the Southern California
Bight. Shirvany et al. [77] evaluated the potential of different polarizations using
RADARSAT-2 data for oil spill detection in the Gulf of Mexico. In another study,
ENVISAT data was used effectively as an input to a hydrodynamic model to track
the fate of oil after the Kerch Strait oil spill in 2007 [78]. Figure 12 shows an inci-
dent of large oil spill on the Galicia coast [79] and the Korean coast [80] for which
spaceborne SAR data was used to access the coverage areas and the damage caused
by the spills.

3.4 Marine plastic and coastal litter

With the increasing amount of marine plastic litter, its adverse chemical,
biological, and ecological impacts on the marine ecosystem have raised the public
concerns [81]. It is estimated that 4.8-12.7 million metric tons of plastic is dumped
in the sea every year [82] due to increased use of plastic in industry and daily life
[83, 84]. Although some surveys have been undertaken [85] to estimate the density
and weight of floating plastic in the oceans globally, there is a lack of long-term and
large-scale monitoring.

Some research has been conducted using remote sensing technology for the
detection of floating marine plastic [86]. However, this research domain is still in
its early stages. The reflectance from water captured by sensors is different from
that of floating plastic objects. There are several reasons for this, (1) the physical
properties of water are different from that of plastic, and they have significant
distinct reflectance; (2) the transmitting ability of light through water is different

Satellite sensor Operation
Sentinel-1A 2014, operating
Sentinel-1B 2016, operating
TerraSAR-X 2007, operating
ENVISAT advanced synthetic aperture radar (ASAR) 2002, not operating
RADARSAT-1 1995, not operating
European remote sensing (ERS) satellites: ESR-2 1995, not operating
Table 5.

Active spaceborne sensovs mostly used in oil spill detection.
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Figure 12.

(a) ASAR wide-swath image of northwest coast of Spain, captured on 17 Nov 2002, at 10:45 UTC showing oil
from the wrecked tanker approaching Spanish coast (source, ESA), (b) ASAR image of South Korea, captured
on 11 Dec 2007, at 01:40 UTC, showing oil spill from 146,000 ton damaged crude oil tanker (source ESA).

from that through plastic; (3) the absorption of light by water is different from
plastic [87]. Figure 13 shows different pathways of incident light after interacting
with the surface (with and without marine plastic). Some studies have used hyper-
spectral remote sensing to study marine macroplastics [87] and microplastics [88].
Goddijn-Murphy et al. [87] considered the spectral signatures and geometric optics
of plastic and seawater to develop a reflectance model for detecting macroplastics.
The key is to determine the appropriate reflectance peak of plastic and consider its
ratio with wavelength bands where water-leaving reflectance is low. Their model
considers reflectivity of only one type of plastic litter in two dimensions. However,
there are some constraints for detecting marine plastics in a real scenario since there
have no standard shape, dimension, color, chemical composition, etc. Nevertheless,
this study demonstrated the possibility of using remote sensing as a useful means
for mapping and tracking of marine plastic.

Figure 13.

Sc%ematic of solar radiance interacting with (A) an open water body and (B) the same water body but with
floating plastic. L, is total downwelling radiance (solar beam + diffuse skylight), L is subsurface downwelling
radiance, Ly, is subsurface upwelling radiance, L., is radiance veflected directly off the water surface, L, is
subsurface upwelling radiance transmitted through the water-air interface, Ly, is radiance veflected off the
plastic, and Ly, is subsurface upwelling radiance transmitted through the plastic. L, is total water-leaving
vadiance, Ly, + Ly, and L, is total plastic leaving radiance, Ly, + Ly,; subscript 0’ indicates all the variables in
the absence of plastic and FOV is a field of view [87].
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Figure 14.

Distribution and density of marine litter along the coasts of the main Hawaiian Islands. Areas with 100 and
more item densities are shown as hotspots of high marine litter [89].

Detecting coastal litter near land surface is easier than in open ocean, as its
reflectance and shape characteristics are not affected by its pitching and rolling
on ocean waves. Moy et al. [89] used aerial imagery along with spatial analysis to
categorize and map marine litter deposited along the coasts of the Hawaiian Islands.
Very high-resolution aerial imagery allowed precise measurements of the quantity,
location, type, and size of dumped litter (>0.05 m?) (Figure 14). In another study,
Martin et al. [90] discussed the potential of combining images from unmanned
aerial vehicles (UAV) and a machine learning approach, to detect and map marine
litter. Machine learning algorithms are able to detect and classify objects when
training samples with known training objects are provided. Their results showed
that a UAV-based beach survey is 39 times faster than beach screening on foot and
the large footprint of a UAV can cover entire coastlines and beaches including those
in remote areas.

4, Conclusion

Increased levels of marine pollution due to anthropogenic activities are adversely
affecting marine sustainability of marine ecosystems. Reviewed literature suggested
that aerial and spaceborne sensors provide holistic information for monitoring
many of the major marine pollutants. These include oil and chemical spills, sew-
age, high suspended solids, and algal blooms. Solid waste deposited in coastal areas
can also be mapped using similar geospatial technology. However, there are some
technical limitations in assessing detailed information about pollutants. These
limitations stem from their dynamic nature, limited information of specific spectral
response of pollutants, substrate response in optically shallow waters, and complex
physics of light interaction through the water column. Despite these limitations,
remote sensing is still capable of providing useful information about pollution
events in sensitive marine areas.

Active and hyperspectral airborne sensors are often considered superior to
spaceborne sensors for monitoring coastal and estuarine pollutants due to their
real-time and detailed monitoring capability. Spaceborne sensors are more reli-
able for large-scale ocean, but with the recent development of sensor technology,
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especially hyperspectral and active sensors with high temporal resolution, the
applications of spaceborne sensors in coastal regions are also increasing. Presently,
monitoring of marine waters is offered through numerous satellite sensors such as
MODIS, VIIRS, AVHRR, OLCI, GOCI, Landsat, and Sentinel-2 with spectral and
spatial resolutions able to measure marine pollutants and other marine parameters.
Active satellite sensors such as SAR, altimeters, scanning radiometers, and micro-
wave sounders, which are mostly used in physical oceanography, also possess the
potential for detection of marine pollution under specific meteorological conditions
and provide useful data to track and model the impact of these pollutants.

Heavy metal pollution in coastal and estuarine region is another major concern
of marine managers and researchers. Studies have attempted to use airborne
hyperspectral data for this task, but satellite remote sensing is not yet able to detect
these loads directly. However, the core factors causing these pollutants such as river
plumes, sewerage, and industrial waste entering into these sensitive systems can
be monitored using satellite remote sensing. If the point source of heavy metals is
traced by remote sensing, policies and management practices can be applied accord-
ing to the specific pollutants, and their mobilization and transfer of heavy metal
to sensitive coastal environments can be avoided. Multiple approaches have proven
reliable for this task.

In addition, recent developments in software and computation power have led
to the increased use of data captured by remote sensing systems. Computer systems
can now store and analyze large datasets. Therefore, marine protection agencies
and government can utilize the full potential of remote sensing data in geographic
information systems (GIS) and decision support systems (DSS) to manage marine
resources and pollution. Collaboration between the research community and gov-
ernment is of utmost importance for using the full potential of this data in marine
pollution management. Different applications of remote sensing such as detection
of floating marine plastic litter and the use of active remote sensing for detecting
algal blooms are still in the research. With the advancement of remote sensing sen-
sors, sophisticated methods will be developed in the future for monitoring marine
pollution.
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Chapter 3

The Hazards of Monitoring
Ecosystem Ocean Health in

the Gulf of Mexico: A Mexican
Perspective

Luis A. Soto, Alejandro Estradas-Romero, Diana L. Salcedo,
Alfonso V. Botello and Guadalupe Ponce-Vélez

Abstract

Ecological services provided by the Gulf of Mexico constitute vital assets for the
socioeconomic development of the USA, Mexico, and Cuba. This ecosystem houses
vast biodiversity and significant fossil fuel reserves. However, its ecological stabil-
ity and resilience have been jeopardized by anthropogenic disturbances. Massive
oil spills (Ixtoc-I, 1979; Deepwater Horizon, 2010) caused severe environmental
injuries and unveiled the vulnerability of coastal and deep-sea habitats. Baseline
and monitoring studies are actions implemented by the Gulf stakeholders to cope
with such disturbances. The 3-year monitoring program implemented by Mexico in
2010 to assess the environmental damage caused by the Deepwater Horizon (DWH)
event confirmed the void of knowledge on the complexity of physical and biological
processes susceptible of being altered by oil spills. Between the pelagic and benthic
compartments, the latter proved to be a better option in establishing the baseline
concentration and trends of oil compounds. Surficial sediments exhibited an
increasing concentration trend of PAH, AH, and trace metals throughout the 3-year
monitoring. The macroinfauna and selected biomarkers experienced interannual
variability attributed to critical hydrocarbon and trace metal thresholds. Sediment
toxicity bioassays added support to the distribution and potential sources of oil
contaminants dispersed from the northern gulf toward Mexican waters.

Keywords: Gulf of Mexico, oil spills, Deepwater Horizon, marine pollution,
benthic ecology, macroinfauna

1. Introduction

Due to its geological origin, the Gulf of Mexico (GoM) represents an ideal semi-
closed basin for the accumulation of fossil deposits of oil and gas [1]. This unique
attribute has historically exposed the Gulf to natural seepage of oil and gas from the
seabed. These natural emanations have been recorded in several sectors of the Gulf
and represent a significant source of contamination [2, 3]. However, in recent times,
the stability and resilience of this large marine ecosystem have been tested by severe
anthropogenic disturbances. Massive spills of crude oil produced by the decontrol
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of the Ixtoc well-I in the Campeche Sound in 1979 and, most recently, in the well
Macondo caused by the collapse of the Deepwater Horizon (DWH) oil platform off
the coast of Louisiana in 2010 are examples that have caused severe damage to the
environmental health of the Gulf [4, 5].

In April 20, 2010, a severe accident occurred at the oil platform DWH about 50
nautical miles southeast of the Mississippi River Delta, in the north of the GoM. This
unfortunate event caused the loss of 11 lives and caused a spill of 4.9 million barrels
of crude oil from the Macondo’s well at 1650 m of depth. Several authors already
considered this environmental catastrophe as the greatest disaster in the oil industry
of the United States [6, 7].

The British firm British Petroleum (BP), responsible for the operation of the
DWH platform, implemented a series of immediate emergency actions to mitigate
somewhat the damage to the marine ecosystem, caused by the leakage of roughly
12,000-19,000 barrels of oil per day. Such activities involved the direct recovery
of liquid hydrocarbons, the selective burning of oil slicks in surface waters, and
the use of 1.85 million gallons of chemical dispersants (Corexit®), both on the
surface and in the seabed [8, 9]. The hydrographic conditions prevailing in the
GoM during the summer of 2010, combined with the onset of hurricane Alex in
July, helped to contain the black tide of crude oil near the Mississippi Canyon.
The initial oil slick trajectories were toward the northeastern sector of the Gulf.
The satellite images obtained by the National Oceanic and Atmospheric Agency
(NOAA), later supplemented with the ocean circulation models generated by the
Consortium of Universities of the Northern Gulf, confirmed those trajectories,
with ensuing filaments flowing toward the Texas coast. Similarly, through the
use of remote sensors, it was possible to identify traces of crude oil trapped by
the Eddy Franklin Gyre, a critical component of the loop current; some of these
images also revealed small traces of crude oil in the waters of Mexico’s exclusive
economic zone (EEZ), reaching the north of the Yucatan Peninsula [10].

Without a doubt, the volume of crude oil spilled, and the quantity of chemical
dispersant employed, constituted a severe alteration to the ecological balance and
the environmental health of the GoM. The precise calculation of the volume of
spilled oil, the trajectory of the oil stains in subsurface and surface waters, as well as
the degradation rates of crude oil and its derivative compounds remain controver-
sial topics among specialists. This problem is magnified by the chemical complexity
of the crude oil. Fossil hydrocarbons include up to 17,000 organic compounds [11],
each with its solubility, volatility, and density properties, as well as its different
degrees of toxicity in marine biota and humans.

According to the American agencies, NOAA and the Environmental Protection
Agency (EPA), a significant percentage of crude oil was recovered, and the rest was
burned or lost by evaporation. However, there was overwhelming evidence of the
severe damage caused to the coastal areas in the northeastern GoM. Marshlands,
swamps, and coastal lagoons, which represent vital breeding grounds for wildlife
fauna, were severely affected by the invading black tide. In the face of this dramatic
environmental setting, Mexico was also forced to implement emergency measures
focused on the early detection of crude oil slicks or tar balls within its vast exclusive
economic zone (EEZ) in the GoM. Given the prevailing surface water circula-
tion and the high connectivity among the different sectors of the Gulf, there was
potentially a risk of oil pollutants from Macondo’s entering Mexican waters. It
was then necessary as a government to maintain a monitoring plan of the general
oceanographic conditions in Mexican waters.

34



The Hazards of Monitoring Ecosystem Ocean Health in the Gulf of Mexico: A Mexican Perspective
DOI: http://dx.doi.org/10.5772/intechopen.81685

1.1 Research guidelines and observational strategy

Mexico, as a neighboring country of the USA, and Cuba, shares a vast ocean
space in the GoM, bounded by 200 miles known as the EEZ. Under the international
Treaty Law of the Sea, coastal countries are held accountable for the preservation
and study of biotic and natural resources such as minerals, contained in both its
waters as in the marine seabed. Based on this precept, and by the seriousness that
represented the spill of fossil hydrocarbons introduced to the marine ecosystem of
the GoM, it was imperative to implement a program of systematized oceanographic
observations. Such program would contribute to build a dependable database of
environmental parameters and thus carry out an assessment of environmental dam-
age in the short term and midterm. Under the rules of international law [12], Mexico
is obliged to have reliable information on the sources and the kinds of contaminants
to assess the physical damage to coastal and ocean ecosystems in the GoM.

This chapter presents to the reader a synthesis of the most outstanding features
of a 3-year research program of oceanographic observations (MARZEE) on the
continental and upper slope off the coasts of the states of Tamaulipas and Veracruz
during the period of 2010-2012. Considering the early dispersion forecasts of crude
oil leaks originating from the north of the GoM, there was a high risk that the coast
of the above states would be impacted by crude oil, preferably in the winter. To
anticipate this potential anthropic disturbance, a monitoring program was imple-
mented whose observational strategy included the sampling of 35 abiotic and biotic
variables. Water, sediment, and biota from the continental shelf (50-183 m) and
upper slope (200->2000 m) were obtained in the summer of 2010 (M-I), and the
winter of 2011 (M-II), and 2012 (M-III).

1.2 Focus of the research

* Water column structure (thermohaline profile, density, oxygen concentration,
and fluorometry)

* Concentration of polycyclic aromatic hydrocarbons (PAHs) and aliphatic
hydrocarbons (AHs) in the water column and surficial sediments

* Identification of potential pelagic and benthic bioindicator species

* Concentration of trace metals derived from oil compounds in surficial
sediments

* Biomass, abundance, and density of phytoplankton, zooplankton, and
benthos (macroinfauna)

* Stable carbon isotope values in and surficial sediments
* Sediment toxicity

* Concentration of trace metals derived from oil compounds in tissues of
demersal fauna

List of authors and contributors.
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Field Principal Assistants
researcher
Hydrography Jorge Zavala A. Ruiz-Angulo, R. Romero-Centeno, O. Diaz-Garcfa,
Hidalgo A. Contreras Ruiz-Esparza, M. Prospero-Diaz,
E. Olvera Prado, N. Taylor-Espinoza
Aquatic Martin Merino V. Carnero-Bravo, S. Castillo, M. Pérez-Ramirez,
biogeochemistry Ibarra M. Valdespino-Castillo
Marine pollution Alfonso Vizquez G. Ponce-Vélez, C. Garcia-Ruelas, S. Villanueva-
Botello Fragoso, F. Rivera-Ramirez, A. Montes-Nava, G. Diaz-
Gonzalez, M. Morales-Villafuerte
Phytoplankton Sergio Licea R. Luna-Soria, P. Soto-Cadena, J. Gonzéilez-Fernandez,
Duréin M. Zamudio-Resendiz
Zooplankton Laura Sanvicente E. Lemus-Santana, G. Giles-Pérez, K. Arvizu-Coyotzi
Afiorve
Benthic ecology Luis A. Soto A. Estradas-Romero, D. Salcedo, K. Arvizu-
Coyotzi, R. Aguilar-Escobar, M. Tapia-Dominguez,
D. Chévez-Macedo, A. Flores-Celedén, R. David-
Avila, R. Galvan-Bazén, C. Illescas-Monterroso,
J. Ilhuicatzi-Torres
Ecotoxicology Alma S. Sobrino
(bioassays) Figueroa

Ecotoxicology (trace Gabriel Nuifiez
metals) Noriega

2. Materials and variables of database

As aresult of three oceanographic campaigns MARZEE-I (summer, 2010),
MARZEE-II (winter, 2011), and MARZEE-III (winter, 2012), aboard the R/V “Justo
Sierra,” a total of 93 oceanographic stations were sampled (35, 25, and 33, respec-
tively) (Figure1). At each station, water samples were collected at preselected
depths (5, 10, 20, 30, 50, 75, 100, 150, and 200 m) in sites where high fluorescence
(chlorophyll-a) was detected. A rosette device equipped with a conductivity, tem-
perature, and depth sensors (CTD), 10 L Niskin bottles were deployed at each site.
Zooplankton was sampled with a double bongo net, and benthos and sediments
were obtained with either a Smith McIntyre grab or a Reineck box corer at depths
<200 and >200, at the points of intersection of the isobaths of 50, 100, 200, 500,
and 1500 (>2000 m only for MARZEE-III).

Figure 1.
Sampling sites location corresponding to the three oceanographic campaigns: MARZEE-I (M-1), MARZEE-II
(M-II), and MARZEE-III (M-III).
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We analyzed a total of 35 variables, distributed in the following manner:

* Water column: depth (m), salinity (UPS), temperature (°C), dissolved
oxygen (mL/L), Brunt-Vdisild frequency (cycles/s), chlorophyll-a (ug/L),
nitrates (uM), nitrites (pM), ammonium (pM), phosphates (pM), silicates
(pM), PAH (pg/g), and AH (pg/g)

* Sediments: depth (m), sediment texture, organic carbon (%), inorganic
carbon (%), terrestrial carbon (%), organic matter (%), &BCyppp (%0), PAH
(ng/g), AH (pg/g), cobalt (pg/g), chromium (pg/g), nickel (pug/g), and vana-
dium (pg/g)

* Biota: phytoplankton (cells/L) and zooplankton (mL/100 m’) abundance, zoo-
plankton biomass (g/100 m’), mortality (%), macroinfauna biomass (g Clcm?),
macroinfauna density (ind/10 cm?), and induction factor SOS (SOSIF)

* Other: longitude (W) and latitude (N)
2.1 Data processing

To test whether there were significant interannual differences among the three
sampling periods, and spatial differences in the study area, the environmental and
biotic parameters were assessed using an analysis of variance based on permuta-
tions PERMANOVA. No transformation was required on environmental data, while
biotic data were log transformed. A principal component analysis (PCA) was per-
formed on environmental data. A nonmetric multidimensional scaling (nMDS) was
conducted to analyze biotic data. A nonparametric BIO-ENV analysis [13] was also
conducted to determine the relationship among environmental variables and biotic
components. All these analyses were performed using PRIMER v6 & PERMANOVA
add on statistical package [14, 15].

3. Study area

The GoM is one of the most diverse and productive world marine ecosystems.
In this semi-closed basin, one can distinguish temperate, subtropical, and tropical
habitats [16]. Its surface area is of approximately 1,768,000 km with a maximum
depth of 4000 m in the central region [17, 18]. Mexico’s EEZ in the Gulf has an
extension of nearly 900,000 km?, which represents 55% of its total surface area
[19]. The area of study considered for this project is situated within Mexico’s EEZ,
on the northwestern corner of GoM. It spans from the northern end of the State of
Tamaulipas, near the mouth of the Rio Bravo (approximately 26°N latitude), to the
north of the State of Veracruz (22°N latitude) (Figure 2).

The study area has a surface area of 10,000 km?, and its hydrographic condi-
tions are highly influenced by the input of epicontinental, tropical, and subtropical
marine waters [20]. The coastal zone of this part of the Gulf receives the runoff of
several rivers (Bravo, Tuxpan, Panuco, Indios Morales, Soto La Marina, and San
Fernando or Carbonera). There are also two coastal lagoons systems: (a) the Laguna
Madre, bounded on the north by the Rio Bravo’s delta and on the south by the
mouth of the Rio Soto la Marina and (b) the Laguna de Tamiahua, bounded on the
north by the Panuco River and on the south by the River Tuxpan [21, 22].

Its continental shelf lacks topographic irregularities. Its contour displays
a gradual depth gradient ranging from 36 to 360 m. However, the floor of the
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Figure 2.
Study area (dotted square). Exclusive economic zone (EEZ) (continuous line).

continental slope is rather abrupt, reaching depths between 540 and 1260 m. The
continental shelf has a variable length—off the Rio Bravo reaches about 72-80 km,
but toward the 23°N is close to 33-37 km—and further south just off Los Tuxtlas,
Veracruz becomes narrower (between 6 and 16 km) [23].

The sea floor in the area of study is covered by muddy terrigenous sediments
[24, 25] whose primary source is the sediment load discharged by the rivers men-
tioned above. The river runoff contributes to the formation of a strip of silty-sandy
sediments running along the inner shelf. In the Tamaulipas coastal zone, sandy
sediments prevail, while silts and clays are common far from the coast [17].

4. Hydrographic setting

The surface circulation of the GoM is dominated by the warm and saline waters
that flow in through the Strait of Yucatan, forming the Loop Current (LC), and then
exit at the Florida Strait [26]. In its passage through the Gulf Basin, anticyclonic
gyres are formed from the LC, that later collide with the upper slope of the north-
western Gulf [27]. The speed of these vortexes (~6 km day_l) and their residence
time (~9-12 months) determine the distribution of physicochemical properties of
the water masses, the circulation field, and the transport that controls the exchange
of water masses between the continental shelf and the oceanic region [28, 29].

On the inner continental shelf on the west coast, in the province called “con-
tinental shelf and slope of the NW Gulf of Mexico” that goes from the south of
Veracruz to the north of the Rio Bravo [30], the circulation is primarily toward
the south from September to March and to the north from May to August. This
circulation pattern produces temperature and salinity changes and coastal upwell-
ings [31-33]. During the autumn and winter, cold fronts generated intense flows
to the south that are alternated with periods of relative calm and flows to the north
that coincide with high chlorophyll-a values at the surface. The summer-autumn
conditions are less variable but are strongly affected by the passage of eddies and
meteorological disturbances (tropical storm or hurricane); under these conditions,
the lowest chlorophyll-2 concentrations are recorded at the surface [26, 34]. Few
are the studies on the dynamic conditions on the Tamaulipas coastline. The water
masses on the platform are different from those on the slope or in the deep-sea. The
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circulation in the outer shelf and on the slope is often affected by the presence of
cyclonic and anticyclonic eddies. When these are absent or weak, the circulation is
toward the north. During the summer there is a semipermanent upwelling in the
area, and during the winter there is advection of cold water and low salinity differ-
ent to that of offshore waters [31, 32, 35]. On the slope, there is a strong influence
of cyclonic and anticyclonic eddies generated in the east by the LC. These events do
not have a seasonal periodicity or occur in the slope region. During the winter, the
strong winds from the north (northerlies) maintain a homogenized water column,
while in the summer the water column is stratified [26].

5. Oceanographic conditions

During M-I, toward the end of June, the studied area endured in its surface
waters the effects of Hurricane Alex. The instability caused by this meteorological
phenomenon produced strong turbulence in the water column along the coastal
zone. Also, due to the unusual discharge from the Rio Bravo, salinity values were
diluted in neritic waters, the concentrations of nutrients were high, and the
zooplankton biomass exhibited a shift toward the north. There were abnormal
values of oxygen and Chl-a. The interpretation of the hydrographic conditions and
concentrations of nutrients indicated ascending conditions of the subsurface water
in the northern sector and a sinking process of water in the southern sector. The
upward motion of subsurface water took place mainly on the edge of the continen-
tal shelf, causing processes of fertilization in the euphotic zone.

During M-II, hydrographic conditions presented greater instability in the sur-
face water, with a significant injection of water coming from the continental shelf
of Louisiana to Texas. The structure of the water masses in the oceanic area was
similar to the one described during M-I. The water column did not present a marked
stratification in neritic waters, and the mixed layer was slightly deeper. On this
occasion, no processes of upwelling of deep water were recognized nor intrusion of
oceanic waters on the continental shelf.

The processes of convection of water masses that govern the concentrations of
oxygen, Chl-a, and nutrients in the water column helped to maintain values of these
variables within the normal ranges for neritic and oceanic waters of the GoM.

The concentrations of dissolved oxygen reported for the Gulf of Mexico vary
from 2.4 to 5.4 mL/L [36, 37]. In this study, the oxygen remained relatively constant
during the three oceanographic cruises, registering an average of 4.3 + 0.8 mL/L. The
highest values were recorded at the surface (<4.0 mL/L) and the lowest between
200 and 500 m (<3.0 mL/L). This layer corresponds to the Tropical Atlantic
Central Water (TACW) located between 250 and 400 m. The minimum oxygen
(2.6-2.9 mL/L) in M-II and M-III was recorded between 100 and 600 m depth.

In the case of the nutrients, the values showed a slight impoverishment (nitrates,
29.3-37.9 pM,; silicate, 3.5-8.2 pM; phosphates, 1.9-3.4 uM). This fact emphasized
the prevailing oligotrophic conditions (Chl-2 < 0.25 + 0.14 pg/L) reflected in the
plankton components.

In M-III, the analysis of the density and the flotation frequency data, particularly
at the isobaths of 500, 1500, and 2000 m, made it possible to distinguish the North
Atlantic Subsurface Waters (NASW). Other identified water masses in the Gulf
were as follows: North Atlantic Common Water (NACW), Tropical Atlantic Central
Water (TACW), North Atlantic Intermediate Water (NAIW), and North Atlantic
Deep Water (NADW) (Figure 3).

As indicated earlier, the region where intensive water mixing occurs is near the
surface of coastal waters. The salinity and density values indicated the intrusion
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Figure 3.

T-S diagrams showing the profiles obtained during M-I (in ved), M-II (in blue), and M-III (in black). North
Atlantic subsurface waters (NASW), North Atlantic common water (NACW), tropical Atlantic central water
(TACW); North Atlantic intermediate water (NAIW), and North Atlantic deep water (NADW).

of fresh water from the river discharge onto the Tamaulipas continental shelf.
The degree of water mixing of the water column was estimated by calculating the
Brunt-Viisdld frequency (N). The results of this procedure revealed a significant
stratification in the three oceanographic campaigns (N > 0). The average value
for each campaign was 6.6 cycles/s for M-I, 4.12 cycles/s for M-II, and 5.0 cycles/s
for M-III. Furthermore, in M-I the highest N values corresponded to the depth

of 30 m, which coincide with the thermocline’s depth recorded between 10 and
35 m. In M-II, the highest N value was recorded at 75 m and in M-III at 50-70 m.
In both instances, the thermocline depth was of 70-90 m and 50-70 m, respec-
tively (Figure 4).

During M-II and M-III, the oxygen, nutrients (nitrates, phosphates, and sili-
cates) and the Chl-a concentrations maintained values that fall within the known
ranges reported for the GoM (0.05-2.5 pM POy, 0-35 pM NOs; <0.29 + 0.31 pg/L
Chl-a) [36, 37].

Ml Ml s
VIR ey e o oo Vsl by syl Brund Vst fremermay e 1)

Dhgoy

Figure 4.
Density and Brunt-Véisild profiles for the three oceanographic cruises: M-I, M-II, and M-III. The dotted lines

depict individual profiles, and the black line is the average. The long dash line is the Brunt-Viisild profile
associated with the density average.

40



The Hazards of Monitoring Ecosystem Ocean Health in the Gulf of Mexico: A Mexican Perspective
DOI: http://dx.doi.org/10.5772/intechopen.81685

6. Polycyclic aromatic hydrocarbons (PAHs)

The PAH included a range of 16 individual compounds that are commonly
analyzed [38] in monitoring programs. The concentrations of total PAH in sub-
surface waters remained below the analytical detection limits (<0.003-0.03 pg/L)
in the three surveys. Similarly, the ) individual PAH ranged between 0.1 and
0.02 pg/L. In M-I, benzo(a)anthracene, chrysene, benzo(b)fluoranthene, and
indeno(1,2,3-cd)pyrene were recorded in 14.3% of the sites [39]. In M-II, only
low concentrations of benzo(b)fluoranthene were recorded in seven sites which is
equivalent to 28%. In W-III, the individual PAH identified were indeno(1,2,3-cd)
pyrene, benzo(b)fluoranthene, benzo(a)pyrene, and pyrene. These compounds
were detected in seven sites, representing 21.2%.

The concentrations of PAH contained in sediments fluctuated significantly
among the three oceanographic campaigns. The values were similar to those
previously recorded by [40] in the Tamaulipas continental shelf and by [41]
in the Campeche and Tabasco continental shelves, regions widely exposed to
intense oil activities. In M-I, the concentrations oscillated among 0.01 and 0.70
(0.29 £ 0.17 pg/g). These values decreased in 90% of the sampling stations in M-II,
presumably as a consequence of the Hurricane Alex and associated rains. In this
period, concentrations of 0.03-0.51 (0.16 + 0.12 pg/g) were recorded. Throughout
the following winter (M-III), PAH increased, presenting values of 0.05-1.54
(0.44 £ 0.03 pg/g). This increase indicated a recent deposit of hydrocarbons,
considering that the sedimentation rate is very low in the deep GoM [42].

The total PAH recorded in sediments exhibited a heterogeneous spatial distribu-
tion, but high concentrations were frequently recorded in the northern transect of
the study area. In M-I, the highest concentrations were observed at 100 and 500 m
depth, in M-II at 500 and 1500 m depth and in M-III at >2000 m depth. The presence
of high concentrations of PAH in deep sediments (>500 m) is not likely related to
Rio Bravo runoff but rather to a far-field transport of hydrocarbons from other than
local sources. The observed interannual heterogeneity (temporal/spatial) in the PAH
concentrations in the NW Gulf can find an explanation in the geochemical processes
acting upon different sources of hydrocarbon compounds. Indeed, one of such
processes is the biodegradation of fossil fuels oil by oil-degrading bacteria [3, 43]
that takes place when a massive oil spill occurs.

The distribution of individual PAH was heterogeneous throughout the study, but
among the predominant were the chrysene in M-I (0.06 + 0.02 pg/g), the fluorene
in M-II (0.06 + 0.01 pg/g), and the benzo(a)anthracene in M-III (0.08 + 0.07 pg/g).
These are low molecular weight compounds generated from the burning of fos-
sil fuels and are abundant in crude oil, so they are indicators of a recent input of
anthropogenic hydrocarbons [44]. The benzo(a)anthracene and chrysene have
acute toxicity and represent an environmental risk.

The primary origin of PAH in the area of study was pyrolytic. In some stations,
the combustion of fossil fuels is predominated, while in others, the combustion of
organic carbon, plants, wood, and other vegetal compounds prevailed. A mixture of
PAH of pyrolytic and petrogenic sources was restricted to few stations throughout
the study. Among the petrogenic sources, crude oil was remarkable. This indicates
an anthropogenic input to the area of study because of the fossil fuel burning.

Total PAH concentrations were below sedimentary quality criteria (LRE and
MRE), whose exceeded limits indicate a potential adverse effect on benthic biota.
However, among individual PAH, acenaphthylene, fluorene, benzo(a)anthracene,
and dibenzo(a,h)anthracene exceeded the low-range effect (LRE) criterion in four
stations in M-I. In M-III, acenaphthene, fluorene, dibenzo(a,h)anthracene, and
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anthracene exceeded the LRE in more than 23 stations. These results showed that
the toxicity of the sediments caused by the presence of hydrocarbons increased
throughout the study and hence the potential risk to the benthic fauna.

7. Trace metals

The concentrations of vanadium increased significantly over time in both the
continental shelf and the continental slope (from 121.74 + 14.44 pg/g in M-I to
144.86 + 28.51 pg/g in M-III), showing a recent input. The values observed in this
study in some deep regions of the northwestern Gulf may constitute evidence of
the influence of the 1500 m depth plume oil derived from the accidental DWH
oil spill. The concentrations of certain trace metals increase as the oil weather-
ing increases [45]. Similarly, the concentration of nickel increased gradually and
significantly over time (from 31 + 4.87 pg/g in M-I to 42.16 + 8.52 pg/g in M-III)
exceeding the sediment quality criteria LRE in most of the stations throughout the
study, particularly in sites deeper than 1500 m. The detection of values higher than
the MRE during M-III indicated the potential damage to the benthic fauna. The
concentration of this metal in deep sites may be linked to processes of sediment
transport from the northern Gulf, which includes degraded petroleum products.
The concentration of cobalt also increased slightly over time (from 12.51 + 1.6 pg/g
in M-I to 16.08 + 2.61 pg/g in M-III). This trace element was mostly concentrated
along the outer continental shelf and upper slope of the area of study, showing a
similar pattern to that of vanadium and nickel. The chrome maintained dissimilar
concentrations during the 3-year monitoring period of observation. The highest
concentrations of Cr were detected in coastal areas exposed to the intensive river
runoff from the Bravo River and Pdnuco River.

8. Organic matter (OM) and stable carbon isotope (8"C)

The inner continental shelf extended from Rio Soto La Marina River and the
Laguna Madre represented vital deposition area of sedimentary organic matter of
continental origin. The applied geochemical analysis revealed significant shifts
in the concentrations of organic matter (OM) and organic carbon (OC) through-
out the 3-year period of observation, showing a progressive increase over time.
However, the values remained within the known ranges of concentrations previ-
ously recorded in the Gulf of Mexico. No significant changes were detected in the
spatial pattern of distribution of organic inputs during the three periods of observa-
tion. However, the estimated OC percentages did show significant variability over
time; such variability was more evident in deep sites (~1000 m), where presumably,
there is a substantial accumulation of OM caused by processes of deposition or
sediment transport on the continental slope.

The §"C values during the three campaigns fluctuated between —20.16 and
—21.66%o0 with an average of —21.02 + 0.34%o. There seems to be and impoverished
gradient of §"°C values from the northwestern corner close to the coast, which
gradually increased outward to the oceanic region, following a southeast pathway.
The §"C results highlighted the predominance of autochthonous organic matter
(marine) as the primary source of sedimentary OC over that of terrigenous origin,
particularly at remote sites from the coast. However, as expected, near the coast,
where there are important inputs of terrestrial organic matter derived primar-
ily from C, plants, the OC isotopic signature is masked by the mixture with the
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autochthonous organic matter. In the present investigation, the isotopic fingerprint
belonging to the Deepwater Horizon oil spill (—27.23 + 0.03%o for weathered
petroleum and —27.34 + 0.34%o for crude oil) was not detected.

9. Ecotoxicology
9.1 Genotoxicity and bioassays

The short-term bioassays conducted to assess the toxicity of surface sediments,
employing biomarkers, Tetraselmis suecica (microalgae), Artemia franciscana (crusta-
cean), and Brachionus plicatilis (rotifers), revealed different responses (Table1). The
evaluation of toxicity using as indicator T suecica showed a significant relationship
with the presence of PAH, AH, and Fe. In contrast, A. franciscana showed distinct
mortality pattern when exposed experimentally to the sediments from certain sites
of the study area. For instance, significant toxicity was well-defined at sites on the
continental shelf and slope just off the Rio Bravo, Soto La Marina, and Carrizales
Rivers. The geochemical variables with the highest correlation with mortality of this
species were the Zr and Rb during M-I, Ni in M-II, and PAH in M-III. The rotifer B.
plicatilis served for the identification of areas of low and high toxicity through time.
Not a defined pattern for both conditions was recognized, but there was clearly an
increase in the temporary toxicity; during M-I, the high toxicity was reduced to two
sites: one in front of Laguna Madre and another next to the Soto La Marina River. In
the subsequent winter periods (2011-2012), the high toxicity initially corresponded
to sites located between 500 and 1500 m of depth and then expanded onto the
continental shelf. The mortality of this rotifer showed a significant correlation with
the presence of Zr, Nb, Rb and SiO, in M-I, and PAH in both winter seasons.

Regarding the genotoxic effects of sediments analyzed, we were able to establish
a significant correlation in the 3-year monitoring study, between the damage in the
DNA structure and the concentration of PAH. Most of the stations with the highest
levels of genotoxicity also presented the highest PAH concentrations. Statistically, we
demonstrated an interannual decline of genotoxicity values. However, the percent-
age of sites containing sediments with substances fostering genotoxicity increased in
M-III. The toxicity and genotoxicity are strongly linked to factors such as wastewater
and industrial discharge and agrochemicals inputs in the coastal zone. However, in

Species Toxicity level M-I M-II M-III
Tetraselmis suecica Low 17 20 6
Medium 60 72 64
High 23 8 30
Artemia franciscana Low 6 92 6
Medium 74 8 73
High 20 0 21
Brachionus plicatilis Low 29 24 6
Medium 66 64 67
High 5 12 27

Table 1.

Stations percentage by level of toxicity for each species, in the three MARZEE campaigns.
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deep zones (>500 m), the levels herein detected in both variables reflect the influ-
ence of different sources other than the regionals. Both the toxicity and genotoxicity
of sediment can be attributed to the synergy between the PAH and other contami-
nants detected in sediments, including trace metals such as V, Ni, Cr, Co, Fe, and Al

9.2 Trace metals in demersal fauna

The toxicity analysis of trace metals (vanadium, nickel, cadmium, and lead) in
250 tissues samples of demersal fauna (fish, crustaceans, and mollusks) showed
that the vanadium was the metal less concentrated in the muscle tissue of fish.
Concentrations of this metal showed variability over time, decreasing sequentially
toward the M-III in muscle, and increasing in liver tissue, reflecting a null or low
recent exposure to this metal. In contrasts, the nickel presented the highest con-
centration average values in liver tissue, in comparison with the muscle, through-
out the three oceanographic campaigns. The high concentrations of Ni in some
demersal fish may reflect its incorporation by benthic pray or sediment ingestion.
The cadmium reached significant concentrations in the liver tissue of demersal
fishes but lower concentrations in the muscle. Hence, according to the standard
guidelines for human health, such concentrations did not pose any risk for direct
consumption. The concentrations of lead recorded in muscle and liver tissues of fish
did not exceed critical values of intake and therefore did not represent a risk for its
consumption either (Table 2).

The vanadium appeared with a higher concentration in the muscle of mac-
roinvertebrates (mollusks and crustaceans) (Tables 3 and 4). Nickel was also a
persistent metal in macroinvertebrates, with highest concentrations at the end of
the study (M-III). This metal showed different concentrations between crustaceans
and mollusks, presumably due to their different capacities for bioaccumulation

Species Vanadium Nickel Cadmium Lead
M-1 Farfantepenaeus 0.501 + 0.528 0.095 + 0.175 0.025 + 0.071 0.026 + 0.08
aztecus
Sicyonia sp. 1.013 + 1.144 0.048 + 0.059 0.001+0.001 0.005 + 0.004
Squilla sp. 0.396 + 0.233 0.064 + 0.05 0.591 £ 0.393 0.006 + 0.006
M-II Farfantepenaeus 1.053 + 0.747 0.006 + 0.001 0.003 + 0.001
azgtecus
Squilla sp. 1.847 + 0.164 0.022 + 0.009 0.332 £ 0.206 0.002 + 0.0008
M-IIT Farfantepenaeus 0.19 + 0.105 0413+ 0.371 0.043 £ 0.085 0.142 + 0.116
agtecus
Rimapenaeus 0.199 + 0.051 0.476 + 0.101 0.014 + 0.008 0.095 + 0.069
similis
Sicyonia dorsalis 0.139 0.28 0.195
Sicyonia typica 0.323 + 0.238 1.828 £+ 2.416 0.052 + 0.070 0.623 + 0.460
Solenocera 0.096 + 0.057 0.170 £ 0.129 0.01 0.139 + 0.142
necopina
Solenocera 0.208 0.556 0.017 0.131
vioscai
Squilla chydaea 0.778 + 0.405 1402 + 0.942 0.387 + 0.069 0.863 + 0.593

Table 3.
Average concentrations (ug/g) and standard deviation of the trace metals detected in crustaceans during the
three MARZEE campaigns.
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Species Vanadium Nickel Cadmium Lead
M-1 Loligo sp. 0.149 + 0.05 0.007 + 0.005 0.039 + 0.027 0.002 + 0.001
Amusium 4.646 0.003 0.013 0.0001
papyraceum
Mercenaria 7.768 0.02 0.001 0.003
campechiensis
M-I Loligo sp. 0.091 + 0.084 0.013 + 0.016 0.001 £ 0.001 0.0006 + 0.0002
Amusium 7.251 + 0.855 0.054 + 0.0003 1.029 + 0.019 0.004 £ 0.001
papyraceum
M-III Loligo sp. 0.32+0.271 0408 + 0.213 0.044 + 0.023 0.384 + 0.132

Table 4.
Average concentrations (ug/g) and standard deviation of the trace metals detected in mollusks during the three
MARZEE campaigns.

and regulatory mechanisms of excretion. The cadmium represented the metal with
lower concentrations in the tissue of macroinvertebrates. The recorded values of
Cd did not exceed those established by the safety guidelines for human health.
Only in the case of a crustacean predator (Squilla sp.), an average concentration of
0.592 + 0.394 pg g ™" was registered during M-I, which exceeded the safety limits. In
the case of lead, its concentration in the muscle of crustaceans and mollusks fit for
human consumption remained below 1 pg/g, except for three species of crustaceans
recorded in M-III. This value is considered as critical threshold for human health. In
summary, the analysis conducted of metals in tissues of demersal fish, crustaceans,
and mollusks did not indicate life-threatening concentrations for the individuals
nor to the human health in most of the cases. However, one cannot overrule the pos-
sible existence of bioaccumulation and biomagnification phenomena that eventu-
ally might affect the demersal trophic web.

10. Plankton
10.1 Phytoplankton

According to the taxonomic composition and abundance of phytoplankton
algae, it was found that the values obtained coincided with those previously
reported for this region (Table 5) [46]. These results suggest oligotrophic
conditions, as confirmed by the low nutrients (nitrates, 29.3-37.9 pM; sili-
cate, 3.5-8.2 pM; phosphates, 1.9-3.4 uM) and chlorophyll-a concentrations
(>0.25 + 0.14 pg/L). The abundance of dinoflagellates and phytoflagellates, and
the low diatom abundance in most of the analyzed samples, adds support to the
oligotrophic condition of this region in the summer and winter seasons. The
Chlorophyceae algae were responsible for the blooms recorded in coastal waters
(652, 179 cells/L). No significant differences were found in abundance among the
three campaigns.

10.2 Zooplankton
The zooplankton biomass values registered in the three oceanographic
campaigns fluctuated between 1.20 and 19.38 g/100 m’. These values were con-

sidered impoverished when compared to those registered in the SW Gulf, which
exceed 40 and 100 g/100 m? [47]. In the two winter seasons (2011 and 2012), the
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M-I M-I M-III
Stations 35 25 33
Samples 282 188 230
Abundance (cell L™) 35-196 x 10* 12-775 x 10* 66-66.5 x 10*
Groups
¢ Diatoms 145 104 89
* Dinoflagellates 175 62 58
* Silicoflagellates 16 3 2
* Cocolithophorids 8 1 0
* Cyanophytes 7 1 2
* Chlorophytes 2 1 1
* Ciliated 1 1 0
* Total species 354 173 152

Table 5.
Phytoplankton abundance by groups (cells/L) recorded in the water samples obtained during the three
MARZEE campaigns.

Zooplankton biomass (g/100m)

Figures.
Zooplankton biomass (g/100 m?) distribution for the three campaigns M-I, M-II, and M-III.

zooplankton revealed a significant decrease in biomass in both neritic and oceanic
waters. In 2011 the biomass varied between 2.9 and 19 g/100 m’, and in 2012 it
reached 1.2-15.8 g/100 m’. The neritic waters showed high variability in biomass
(2-7 g/100 m?), due to the influence of river discharges and the intrusion of ocean
water near the coast. The zooplankton biomass was less than 8 g/100 m® in M-I and
in M-I, while in M-III, it was less than 3 g/100 m’ (Figure5).

11. Infaunal benthic community

The taxonomic composition, density, and biomass of the infaunal benthic biota
constituted a valuable analytical asset in the effort of identifying the magnitude of
natural changes opposed to those potentially caused by anthropogenic disturbances.

In M-I, an impoverished infaunal benthic community was recorded, with only
five taxa recorded and an average density value of 4.64 + 7.03 individuals/10 cm®. In
M-II, the diversity of taxa continued being poor, recording seven taxa (Table 6), but
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Taxa M-I M-II M-III
Annelida 10.97 9844 209.63
Arthropoda 9.20 1770 48.15
Mollusca 40.01 4.24 16.99
Nematoda 101.27 60.19 155.80
Priapulida 0 0.70 4.72
Sipunculida 0 0.70 330
Nemertea 0 141 897
Kinorhyncha 1.06 0 3.77
Table 6.

Densities per taxon (ind/10 cm?) recorded in the three MARZEE campaigns.

the density values showed a small increase: 7.33 + 8.48 individuals/10 cm” In M-III,
the highest diversity and density values were recorded: eight taxa and 13.67 + 22.71
individuals/10 cm?, respectively [48]. The pattern of density in both seasons
maintained the same negative exponential correlation with respect to the depth.
Interestingly, there were significant density values at sites on the shelf rich in organic
materials exported from the coastal zone; similar density values were also recorded
in deeper sites in which presumably deposition and sediment transport occur. The
nonmetric multidimensional scaling (nMDS) analysis applied to the estimated
infaunal density in the three campaigns confirmed that M-I was different to the
winter of 2011 and 2012; while the latter were similar to each other.

Significant temporal differences among the three campaigns were detected
through the PERMANOVA analysis. Pairwise test indicated that such differences
were interannual rather than seasonal. Spatially, only significant bathymetrical
differences were detected; no latitudinal significant differences were noted. The
pairwise test showed differences among the benthic infauna of the inner continen-
tal shelf (50 m) and deeper strata [48].

Based on the interpretation of abundance/biomass comparison curves (ABC)
of the macroinfaunal community, it was possible to assess its interannual ecological
equilibrium expressed as a stress factor. A clear trend of position of the curves since
2010-2012 revealed an interannual intensification of the stress degree. We inferred
that the proliferation of nematodes in the latter season is symptomatic of such stress
condition (Figure 6) [48].

In M-III, the infaunal community experienced a substantial change in its
composition. The nematode worms reached a high dominance (44%). Even though
no statistically significant latitudinal or bathymetric patterns of dispersion were
distinguished, high density values were concentrated near the 50 m isobaths.

The notorious abundance of the genus Sabateria in our samples deserves special
attention. This genus represents an invaluable biomarker due to its tolerance to
high concentrations of organic matter, degraded, heavy metals, and hydrocarbons
[49]. Sabateria is known as an opportunistic nematode which, together with other
infaunal dwellers like Terschellingia, Pavacomesoma, and Daptonema, are normally
found in highly contaminated sediments by organic matter characterized by a low
redox potential [49, 50].

Metazoan organisms that make up the infaunal community are particularly
sensitive to alterations in the geochemical properties of the sediments. A multivari-
ate analysis BIO-ENV was performed to relate the set of environmental sedimentary
variables to the macrofauna community structure. The correlation values obtained
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Figure 6.
Abundance/biomass comparison curves (ABC) for the three MARZEE campaigns.
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Figure 7.
Spatial distribution of macrofauna density values (individuals/10 cm?) in the three MARZEE campaigns.

from the BIO-ENV were rather low in the three campaigns (<0.4). However, it was
possible to identify the geochemical variables that seem to govern the macroinfauna
distribution in each season. In M-I the variables were percentage of sand, the
concentration of Al and V, and the 8°°N values. In M-II, important variables were Al
PAH, Ni, and AH. In M-III, the variables were Al, V, and AH. However, the correla-
tion values were not significant. Nonetheless, in the summer season (2010), the
influence of natural variables is more obvious than in the following periods (2011
and 2012), in which variables linked to crude oil become more relevant (Figure 7).

The changes observed in the community variables such as taxonomic composi-
tion and density of the macroinfaunal components were attributed to the gradual
increase recorded in the study area of MO, HA, PAH, and metals such as Ni, V,
and Co.

12. Final remarks

Many are the factors that determine the final destiny of complex oil molecules
in the marine ecosystem. Coastal habitats (lagoons, coral; reefs, marsh; and lands,
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mangroves), open waters, and seabed are vulnerable to oil contaminants due to
lasting effects of toxic compounds incorporated in the trophic web or deposited

in shallow and deep sediments. Our research revolved around two major prem-
ises: (a) the existence of trans-boundary pollutants in the GoM and (b) the high
connectivity of oceanographic processes within the GoM. For Mexico, these two
concepts are essential in understanding the potential environmental consequences
of a massive oil spill in its EEZ and shoreline. The above two conditions facilitate
the active transport of contaminants across different sectors of the Gulf. There are
no physical barriers or other sort of factors that impede the free passage from the
US waters toward Mexico’s EEZ and vice versa. Migratory species (trans-boundary
species) and planktonic larvae take advantage of the ocean circulation to extend
their fundamental niche (growth-reproduction-nutrition) within the Gulf, regard-
less of international legal boundaries.

During the 3-year monitoring program in Mexico’s EEZ in the aftermath of a
major oil spill in the northern Gulf of Mexico caused by the Deepwater Horizon
event in April of 2010, our research efforts focused on the assessment of crude oil
compounds in water, sediments, plankton, and benthos of the NW Gulf. The high-
connectivity and the trans-boundary mechanisms that facilitate the dispersion of
larvae and pollutants within the GoM were the essential premises in examining the
far-field effects of the DWH oil spill in Mexican waters. Therefore, it was doubtful
that the DWH harmful effects were confined to a restricted area near the Macondo’s
wellhead.

The information contained in this chapter is an excellent baseline environmental
data from more than 35 hydrographic variables, biogeochemical and biological
properties of the benthic and pelagic ecosystems of the continental shelf, and the
upper slope of the NW Gulf of Mexico. The analyses and interpretation so far
achieved in this first multidisciplinary effort do serve to recognize the significant
alterations in the sedimentary quality standards and the risk of harmful effects on
benthic organisms, attributable to anthropogenic factors.

The lack of knowledge on the long-term environmental damage compels us to
implement innovative research approaches. If we consider the short-term monitor-
ing operations, it is necessary to adjust the network of observation sites and opti-
mize the number of variables focusing on the detection of toxic elements in water,
sediment, and the trophic web. In a long-term scenario, it is essential to continue
with multidisciplinary monitoring programs involving research vessels and station-
ary observational buoys.
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Chapter 4

Sediment and Organisms as
Marker for Metal Pollution

Ong Meng Chuan and Kamaruzzaman Yunus

Abstract

Pollution caused by metal elements has drawn increasing attention worldwide
due to the increase of anthropogenic contaminants to the marine ecosystems.
Pollution of the natural environment by metals is a serious problem because these
elements are indestructible and most of them have toxic effects on living organisms,
when they exceed a certain concentration. Sediments are widely used as geo-marker
for monitoring and identifying the possible sources since sediment can act as sink
for the pollutants. Most metals are bound in fine-grain fraction because of its high
surface area-to-grain size ratio where they have a greater biological availability
compared to those in larger fraction. Lying in the second trophic level in the aquatic
ecosystem, shellfish species have long been known to accumulate both essential
and non-essential metals. Many researchers have reported the potentiality of using
mollusks, especially mussel and oyster species, as bioindicators or biomarkers for
monitoring the metal contamination of the aquatic system.

Keywords: metal pollution, sediments, geo-marker, organism, bio-markers

1. Introduction

Recently, marine environment such as coastal and estuarine regions is contami-
nated by waste created by human activities containing elevated concentrations
of nutrients, organic pollutants, trace metals, and radionuclide [1, 2]. Some of
these chemicals are highly toxic and persistent, and these elements have a strong
tendency to become concentrated in marine food webs once they enter this aquatic
environment. The pollution of coastal zones near metropolitan areas, by these
anthropogenic wastes, is due to the large coastal human population and the enor-
mous amounts of sewage discharged into coastal waters [3-6]. The addition of
waste products into rivers, estuaries, and wetland environment (Figure 1), espe-
cially those in industrial and population centers, has led to a significant increase in
this pollutant level, especially metal contamination [7]. Accumulation of metals in
surface sediments from industrial effluents and urban sewage discharged into the
aquatic environment without proper treatment will easily be identified through
metal spatial variations in sediments [8, 9].

Rivers can transport metals into the marine environment, and the amount of
the chemical element input to the oceans depends on their levels in the river sedi-
ments, water, suspended particulate matter, and the exchange processes that occur
in the estuaries [10]. With recent industrialization and human activities (Figure 2)
that happen in the coastal region, these metals are continuing to be discharged to
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Figure 1.
Wetland ecosystem in Malaysia. This ecosystem may be polluted by metal pollutants derived from human
activities. Photo by Ong Meng Chuan.

i T

Figure 2.
Example of human activities (fishery industry) in the Gulf of Morbihan, France. Photo by Ong Meng Chuan.

estuarine and coastal environment through rivers, runoff, and land-based point
sources where the chemical elements are produced as a result of metal refinishing
by-products.

Metal concentrations in harbor or estuarine sediments usually are high due to
significant anthropogenic contaminant loading carried by the upstream of tributary
rivers and settled down at this area [11, 12]. The sediments itself can serve as a
metal pool that can release metals to the overlying water via natural or anthropo-
genic chemical and physical processes, causing potential adverse health effects to
organisms that live at the ecosystems [13, 14]. Moreover, marine organisms can
uptake these chemical elements, which in turn enhances the potential of some ele-
ments entering into the food chain. Therefore, metal contaminations are considered
by scientists as an environmental problem today in both developing and developed
countries throughout the world [15].

Metals accumulate in the sediments through complex physical and chemical
adsorption mechanisms depending on the nature of the sediment matrix and
the properties of the adsorbed compounds [16, 17]. Several processes had been
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identified for controlling the metal concentration in sediment, such as direct
adsorption by small particle of clays, adsorption of hydrous ferric and manganic
oxides which may also associate with clay fraction, adsorption of natural organic
substances associated with inorganic particle, and precipitation as new solid phases
[18, 19]. With this unique characteristic, sediments are usually used as geo-marker
for monitoring and identifying the potential pollution sources in aquatic environ-
ment. These sediment analyses are an important tool for the determination of
pollutants as they sink in the bottom through different chemical constituents and
can reflect the pollutant proxy in the environment. In addition, the sediments act as
a useful indicator of long- and medium-term metal flux in industrialized estuaries
and rivers, and they help to improve management strategies as well as to assess the
success of recent pollution controls [20].

More than 90% of the metal compound load in marine aquatic systems is bound
to suspended particulate matter and sediments [21]. Therefore, sediments serve
as a pool of metals that could be released to the overlying water from natural and
anthropogenic processes such as bioturbation and dredging, resulting in potential
adverse health effects toward surrounding organisms [22, 23]. Besides that, it is
necessary to determine the metal contamination in estuarine ecosystem because this
area is the most productive ecosystem which serves as feeding area, migration route,
and nursery area of many juvenile and adult organisms from freshwater and marine
water ecosystem. Due of these important to the ecosystem, effective remedial
actions to minimize the pollution by metals need to be distinguished if pollution are
expected occurs there [24].

2. Sediment as geo-marker for monitoring study

Marine sediments (Figure 3), including materials originating from the ter-
restrial inputs, as well as atmospheric deposition and autogenetic matter from the
ocean itself, preserve a continuous record of regional and even global environmen-
tal changes, which can be employed in metal pollution evolution [25, 26]. Because
of its unique characteristic, sediment always is considered as mirror of sedimentary
environmental changes, which can reflect the biological, geodynamic, and geo-
chemical processes of former conditions [27, 28]. On the other side, environmental
changes are not only driven by natural forces but also by anthropogenic effects by
human [29]. Some studies had concluded that the anthropogenic impacts on the
environment have led to eutrophication process in coastal zone and offshore and the
interaction of the natural force and human activities has exerted great effects on
the whole environmental system[30].

Figure 3.
Sediment sample usually used by researchers as geo-marker for pollution study. Photo by Ong Meng Chuan.
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Sediments can pick up metals due to several chemical process and normally will
settle down in marine aquatic environment. Because of this characteristic, sedi-
ment can act as an appropriate indicator to monitor the metal pollution. In aquatic
environment, these pollutants are originated from natural and anthropogenic
sources in the same manner [31]; thus, scientists have difficulty to identify and clas-
sify the origin of these pollutants in the environment. Therefore, to overcome these
obstacles, several scientists were using sediment fraction and characterized them
into several sizes to normalize the metal concentration [31, 32]. The rationale apply-
ing this approach is normally metals are associated with fine-grain fraction because
this fraction has larger surface area and higher cation exchange capacity that can
enhance metal adsorption [33]. These fine sediments such as silt and clay with size
less than 63 pm (Figure 3) are categorized as the most geochemically active fraction
in the sediment. With this characteristic, this fraction is suitable to determine the
potential pollution in the sediment (Figure 4).

Because of their large adsorption capabilities, fine-grain sediments represent a
major repository for metals and a record of the temporal changes in contamination.
Thus, they can be used for historical reconstruction. Although metals can occur
naturally in marine environment due to their presence in local rocks, it is difficult to
differentiate whether the source of the metals comes from anthropogenic or natural
sources. Therefore, for better understanding about the metal behavior and distribu-
tion, it is important to distinguish between metals released from natural processes
and those anthropogenic mainly introduced by human activities.

Marine sediments play a key role in the geochemical and biological processes of
an estuarine ecosystem. In particular, these sediments act as sinks for toxic metals
that enter the estuary. This sediment characteristic can regulate the concentration
of these minerals and compounds in the water column [34]. Marine sediment also
plays a very important role in the physicochemical and ecological dynamics of met-
als in marine aquatic ecosystems. The physicochemical nature of sediment-bound
metals is important in the bioaccumulation of aquatic organisms such as fishes and
shellfish.

Figure 4.
Fine-grain sediments have high surface area-to-grain sige vatio which can accumulate more metals in the
sediment. Photo by Ong Meng Chuan.
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Figures.
Sediment core collected from mangrove ecosystem to study the metal proxy and sediment accumulation rate.
Photo by Ong Meng Chuan.

Sediment quality has been recognized as an important and sensitive indicator or
geo-marker of environmental pollution by various scientists [35, 36] since sedi-
ments can act as an important sink for various pollutants, such as metals that had
been discharged into the environment [37, 38]. Besides acting as pollution indica-
tor, sediments are also important in the remobilization process of contaminants in
aquatic environment under favorable conditions through the interaction process
between waste column and surface sediments. Due to this process, scientists had
developed several comprehensive methods to identify and assess the sediment
contamination mainly to protect the marine aquatic organisms [39].

Over the last few decades, the study of sediment cores has shown to be an
excellent tool for establishing the effect of anthropogenic and natural processes
on depositional environments. Meanwhile, sediment cores (Figure 5) can pro-
vide chronologies of contaminant concentrations and a record of the changes in
concentration of chemical indicators in the environment. During the early 1960s,
sediment profiles from depositional areas were used to trace human activity,
witnessed by anthropogenic contamination like phosphorus [40], and later in the
1970s, it was possible to distinguish radioactive isotope inputs due to nuclear tests.
Metal accumulation rates in sediment cores can reflect variations in metal inputs
in a given system over long periods of time. Hence, the study of sediments core
provides historical record of various influences on the aquatic system by indicating
both natural background levels and the man-induced accumulation of metals over
an extended period of time. In addition, the dating of sediment cores using radioac-
tive traces like 210Pb [41] permitted the precise quantification of the history of the
inputs in a system [42].

3. Assessment of metal pollution level

The absolute concentration of metals in marine sediments never indicates the
degree of contamination coming from either natural or anthropogenic sources
because of its grain-size distribution and mineralogy characteristic [43, 44].
Normalization of metal concentrations to grain sizes, specific surface area, and
reactive surface phases such as Li and Al is a common technique to remove artifacts
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in the data due to differences in depositional environments [45-47]. This method
allows researchers to compare the contamination level directly even if the samples
were collected at different locations. The most common normalization technique
used is enrichment factor (EF) where this technique uses common elements such
as Al, Li, and Fe as normalizer and index of geoaccumulation (Ig,) or compares the
normalized concentration to average crustal abundance data [47, 48].

In order to examine to sediment status, the determined element concentrations
normally were compared to the published background concentrations. Literature
data on average world shale or sediment cores or sediments from pristine such as
undisturbed wetlands and non-industrialized regions were analyzed to establish
the background values. However, to reduce the metal variability caused by the grain
sizes and mineralogy of the sediments and to identify anomalous metal contribu-
tion, geochemical normalization has been used with various degrees of success
by employing conservative elements [49, 50]. Researchers have proposed various
elements as normalizer, and these elements have the potential for the environmen-
tal studies. Some of them are lithium, Li [51-53]; aluminum, Al [54, 55]; scandium,
Sc [56]; cesium, Cs [57, 58]; cobalt, Co [59]; and thorium, Th [60, 61]. Among all
proposed normalizers, conservative elements, Li and Al, have been widely applied
in marine and coastal study [62-64].

The concentration of metals in marine sediments cannot indicate the degree of
contamination coming from either natural or anthropogenic sources because of
grain-size distribution and mineralogy [44, 65]. Normalization of metal concentra-
tions to sediment size, specific surface area, and reactive surface phases such as Li
and Al is a common technique to remove artifacts in the data due to differences in
depositional environments [46, 66]. This allows for a direct comparison to be made
between contaminant levels of samples taken from different locations.

Based on the researches by several geochemists [67, 68], if an EF value is
between 0 and 1.5, it is suggested that the metals may be entirely from crustal
materials or natural weathering processes. If an EF is greater than 1.5, it is suggested
that a significant portion of metals has arisen from non-crustal sources or anthro-
pogenic pollution [61, 69].

Another common approach to evaluate the metal pollution in sediments is the
index of geoaccumulation (I,) introduced by Miiller [70] in order to determine
and define metal contamination in sediments by comparing current concentrations
with the background levels. Similar to metal enrichment factor, Iy, can be used as
a reference to estimate the extent of metal pollution in sediments. The I, value is
calculated by using the following equation:

Igeo = IOgZ (Cn/15Bn) (1)

where C, is the measured concentration of the element (n) in the sediment and
B, is the geochemical background concentration of the element (n). Factor 1.5 is the
correction of background matrix factor due to the lithogenic effects [70]. The upper
continental crust values of the studied metals are the same as those used in the
aforementioned enrichment factor calculation [71]. Miiller [70] has distinguished
seven classes of the I, from Class 0 to Class 6. The highest class (Class 6) reflects at
least 100-fold environment above the background value.

Class Value Sediment quality

0 Lo <0 Practically uncontaminated
1 0<lgeo<1 Slightly contaminated

2 1<lgeo<1 Moderately contaminated
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Class Value Sediment quality

3 2<lgeo<1 Moderately to heavily contaminated
4 3<lgo<1 Heavily contaminated

5 4<lgo<1 Heavily to extremely contaminated
6 5<lgo<l Extremely contaminated

Tomlinson et al. [72] elaborated that the application of pollution load index
(PLI) provides a simple way in assessing marine and coastal sediment quality by
metal pollution. This assessment is a quick tool in order to compare the pollution
status of different places [73]. PLI represents the number of times by which the
metal concentrations in the sediment exceed the background concentration and
gives a summative indication of the overall level of metal toxicity in a particular
sample or location [74, 75]. PLI can provide some understanding to the public of the
surrounding area about the quality of a component of their environment and indi-
cates the trend spatially and temporarily [76]. In addition, it also provides valuable
information to the decision-makers toward a better management on the pollution
level in the studied region.

PLI is obtained as contamination factor (CF). This CF is the quotient obtained
by dividing the concentration of each metal with the background value of the
metal. The PLI can be expressed from the following relation:

PLI = (CF; x CF, x CF3 x CF4 x CF,)*" ()

where n is the number of metals studied and the CF is the contamination factor.
The CF can be calculated from

CF = (Metal concentration in samples/Background metal concentration)  (3)

The PLI value more than 1 can be categorized as polluted, whereas less than 1
indicates no pollution at the study area [77, 78].

4. Ecological risk assessment by sediment quality guidelines

Over the last two decades, a considerable amount of research effort has been put
into investigating sediment toxic threshold levels [79, 80]. As a result there are now
a number of international guidelines relating to toxic concentrations as determined
by field and laboratory data. The work of Long et al. [79] on sediment quality
guidelines (SQGs) provides a useful tool for screening sediment chemical data to
identify pollutants of concern and priorities problem sites (x). In their study, the
toxicity range of these chemical pollutants in the sediments was estimated from
experimental studies in the laboratory, observation, and measurement of these
parameters in the field. The finding of the work can estimate the level of two pollut-
ants that have high chances to give impact in adverse biological effect of 10 and 50%
of biota population.

Using this approach, scientists classified the toxicity of metals into effect range
low (ERL) and effect range median (ERM) concentrations [79]. The concentra-
tion value between ERL and ERM represents the intermediate range in which this
concentration can give an impact in 10-50% of the organism populations. ERL
indicates the chemical pollutant can be considered to be of minimal or low con-
cern, and the adverse effects toward organisms are infrequently observed (<10%
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impact on organisms population) if the concentrations are below the ERL value.
On the other hand, ERM indicate that if the concentration is above this level which
the significant effect can be observed in 50% or more of the organism population
considered to be toxic and of significant concern.

5. GIS application in environmental study

Nowadays, the rapid developments of computer technology and geographi-
cal information system (GIS) are receiving increasing interest in environmental
geochemistry study [81]. This method is becoming popular nowadays in marine
environmental pollution studies to graphically and digitally present the distribu-
tion of metals in marine environments by using GIS technique [82, 83]. The spatial
interpolation methods of geometrical interpolation, trend surface analysis, and
kriging method are commonly used [84]. This base chemometric approach was
applied to investigate the spatial distribution patterns of metals in marine sediment
and to identify spatial human impacts on global and local scales [85, 86].

GIS is a tool for decision-making, using information stored in a geographical
form, in this case, in isopleth map form. Some researchers defined major require-
ments and function of GIS and mentioned spatial data handling tool for solving
complex geographical problems [87, 88]. This GIS approach is increasingly used
in environmental pollution studies because of its ability in spatial analysis and
interpolation, and spatial interpolation utilizes measured points with known values
to estimate an unknown value and to visualize the spatial patterns [89]. On the
regional and national scales, the geochemical mapping of metals can be used as a
tool for visualization which is enhanced by computer-aided modeling using GIS to
make it easier to identify the possible locations of contaminated area. At present,
joint using of GIS and chemometric approach mainly focuses on river estuary [90],
soil [91], and nonpoint source identification [92].

6. Organisms as biomarker for monitoring study

Marine aquatic organisms can accumulate metals from various sources in their
surrounding environment. The possible sources of these metals include sediments
and soil erosion [93, 94], air depositions of dust and aerosol [93, 95], and discharges
of wastewater [93, 94]. The accumulation of metals in marine aquatic organisms
can pose a long-term burden on biogeochemical cycling in the ecosphere [96]. Once
the metals enter the food chain, they may accumulate to dangerous levels and be
harmful to human health.

Shellfish species which are laying at the second trophic level in the aquatic
ecosystem have long been known to accumulate both essential and nonessential
metals. Many researchers have reported the potentiality of using mollusks, espe-
cially mussel and oyster species, as bioindicators or biomarkers for monitoring the
metal contamination of the aquatic system [97, 98]. Besides being a biomarker for
marine pollution studies, these mollusk species have also been used in ecotoxicology
and toxicity studies. Individual biomonitors respond differently to different sources
of bioavailable chemical elements, for example, in the solution, in sediments, or
in foods. In order to conclude a complete picture of total metal bioavailability in a
marine habitat, it is necessary, therefore, to use a correct biomonitor that can reflect
the metal bioavailability in all available potential sources [99]. Such comparative
use of different biomonitors should allow identification of the particular source of
the contaminant elements [100] (Figure 6).
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Figure 6.
Shellfish (left, green mussel; right, oyster) arve commonly used as biomonitor to study the pollution status.

Metal accumulation in marine aquatic organisms depended on several
factors, including the environmental concentrations of metals in water and
sediments; the species of organisms; and body size and age of the marine organ-
isms. Different concentrations of metal can also be found in different organs
(stomach, gill, muscle, tissue) in the same biological sample [101, 102]. However,
scientists mainly focused on the general metal burden in shellfish species such as
oyster and mussel and the potential major pathways for metal contaminant in the
coastal environment.

7. Choice of biomonitors for environmental study

Aquatic organisms can transport pollutants and contaminants into, within, and
out of the marine aquatic ecosystem. These organisms can ingest the pollutants via
water and food and inhale them as they breathe and during feeding process [103].
When the pollutants enter the organism body, some contaminants can quickly
pass through several organs; however, some may be absorbed and accumulated
in organism tissues, particularly fatty tissues [104]. Certain contaminants such as
mercury and PCBs are easily dissolve in organism fats and oils but do not dissolve
in water. Due to the organism metabolism process, bioaccumulation process can be
clearly seen in carnivorous animals in higher tropic of food chain, ranging from big
organism such as fishes and to human [105].

The choice of a suitable biomonitor needs to consider the potential sources
of metals to the organism. For example, sea grass not in contact with sediments,
therefore, will take up metals from dissolved sources only [99]. Suspension
feeders take up metals both directly from seawater and from the suspended
particles collected during feeding. Thus, mussels, oysters, and barnacles are all
candidates as suspension feeding biomonitors, and a careful choice will dif-
ferentiate between suspended particles of different size ranges. As a generaliza-
tion, sessile barnacles, but not stalked barnacles, have evolved micro-feeding,
using the first thoracic legs to filter small suspended particles which would
pass through the setae of the expanded cirral net formed by the more posterior
thoracic legs [106].

Deposit feeding bivalves will reflect the bioavailability of metals in the surround-
ing water via respiratory currents but also metal bioavailability in newly deposited
particles, for they suck up such particles via the inhalant siphon during feeding [107].
Some bivalves are protected by the shell from contact with the interstitial water of the
sediment, a protection not offered, for example, to a sediment burrowing polychaete,
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the soft epidermis of which may be bathed directly by interstitial water with a redox
potential possibly very different from that of the overlying water [108].
As concluded by monitoring scientists [109, 110], species to be chosen as bio-
monitors should fulfill several criteria such as:
i.Sedentary organism or those fixed in one spot
ii. Easy to identify the species
iii. Abundant
iv. Long-lived
v. Available for all the time
vi. Large enough to provide sufficient sample
vii. Resistant to handle the organisms’ stress during test preparation
viii. Adapt to environmental variations in physicochemical parameters such as
salinity and temperature
8. Organisms as laboratory testing organisms
Besides using the organisms as a biomarker for metal pollution studies in the
field, mollusk species also have been used in ecotoxicology and toxicity studies in
the laboratory. Several criteria had been set in order to choose suitable organisms
as testing organisms. Despite that, in order to achieve the objectives, these testing

organisms should fulfill several criteria as follows:

i. Organisms should be commercially important and sensitive to the
environment.

ii. Organism must be easy to obtain and maintain in the laboratory.

iii. Biology, feeding behavior, and their characteristic of the organism must be
known.

iv. Organism must be healthy and free from disease.
v. Organisms should be acclimatized for at least 2 weeks before use.
vi. Mortality of organism in control tank must be less than 10%. If more than
10% mortality, the testing should be repeated.
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Chapter 5

Nitrogen and Phosphorus
Eutrophication in Marine
Ecosystems

Lucy Ngatia, Johnny M. Grace I1I, Daniel Moriasi
and Robert Taylor

Abstract

Nitrogen (N) and phosphorus (P) eutrophication in marine ecosystems is a global
problem. Marine eutrophication has a negative impact on food security, ecosystem
health and economy through disruptions in tourism, fisheries and health industries.
Both N and P have known point and non-point sources. Control of point sources
has been easier than non-point sources particularly agricultural sources for both
N and P as well as fossil fuel combustion for N, which remains a major challenge.
Implementing mitigation strategies for N has been reported to be effective for P miti-
gation; however, the converse is not true due to mobility and volatility of N. Excessive
N and P cause algae blooms, anoxic conditions, and ocean acidification with these
conditions leading to dead zones, fish kill, toxin production, altered plant species
diversity, food web disruption, tourism disruption and health issues. Management of
N and P pollution includes reduction of leaching from farms through crop selection,
timely and precise application of fertilizer and building artificial wetlands, proper
management of animal waste, reduction of fossil fuel N emission, mitigating N and P
from urban sources and restoration of aquatic ecosystem. Mitigation measures need
to focus on dual nutrient strategy for successful N and P reduction.

Keywords: agriculture, eutrophication, marine, mitigation, nitrogen, phosphorus,
pollution

1. Introduction

In the past few decades there have been massive increase in marine eutrophication
globally [1]. The major drivers of marine eutrophication are nitrogen (N) and phos-
phorus (P) [2]. Eutrophication leads to hypoxia and anoxia, reduced water quality,
alteration of food web structure, habitat degradation, loss of biodiversity and noxious
and harmful algal blooms [1, 3]. In addition, coastal hypoxia contributes to ocean acidi-
fication harming the calcifying organisms for example mollusks and crustaceans [4].

Nitrogen and P are required to support aquatic plant growth and have been reported
as the key limiting nutrients in most aquatic ecosystems. Further, N is needed for
protein synthesis while as P is required for DNA, RNA and energy transfers [5]. Marine
ecosystem heavily loaded with nutrients can display N limitation, P limitation and
co-limitation [6] the limiting nutrient could change both seasonally and spatially [7].
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A number of factors make N more limiting in the marine ecosystem than in fresh water
ecosystem with two primary factors being (1) desorption of P bound to clay as salinity
increase and (2) reduced/lack of planktonic N fixation as a result of increased salinity,
resulting in flux of relatively P rich N poor marine water [4].

Increased N and P fertilizer and manure application in agricultural production
have significantly improved crop yields and food security for the increasing human
population, however fertilizer application on farms has led to serious problems with
aquatic eutrophication (Figure 1) [1, 9]. Asaresult N and P in fertilizer and manure
enter freshwater systems and are transported by streams and rivers to coastal areas
resulting in eutrophication of coastal and marine ecosystems globally (Figure 2)
[10-12]. In addition, atmospheric deposition of N from fossil fuel combustion con-
tributes to the global budget for reactive N and is the largest single source of nitrogen
pollution in some regions (Table 1) [1]. The chapter addresses the forms of N and P,
and their sources. Consequences of eutrophication and mitigation strategies as well
as some of the challenges faced during the mitigation process.
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Figure 1.
Period in which the symptoms of eutrophication and hypoxia/anoxia began in developed countries and the
more recent evolution of these symptoms in developing countries, modified from Schlesinger [8].
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Figure 2.

Average annual nitrogen export per area of watershed from large regions around the Novth Atlantic Ocean to
the coastal ocean as a function of net anthropogenic nitrogen inputs to the landscape per area. Modified from
Howarth [1].

78



Nitrogen and Phosphorus Eutrophication in Marine Ecosystems
DOI: http://dx.doi.org/10.5772/intechopen.81869

1981 19497
Input
Mikcallon Inazelcullural syslems 1.9 a9
Tiesrgrarrie: ™ fertiliven EN| T2
WOk e Tssons leon fossi] uel ronsEosbioo 38 N5
Lolalinpul 114 4.1
Paprarts
Exoorlin dwers a0 o
Atzneepbaaic adveodon e ooeans uz 13
Tinad vied o] epenct N.& 2
Prstal cxpisrts 47 Ha
Loridfriticitur, and storage 7.3 15.3
Nelanthropogeric M inpuls s N3

Table 1.

Budgets indicating reactive nitrogen from human sources in United States of America (Tg N per year). Net
anthropogenic N inputs indicate use of inorganic fertilizer plus N fixation in agricultural systems plus NO,
deposition from fossil fuel combustion minus the net export of Ny in food and feeds. Modified from Howarth
et al. [55].

2. Forms of nitrogen and phosphorus

Most of the N on earth is molecular dinitrogen (N,) and most of it is in the atmo-
sphere, however, a portion of it is dissolved in the ocean [1]. Only ~0.002% of N on
earth is present in living tissues and detrital organic matter [8]. Nitrogen is essential
for life; however, biologically available forms such as nitrate, nitrite and ammonium
are a small proportion of N on earth and as a result, N limits primary productivity
in coastal marine ecosystems [13].

Soil P exists in a range of organic and inorganic compounds that differ remark-
ably in their biological availability in the soil environment [14]. The inorganic P
compounds preferentially couple with crystalline and amorphous forms of Al, Fe,
and Ca [15] the coupling is highly influenced by soil pH [16]. Organic P in most
soils is dominated by a mixture of phosphate diesters (mainly nucleic acids and
phospholipids) and phosphate monoesters (example; mononucleotides, inositol
phosphates) with smaller amounts of phosphonates (compounds with a direct
carbon—phosphorus bond) and organic polyphosphates (for example; adenosine
triphosphate) [17]. Plants have the capacity to manipulate their acquisition of P
from organic compounds through various mechanisms, some of which allow plants
to utilize organic P as efficiently as inorganic phosphate [18]. Alkaline pH can alter
the availability of P binding sites on ferric complexes as a result of competition
between hydroxyl ions and bound phosphate ions [19]. Anaerobic conditions favor
release of P as a result of reduction of ferric to ferrous iron [20]. While, the pres-
ence of sulfate could lead to reaction of ferric iron with sulfate and sulfide to form
ferrous iron and iron sulfide leading to release of P [21]. Temperature increase can
reduce adsorption of P by mineral complexes in the sediment [22]. Other physio-
chemical processes affecting release of P from the sediment include pH potential,
redox, reservoir hydrology and environmental conditions [23]. These physio-
chemical processes could further be complicated by the influence of biological
processes such as mineralization, leading to a complex system governing the release
of P across sediment water interface [23].

Unlike N fertilizer, P fertilizer is not volatile, consequently very little P could be
distributed from cropland to nearby terrestrial ecosystem [24]. However, excessive
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Figure 3.
Summer mean benthic chlovophyll concentrations from streams worldwide as a function of summer mean
concentrations of total P and total N in the water column. Modified from Dodds and Smith [31].

P fertilizer application could result in significant transfer of P to adjacent freshwater
bodies, followed by transport to coastal waters [25]. The nitrogen cycle contains
diverse gaseous forms, both dissolved and particulate forms of N, while P cycle is
dominated by particulate and non-gaseous forms of P [26]. This means that N pool
can exchange with and escape to the atmosphere but P is trapped in receiving marine
waters. The processes controlling losses of N to the atmosphere include ammonifica-
tion, denitrification, nitrous and nitric oxide production and products of anaerobic
ammonium oxidation (or anammox) reaction, while N fixation represents a gain
from the atmosphere [27, 28]. Nitrification and denitrification are regulated by
oxygen concentration and potentially can produce nitrous oxide, a climate relevant
atmospheric trace gas [29]. However, there are no analogous air-water exchanges
that exist in the P cycle. Therefore, while the net effect of the microbially mediated
dissolved gaseous fluxes on N is loss of N to the atmosphere, P remains in the system,
either as dissolved or as particulate forms [26]. While many efforts have focused on P
mitigation, less attention has been given to N mitigation [30]. However, it is clear that
N and P together describe eutrophication better than either can alone (Figure 3).

3. Sources of nitrogen and phosphorus

A century ago, the world reactive N was derived mainly through microorganisms
fixation. This is the natural N fixation from the atmosphere. Currently, most of
reactive N is derived from anthropogenic activities, mainly synthetic N fertilizers,
manure application and fossil fuel combustion [32-36]. In addition, anthropogenic
activities have accelerated biological N fixation associated with agriculture [33]. Itis
estimated that globally deposition of reactive N is ~25-33 Tg N per year from fossil
fuel combustion, ~118 Tg N per year from fertilizer, and ~65 Tg N per year from fixa-
tion of atmospheric N, by cultivated leguminous crops and rice. Only ~22% of total
human input on N ends up accumulating in soils and biomass, whereas ~35% enter
oceans through atmospheric deposition (17%) and leaching through river runoff
(18%) [25]. However, the only source of atmospheric P deposition is through mineral
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aerosols and the global flux is estimated at 3-4 Tg P per year [25]. Agricultural and
urbanization activities are the major drivers of N pollution in the coastal waters
[13]. The green revolution has led to synthetic N fertilizers, creating reactive N at a
rate four times greater than fossil fuel combustion [34, 36]. Dinitrogen fixation by
planktonic cyanobacteria is less likely in coastal seas compared to lakes, due to high
salinity, whereby coastal planktonic N, fixation has not been observed at salinities
higher than 8-10 and normally ocean salinity is ~35 [5].

Phosphorus sources can be natural which includes indigenous soil P, atmo-
spheric deposition and anthropogenic P [37]. Phosphorus sources include both
point and non-point sources [38]. Excess phosphorus inputs to lakes/rivers, which
are eventually translocated to the marine ecosystem, usually come from industrial
discharges, construction sites, urban areas, sewage and runoff from agriculture
[39]. Many countries have implemented mechanisms to control point source P,
however, controlling non-point P sources especially agricultural sources remains
a challenge [38, 40]. The major source of nonpoint P input to water bodies is the
excessive application of fertilizer or manure on farms which cause P accumulation
in soils [40]. It should be noted that crop and livestock production systems are the
major cause of human alteration of the global N and P cycles [41].

4. Consequences of nitrogen and phosphorus eutrophication

Eutrophication leads to excessive plant production, blooms of harmful algae,
increased frequency of anoxic events, and death of fish. These conditions lead
to health implications and economic losses, including losses of fish and wildlife
production and losses of recreational amenities [38, 42].

4.1 Ocean acidification

Coastal hypoxia contributes to ocean acidification harming the calcifying organ-
isms such as mollusks and crustaceans [4]. Anoxic and hypoxic water are associated
with elevated carbon dioxide which causes acidification accelerating perturbation of
ocean chemistry and influencing carbon dioxide emission into the atmosphere [4].

4.2 Dead zones

Hypoxia and anoxia lead to dead zones whereby fauna is eliminated or diversity
and abundance is reduced. Dead zones in the coastal area have spread significantly
since 1960s (Figure 4) and the increases are triggered by increases in primary
production as a result of increased marine eutrophication fueled by riverine runoff
of fertilizers and burning of fossil fuels [44]. The increased primary production
lead to the accumulation of particulate organic matter which, accelerate microbial
activity and consumption of dissolved oxygen in bottom waters resulting in death
of fish and other marine fauna.

4.3 Human/animal health

Ranging from United States to Japan, the Black Sea and Chinese coastal waters
increased nutrient loading in marine waters has been attributed to development
of biomass blooms, which lead to toxic or harmful impacts on ecosystems, human
health and/or recreation [45]. Approximately 60-80 species of about 400 known
phytoplankton are toxin producing and capable of producing harmful algal blooms
[46]. Toxin producing algae could cause mortalities of fish, birds, and marine
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Figure 4.
Period of the explosive increase in coastal eutrophication in velation to global additions of anthropogenically
fixed N from Boesch [43].

mammals as well as human illness through consumption of fisheries [47]. In humans,
toxins arising from harmful algal blooms have mainly been reported from shellfish
consumption [47] since bivalve shellfish (Mollusca) graze on algae and concentrate
toxins effectively. In May and June 1998 the mortality of over 200 California sea lions
(Zalophus californianus) and signs of neurological dysfunction in surviving sea lions
along the central California coast was attributed to a harmful algal blooms [48].

4.4 Tourism

Coastal areas are hotspots for tourism, and are an important economic source for
tourism [49]. The algal bloom resulting from N and P eutrophication have degraded
the investment environment and damaged the tourism and hospitality industry
(Figure 3) [50].

5. Management of nitrogen and phosphorus pollution and challenges

faced

Generally, it has been much easier to manage point sources of both N and P
however, non-point sources have been a challenge to control and are the main
sources of pollution in the marine ecosystem [51, 52]. Nitrogen has higher mobil-
ity in the environment compared to P since N flows easily through both ground
water and atmosphere [51]. It has been generally indicated that management
practices for reducing N pollution in most cases are also effective in phospho-
rus control, however the converse is not true (Table 2) [51, 53]. Due to high N
mobility and volatility, in some cases it might need different/additional mitiga-
tion strategies compared with P. In United States and Europe major progress has
been made in reducing N pollution from municipal waste water sources which
is a point source but very little progress has been made in reducing non-point
source N and P pollution [51, 54]. The following are some technical solutions for
N and P management.
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Perenmial cropping systems Effiective Very effective
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Waslewaler Lreatment

Corventiomal septic sysbem Very effective Not effective
Chewrdeal precipitation advanced Very effective Little effective
Washew ater trealmnens plants

Derdtrification advanced wastewater  Effective Very atfedive
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Table 2.
Relative effectiveness of some representative best management practices (for reducing nitrogen and phosphorus
pollution of surface and groundwater. Modified from Howarth [51].

5.1 Leaching and runoff from agricultural fields

In United States, N inputs to agricultural fields doubled from 8 to 17 million
metric tons per year between 1961 and 1997 [55]. Approximately 20% of the new N
inputs to agricultural fields is leached to ground or surface water [55, 56]. Climate
has an influence on N losses, whereby, losses are higher under high rainfall intensi-
ties and wetter years [57]. Significant amount of P from agricultural fields is lost
through leachate and runoff to rivers, lakes and reservoirs and eventually finds its
way to the marine ecosystem [38].

5.1.1 Growing perennial crops

Growing grasses or alfalfa rather than annuals such as soybeans or corn is pre-
sented here as a potentially beneficial practice to control N and P nonpoint source
pollution. Perennials are known to maintain N in the rooting zone, thereby reducing
losses to groundwater. Previous work has shown that fields planted with perennial
alfalfa lost ~30-50 times less nitrate compared to fields planted with soybeans and
corn in Iowa and Minnesota, USA [57, 58].

5.1.2 Planting winter cover crops

Winter cover crops provide a range of services that are beneficial to managing
N and P pollution since these crops protect the soil during this vulnerable season
with lower evapotranspiration rates and higher antecedent soil moisture condi-
tions. Cover crops provide cover to soils vulnerable to accelerated erosion losses and
reduce soil erosion, which is the primary mechanism whereby nutrients are trans-
ported to surface water systems. In particular, N and P are attached to soil particles
that are transported via storm water runoff directly to receiving surface waters such
as streams, rivers, lakes, wetlands, and oceans. Further, winter cover crops reduce
nutrients transported such as leaching of nitrate into groundwater during winter
and spring, this is the period that most leaching occurs in many climates [51] as a
result of the antecedent moisture conditions due to reduced plant soil water and
nutrient uptake. The previous literature reports that long term winter cover crops
have the capability of reduced nitrate loss as much as 3-fold [59].

5.1.3 Effective N and P application

Nitrogen and P fertilizer application timing is critical to managing nonpoint
source pollution in cropping systems. Fertilizer application as close as possible to
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the time of crop need during the growing season is presented as a viable control

for pollution challenges related to N and P. In particular, fall fertilizer application

is often not the most agronomically, economically, or environmentally efficient

or sustainable practice since much of this amendment would be either have direct
connectivity to receiving surface waters through storm water runoff during the
dormant season or eventually leach to ground waters since plant uptake is limited to
negligible amounts because, with the exception of fall or winter cash crops, growth
begins in the spring. The previous literature has found that fall application of fertil-
izer can result in as much as 30-40% leaching of the fertilizer [57].

5.1.4 Optimal fertilizer application rates

Application of the right quantity of the fertilizer is critical to responsible
nutrient management in most all ecosystems. Prudent nutrient management and
sound economics requires that fertilizer amendment to the point of optimal yield
without excess application that results in increased nutrient export via surface
runoff or leaching. Incremental application rates above the point where more
fertilizer application increases crop yield and N and P are no longer limiting has no
effect on production [60] and can actually have negative return on yields as well as
the excessive fertilizer is susceptible to surface storm water runoff and leaching to
groundwater (Figure5).

5.1.5 Effective buffer strips and/or fovest buffers

Buffers in the form of grass hedges, stiff grass hedges, field buffers, riparian
forests, forest buffers, and wetland forests are commonly applied to minimize the
effects of agricultural and urban land uses. Forested conditions are optimal for
control of nonpoint source pollutions due to a range of characteristics that mini-
mize the storm runoff and subsequent soil and nutrient transport that can result
[61]. These characteristics include increased infiltration rates, increased vegetative
cover, a thick organic layer, increased surface roughness, and higher evapotranspi-
ration rates among other attributes. Each of these characteristics singularly reduces
the quantity of surface water available to transport nutrients as well as nutrients
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Crop wield or nitrogen pollution
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Figure 5.

Schematic vepresentation of crop yield and reactive nitrogen export to surface and groundwater as a function
of reactive nitrogen inputs to agricultural field. Arvows indicate level of fertilization recommended by
extension agents (1) and actual levels applied on average by farmers (2). Modified from Howarth et al. [55].
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available to leach to groundwater. Uptake of grass and/or tree species can remove
excess nutrients as a means of production of a component crop whether it come
in the form of biomass, wildlife habitat, timber, or hay among other economic
benefits.

5.1.6 Artificial wetlands/constructed wetlands

Artificial or constructed wetlands can receive storm water runoff with increased
nutrient concentrations and/or intercept tile drainage on farms by serving asa N
and P sink. These wetlands reduce flux of nitrate and phosphate to receiving surface
waters [62].

5.2 Animal production and concentrated animal feeding operations

Animal waste is a major contributor of N and P to coastal waters [51]. In the
United States waste from animals in feedlots tends to be spread on the farm through
land application, held in lagoons, or recently it is being composited [51, 53].

5.2.1 Manuvre application

Manure has been considered as fertilizer; however, applying manure at a rate
appropriate to crop needs is a challenge as a result of uncertainty in time of nutrient
release and difficulty in uniform distribution of manure (Figure 6) [53].

5.2.2 Lagoons hold animal waste

Lagoons can be used for holding animal waste as a retention area to prevent
unacceptable pulse of nutrient loads to receiving waters. Lagoons retain nutrients
until a time when they can strategically and effectively utilized, however diligence
is required due to there could be significant leakage on N to groundwater and
volatilization of N as ammonia to the atmosphere. The volatilized N contributes to
the flux of N to marine system [53].

130 I

D Nitrogen
100 l Phosphorus

50

LILIJEI Ad

1545 1954 1959 1964 1959 1974 1978 1982 1987 1992
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Figure 6.
Graphical vepresentation of number of counties where manure nutrients exceed the potential plant uptake and
removal, including pastureland application, modified from Howarth et al. [55].
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5.2.3 Composting of animal waste

After animal waste is composited, it becomes easier to use it as effective fertil-
izers. However, during composting ammonia volatilization takes place, which
contributes to the flux of N to marine system. In addition N volatilization lowers the
quality of compost as fertilizer [53].

5.3 Fossil fuel sources of nitrogen

Fossil fuel combustion emits oxidized forms of N (NO,) to the atmosphere
[51]. In United States fossil fuel combustion emits ~6.9 million metric tons of N per
year to the environment (Figure 7). This is ~60% of the rate of N fertilizer use in
the country [55]. Most of the N emitted from fossil fuel is deposited back on the
landscape in rain and dry deposition with a significant contribution to nutrient
pollution in coastal water [51]. Approximately half of the fossil fuel N emission
comes from mobile sources, which includes automobiles, busses, trucks and off
road vehicles [51]. Electric power generation produced ~42% of reactive N [63].
Reduction of N emission from fossil fuel combustion could be achieved through;
encouraging less driving and more energy efficient vehicles and remove NOy from
exhaust using catalytic converters [51]. Stricter emission standards should be
applied to sports utility vehicles, trucks and off road vehicles [51]. Promote genera-
tion of electric power using fuel cells rather than traditional combustion would
mitigate NO, emissions [35]. In addition, electric power plants built for example in
the United States before Clear Air Act could be modified to modern standards [63].

5.4 Urban and suburban sources

Approximately 29% of population of the United States is served by septic tanks
instead of sewers [61]. In some coastal areas, septic tanks are the primary sources of
N to coastal water [64]. Reduction of N leakage from septic tanks in coastal areas
could be accomplished through replacing septic system with sewers and nutrient
removal sewage treatment [51].
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Figure?7.
Atmospheric NO, emissions in the United States of America from 1940 to 2000, modified from Howarth
et al. [55].
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5.5 Aquatic ecosystem restoration
5.5.1 Wetlands as nitrogen and phosphorus interceptors: enhancing sinks

Wetlands, riparian zones and ponds can act as N and P traps, they can sediment
out particulate N and P and convert reactive N into harmless N, through the process
of denitrification [51-53]. Wetlands play a key role in P removal as a result of
processes that include uptake by microbes and vegetation, peat accretion (sorption
and burial in soil and sediments), and precipitation by iron and aluminum [65-67].

5.5.2 Riparian area vestovation

Both N and P have been reported to contaminate groundwater [68], but s there
is no clear evidence of the location and the source of the contaminant. Therefore,
measures to decrease groundwater and surface water derived P and N call for the
need to implement measures in the riparian area eliminate groundwater N and P
directly before it enters the water bodies, this will avoid translocation of the pollut-
ants to the marine ecosystem.

5.5.3 River/lake maintenance and restovation

River and lake rehabilitation and restoration improves their capacity to retain
nutrients [69] and buffer nutrient fluxes to reduce N and P concentration in surface
water reaching marine ecosystems.

6. Conclusion

Eutrophication is a major problem in the marine ecosystems that is driven
primarily by N and P loading. Nitrogen and P pollution are contributed from both
point and non-point sources. Many countries have been successful at controlling
point sources for both N and P, however non-point sources remains a major problem.
Phosphorus input into freshwater and subsequently marine systems are a result of
anthropogenic activities that result in excess P with agricultural fertilizers serving as
the leading cause of excess P. Historically, reactive N was contributed primarily by
microorganisms and microbial activity. In recent years, reactive N is contributed by
a myriad of anthropogenic activities which are led by fertilizer and manure applica-
tion and fossil fuel inputs. While P is transported to the marine ecosystem in particu-
late and dissolved form, N is translocated as particulate, dissolved and gaseous form.
The volatility and mobility of N makes it difficult to control and manage. In marine
ecosystem, the salinity condition favors availability of P while limiting planktonic N
fixation. This indicates that translocated N has greater effect on marine ecosystem
than onsite fixed N. The consequence of N and P loading in freshwater and marine
systems is multifaceted with eutrophication perhaps having the greatest impact.
Eutrophication can result in increased incidence and significance of algae bloom,
anoxic conditions, ocean acidification, and altered plant species diversity. The effects
of eutrophication are production of toxins that affect human and animal health, fish
kills that negatively impact the food security, food web disruption, and dead zones
that disrupt ecosystem functioning. Further, the disruptions in ecosystem functions
translate to negative impacts to the tourism industry with economic consequences.
Therefore, eutrophication mitigation is essential in order to prevent excessive N
and P loading to lotic and lentic systems from upslope anthropogenic activities and
subsequently reaches marine ecosystems. The previous literature and investigations
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indicate that mitigation strategies should focus on both N and P loading reduction

to ensure sustainability. Mitigation strategies to reduce the impact of N & P loading
include reduction of leaching from agricultural activities, growing perennial plants,
prudent application of fertilizers, and planting winter cover crops to reduce nutrient
leaching via increased plant uptake. Strategies include policy and/or industry stan-
dard modifications that are likely more controversial yet likely the key to sustainable
practices. These strategies include reduction of fossil fuel N emissions through
transportation demand reductions, vehicle efficiency advancements, enhanced
removal of NO, from exhaust, and stricter emission standards for the transportation
system. Further, terrestrial and aquatic ecosystem restoration in terms of flora and
fauna are critical to ensure greater quantities N and P are effectively trapped or tied
up prior to reaching marine ecosystems. Overall, measures to control eutrophication
need to focus on dual nutrient reduction, instead of focusing on N or P alone in order
to ensure sustainability, unless there is evidence that focusing on only one nutrient is
justifiable for a given ecosystem.
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Decadal Pollution Assessment and
Monitoring along the Kenya Coast
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Abstract

Marine contamination arising from land-based sources is on the rise along the
Kenyan Coast. We carried out a decadal pollution survey between 2008 and 2018
to determine the levels of various pollutants (nutrients, trace metals, persistent
organic pollutants, and 29po) in water, sediment, and biota collected from selected
locations in Kenya. Nutrient levels in water ranged between <0.10 and 1560.00,
<0.10 and 1320.00, and <0.10 and 3280.00 pg/L for PO,*"-P, (NO,™ + NO;")-N, and
NH,"-N, respectively, while Chl-a values ranged between 0.02 and 119.37 mg/L.
Total PAH, PCBs, and OCPs in sediment from the studied locations ranged from
BDL-37800, 0.012-7.99 and BDL-6.10 ng/g. High level of PAH in Kilindini port was
primarily from petroleum sources. DDD + DDE/DDT ratio was above 0.5 suggest-
ing historical input. Sediment trace metal concentration from selected locations
in Kenyan estuaries had various ranges, that is, Al (0.06-9804284.00 ug/g), Zn
(3.82-367.20 pg/g), Cu (7.5-169.60), Cd (DL —-2.40 pg/g), Mn (BDL-169.60 pg/g),
Cr (2.55-239.10 pg/g), and Pb (BDL-135.60) pg/g dw. Surface sediment *°Po activi-
ties ranged between 20.29 and 43.44 Bq kg™' dw. Chl-a and PO,*"-P data revealed
enhance primary productivity in Mombasa peri-urban creeks and estuarine areas.
Although the reported concentrations of trace metals and POPs are low in most
locations from Kenya, there is a potential risk of bioaccumulation of these contami-
nants in marine biota; thus, there is a need for continuous monitoring to protect
both ecosystem and human health.

Keywords: marine pollution, nutrients, heavy metal

1. Introduction

Kenya is experiencing an increase in human population, urbanization, and
industrialization which is characterized by massive utilization of natural resources
coupled with an increase in waste production [1]. UNEP GEF-funded WIOLaB proj-
ect identified that over 70% of pollutants entering marine and coastal ecosystems
originate from the land [2]. Many pollutants from these land-based sources (such as
sewage, oil hydrocarbons, sediments, nutrients, pesticides, litter, and plastics and
toxic wastes) enter the sea via rivers and surface runoff [3]. For instance, sewage is
still being indiscriminately discharged into peri-urban creeks of Mombasa [4].
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Kenya’s coastal waters are thus continuously enriched with large amounts of
nutrients, particularly nitrogen (N) and phosphorus (P), silica (Si) and sulfur (S)
from anthropogenic activities and wastewater from households and industries [4]
despite the fact that effluent pollution had been identified as the most serious of
all land-based threats to the marine environment and an area which requires more
attention [5]. Excessive nutrient enrichment results in nutrient pollution and eutro-
phication with severe economic, environmental, and ecological implications to the
marine environment due to the shift in the Redfield ratio [6]. Some of the impacts
of nutrient enrichment include increased abundance and biomass of phytoplankton
and macroalgae [7]; reduced light penetration; increased development of hypoxic,
anoxic, and dead zones [8, 9]; changes in phytoplankton community structure and
alteration of food chains and webs [10]; development of harmful algal blooms that
may produce substances toxic to aquatic organisms or humans [11]; dieback of sea-
grasses, algal beds, and corals [12, 13]; loss of biodiversity; and increased incidences
and duration of harmful algal blooms [14].

The other class of contaminants that are discharged through sewage, surface
runoff, and industrial discharge includes heavy metals and persistent organic pollut-
ants (POPs). Trace metals such as lead (Pb), cadmium (Cd), copper (Cu), chromium
(Cr), nickel (Ni), mercury (Hg), arsenic (As), and zinc (Zn) are not easily degraded
in the natural environment and are bioaccumulated along the food chain [15]. They
are also known to affect productivity, reproduction, and survival of marine organ-
isms and can be hazardous to human health at elevated concentrations [15].

Persistent contamination of organic pollutants (POPs), such as organochlorine
pesticides (OCPs), polycyclic aromatic hydrocarbons (PAHs), and polychlorinated
biphenyls (PCBs) in the aquatic environment is a worldwide problem [16]. The
anthropogenic input of these POPs in the Indian Ocean includes industrial and sew-
age effluents, storm water drains, shipping activities, spillage, rivers, atmospheric
fallout, coastal activities, and natural oil seeps. For instance, these compounds have
been used extensively in Kenya for various applications in industries and agricul-
ture [17]. They are characterized by long-term stability (not easily degradable in the
environment and can persist in sediments for decades or even centuries), bioac-
cumulative nature, long-range transport capability, and may have high toxic effects
on aquatic living organisms [18, 19]. These chemicals have since been replaced
with organophosphate and carbamate, which are less persistent in the environ-
ment under the Stockholm Convention on Persistent Organic Pollutants [20, 21].
However, their residues are still present in the marine environment.

Among the natural radionuclides, alpha emitters (e.g. *°Po) have been reported
to have significant radiological effects resulting from their accumulation in organ-
isms [22]. ?'°Po is a naturally occurring radioactive material (NORM) alpha-emitter
occurring in very low concentrations in the environment as a part of the uranium
decay chain. *°Po has a radioactive half-life of 138.4 days and is produced in the marine
environment from the decay of ’°Pb (which is a daughter isotope derived from **Ra
dissolved in seawater). °Pb can also be introduced into marine environment directly
from the atmosphere from the decay of *’Rn [22, 23]. It is ubiquitously distributed in
rocks, soils, making up earth’s crust, in the atmosphere and in natural waters [24]. It can
also be derived in insignificant quantities from lead-containing wastes from uranium,
vanadium, and radium refining operations [25]. The activity of *'°Po in the environ-
ment has increased in the past due to human activity such as fossil fuel combustion, use
of phosphate fertilizers in agriculture, and discharge of domestic and industrial sewage.

UNEP-GEF WIO-LaB Project identified municipal and industrial effluents,
contaminated surface runoff including groundwater and agricultural runoff [2] as
the major sources of land-based pollution and microbial contamination, suspended
solids, chemical pollution, marine litter (including debris), and eutrophication
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(harmful/nuisance algal blooms) as priority pollution categories in the WIO

region. In Kenya, limited action has been taken to control or manage pollution. For
instance, only a couple of studies have been carried out to determine long-term
pollution status or their impacts on marine and coastal ecosystems and the potential
human health.

During the assessment and monitoring program, water matrix was analyzed for
nutrient pollution whereas sediments were analyzed for trace metals, radionuclides,
and POP contamination. Sediment was the preferred matrix for persistent pollut-
ants given that it a known sink and an archive of pollutants brought into the aquatic
environment from direct discharges, surface runoff, atmospheric fallout, and
nonpoint source [19, 26, 27]. The distribution of these contaminants in sediments
can serve as a useful index of pollution and potential environmental risks [17, 28].

2. Materials and methods

Water and sediment samples were collected from the estuarine areas of Ramisi-
Vanga system in the Kenyan South Coast; peri-urban creeks of Mombasa; and
estuarine areas of the North Coast (Figure 1). Ramisi-Vanga system (Ramisi,
Mwena, and Umba) is a low-lying coastal plain submergent complex (below 30 m
contour) with extensive cover of mangrove forest, intertidal areas covered with
seagrass beds and shallow water lagoons harboring the coral reefs. These critical
systems are interlinked through the exchange of water, nutrients, and carbon by
the tidally controlled circulation and river discharge [29]. The Kisite-Mpunguti
Marine Protected Area (KMMPA) and Shimoni are situated approximately 90 km
south of Mombasa with very few scattered fringe mangrove cover on the shoreline
though there is no river input into this system apart from sewage and runoff [30].
The area constitutes an important tourist attraction and important resource for
the surrounding communities [31]. The main characterizing features of interest
around Mombasa peri-urban creeks (Makupa, Kilindini, Mtwapa, and Tudor
creeks) include the Kilindini port and the Mombasa Municipal refuse dumpsite,
(Kibarani), both of which are found in the vicinity of the Makupa creek stations
and the Kenya Meat Commission (KMC) beef factory located within the vicinity
of the Tudor creek [32]. Mtwapa creek is situated 25 km north of Mombasa. Itis a
tidal creek lined by mangrove forests and extensive mud banks. The creek receives
freshwater input through seasonal rivers and it is reported to be relatively eutrophic
due to direct release of raw sewage into the creek at the vicinity of Shimo la Tewa
government prison [30]. These peri-urban creeks were chosen due to anthropogenic
activities in the adjacent areas while riverine estuarine systems were chosen given
that river-derived material like water, sediments, and pollutants have a tremendous
ecological and toxicological influence on coastal zones [35]. North Coast sites
comprised of estuarine areas of River Tana which arises from Aberdare range and
Mount Kenya passing through the arid and semiarid areas of the eastern part of the
country and finally drain into the Indian Ocean in a fan-shaped delta [34] while
Sabaki river originates from Athi river where it joins Tsavo river and forms river
Galana where it also discharges into the sea. These two rivers affect the marine
ecological conditions of Watamu, Malindi, and Lamu [33].

Nutrient sample collection, preservation, shipment, storage, and analysis were
done following procedures described by Parsons [36], APHA [37] and measured
using Genesys 10S Vis spectroscopy (Thermo Scientific™). Sediment samples were
collected using Uwitec corer (fitted with a 50-cm plastic sampler, @ 8 cm) following
the procedures provided in IAEA TECDOC-1415. The samples were transported to
the laboratory awaiting analysis.
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Figure 1.

Map showing sampling sites: Estuaries (Umba, Ramisi, Sabaki, Mwena, and Tana); north coast (Kilifi,
Malindi, and Lamu); south coast (Kibuyuni, Shimoni, Wasini, Sii Island, Gazi, and Kisite); and peri-urban
creeks of Mombasa (Mtwapa, Tudoy, and Makupa).

For analysis of trace metals and alpha-emitter *°Po radionuclide, top 5 cm of
sediment for each site were pooled, mixed by hand, and freeze-dried, homogenized
sieved, dry-weighed, and then digested in a microwave (Microwave Accelerated
Reaction system). Elemental analysis of Cu, Zn, Mn, Pb, Cd, and Cr was carried out
using inductively coupled plasma mass spectrometer (ICP-MS) (Varian, Australia)
while *'°Po activity was measured using alpha-spectrometry with silicon surface
barrier detectors (EG and G) coupled to a PC running Maestro TM data acquisition
software [38].

PCBs, OCPs, and PAH were analyzed as described by Thompson et al. [39] where
wet samples were freeze-dried using Heto powerdry LL3000 freeze dryer (Thermo
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Scientific), then known weight of the sediment sample was spiked with internal stan-
dard for PCBs (PCB 30, PCB 103, PCB 155, PCB 198 from Promochem, Dr. Ehrenstorfer
GmbH, France), OCPs (d8 4,4’ DDT from Cambridge Isotope Laboratory, France),
and PAH (per-deuterated PAHs; Phenanthrene-d10, benzo [a]pyrene- d12, benzo [e]
pyrene d12 and benzo [g, h, i]perylene-d12 from Cambridge Isotope Laboratories,
Andover, USA; and Fluoranthene-d10, chrysene-d12 and pyrene-d10 from MSD iso-
topes, Division of Merck Frost Canada INC, Montreal, CND) to quantify the recoveries.
The samples were then extracted using START E microwave-assisted extraction system
(Milestone, Italy). The extract was concentrated using Rapidvap LABCONCO (Serlabo
Technologies, France) and then concentrated samples were subjected to the clean-up
process. Thereafter, the extracts were finally concentrated under nitrogen, transferred
to 100-pl container and analyzed using GC-MS.

3. Pollutants’ source identification and risk assessment

To determine the possible pollution sources of DDT, the approach by Kilunga
et al. and Mohammed et al. [18, 40] (that classified sediments with (DDD +DDE)/
DDT ratio greater than 0.5 as historic and ratio less than 0.5 as recent input) was
applied. The ratio of DDE to DDD was used in this study to give an idea of the
degradation pathway of DDTs in the sediment [41]. DDE/DDD ratio greater than 1
was indicative of anaerobic degradation of DDT into DDD while the ratio less than 1
implies DDT conversion into DDE via aerobic degradation [42].

The pollution data obtained compared with effects range-low (ER-L) and effects
range-median (ER-M) values (sediment quality guidelines, SQGs) provided by
MacDonald et al. and MacDonald and Ingersoll [43, 44] were used to evaluate the
ecotoxicological significance/potential impacts of trace metals, PAH, PCBs, and
DDT on benthic organism. ER-L represents the value at which toxicity may be
observed in sensitive marine species (i.e., pollution is at a level that may not cause
harm to aquatic environment) and ER-M represents the concentration below which
adverse effects are expected to occur.

4, Results and discussion
4.1 Nutrient pollution

Results of this study showed high values of nutrient concentration in stations
within estuaries compared to oceanic water stations (Figure 2a—d). The highest
value of phosphate concentration was recorded in Kisite (304.82 pg/L) followed by
River Sabaki (205.79 pg/L) and the least was in Kilifi (7.52 pg/L) whereas the highest
values of ammonium were, however, recorded in Mombasa stations of Tudor creek
(81.71 pg/L). The stations in Mombasa were also observed to have high nutrient
levels compared to Malindi and Lamu (Figure 2d and b), a condition that can be
attributed to the high population associated with municipal and industrial wastes
in Mombasa compared to the other towns. It was observed that the nutrient levels
for stations in Tana river estuary, which was hypothetically thought to be receiving
higher nutrient input from the agricultural and residential population in the river
catchment, were strikingly low (Figure 2a). This observation of low nutrient and
chlorophyll-a concentration can be explained by the presence of several dams,
which form the Seven Folks Dams Scheme. These dams are known to settle down
suspended materials with adsorbed nutrients [45], therefore reducing the trans-
portation of these sediments and nutrients downstream. Nutrient ranges recorded
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Figure 2.

Showing nutrient phosphates (ug/L), nitrates (ug/L), ammonia (ug/L), and chlorophyll-a (ug/L) distribution
pattern observed in: (a) south coast estuaries: Umba, Ramisi, Sabaki, Mwena, and Tana; (b) north coast open
water, stations: Kilifi, Malindi, and Lamu; (c) south coast shoreline area: Kibuy (Kibuyuni), Shimoni, Wasini,
Sii Island, Gazi, and Kisite; and (d) peri-urban stations of Mombasa: Mtwapa, Tudoy, and Makupa.

in this study are similar to those realized by [46, 47] in the Indian Mangroves of
14-600 and 1.00-80 pg/L for nitrates and phosphates respectively. Chlorophyll-a
showed a distribution pattern almost similar to that of nutrients with low values
recorded in Kilifi (0.03 pg/L) while the highest ranges were observed in River
Sabaki (8.19 pg/L).

4.2 Spatial distribution of heavy metals

The aluminum (Al) levels in the peri-urban creeks had a higher concentra-
tion range: 0.06-17483.66 pg/g) compared to estuaries (range: 719484.00-
9804284.00 pg/g) and pristine area Gazi Bay (335.00 pg/g). The metal
concentration seemed normal since aluminum concentrations are not likely to be
significantly affected by anthropogenic aluminum sources [47].

Cr concentration levels in estuaries were higher (range: 101.10-239.10 pg/g)
compared to Gazi Bay (1.58 pg/g), Lamu port (range: 2.55-7.58 pg/g), and peri-
urban creeks (range: 11.53-24.43 ug/g) with an exception of Kilindini harbor that
had Cr concentration of 42,338.00 pg/g. The relatively high concentration of Cr
in the river could have been caused by mining activities upstream whereas the
high level observed in one of the stations in Kilindini could have resulted from the
cement bulk storage at Kilindini harbor which is adjacent to the station [48].

Pb concentration in estuaries was higher (range: 45.70-135.60 pg/g) compared
to the peri-urban creeks (range: 2.75-40.65 pg/g). These high concentrations
could be attributed to both natural and anthropogenic Pb point-source dis-
charges, primarily from its use as a fuel additive, which has made it a pervasive
and persistent pollutant worldwide [49]. The concentration reported in this
study was, however, lower compared to Pattani Bay (range: 79.00-97.00 pg/g),
Thailand Laptev, Russia (range: 16.00-22.00 pg/g; Nolting in press) and the
levels previously reported for the Kenyan Coastal Zone (range: 0.13-0.56 pg/g;
by [50].
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The concentration of Zn was higher in the peri-urban creeks (range:
23.36-264.30 pg/g) compared to the estuaries (range: 144.20-367.20 pg/g)
and Gazi Bay (3.82 pg/g). High levels of Zn are associated to the dissolution
of sacrificial zinc anodes used in marinas, ships, and on leisure boats at the
Kenya ports and water sports areas; the adjacent Kibarani dumpsite is also
a contributor since most types of wastes in the dumpsite find their way into
Makupa creek [51].

Mn level in estuaries had higher concentrations (range: 3809.00-6781.00 pg/g)
compared to peri-urban creeks (range: 16.10-58.50 pg/g) and Gazi Bay (0.77 pg/g).
The same trend was observed in Cu levels in which estuaries had the highest
concentration (range: 63.30-169.60 pg/g) compared to peri-urban creeks (range:
(0.51-52.16 pg/g) and Gazi Bay which was BDL. Cd levels in peri-urban creeks were
higher (range: BDL-2.40 pg/g), compared to the pristine area Gazi Bay (0.03 pg/g)
(Table 1). These values may be attributed to historical industrial activity around the
estuaries, that is, gypsum mining in Tana River County; five cement manufacturing
companies located in Athi River: Athi River Mining, Bamburi Portland Cement,
East African Portland Cement, Savanna Cement, and Simba Cement; and small
landfill along Sabaki river [52, 53].

The mean *"°Po activities determined in the surface sediment from the three
peri-urban creeks ranged between 20.29 and 43.44 Bq kg~' dw. Mtwapa creek
had the highest mean (37.56 + 2.14 Bq kg™' dw) compared to Makupa creek
(30.42 + 2.16 Bq kg ™" dw) and Tudor creek (28.64 + 2.86 Bq kg™ dw). These results
are comparable to those of surface sediments from the Venice lagoon ecosystem in
Italy in the range of 2645 Bq kg™ [54].

The high levels of *°Po activity in Mtwapa creek could have originated from
the seasonal river (River Mto Mkuu) which flows into the creek discharging finer
sediment from the mainland agriculture activities. In addition, high levels of silt
and organic matter were found in Mtwapa creek and this may have resulted in high
levels of ?'°Po activity since *°Po tends to adsorb on a finer particle of silt (<63 pm)
due to its specific surface area compared to coarse particles (>63 pm) [49, 50]. The
same observation was made by Akézcan and Ugur Goérgiin [57] in Izmir Bay and
Didim who attributed high levels of *°Po to Buyuk Menderes river.

4.3 Organic pollutant pollution

PAH concentration in the surface sediment from Ramisi, Sabaki, and Tana rivers
was in the range of BDL-0.16, 0.06-7.98, and 0.78-13.20 ng/g, respectively. Higher
concentration of PAH in Tana river could be as a result of rapid urbanization,
industrialization, gasoline or diesel fuel from fishing boats, and high erosion activi-
ties in their catchment areas. The concentrations were, however, lower compared
to those reported by Chen and coworkers [58] who recorded concentration ranges
of 362.00-15, 667.00 ng/g (dw) for Weihe river, a river draining arid and semiarid
regions as Tana river.

The surveyed sites in Lamu, namely, Wange Fish Port, proposed Lamu Port,
and Mokowe Fish port, had PAH concentration of less than 10.00 ng/g (dw). This
is because the port is still under construction and un-operational. The PAH levels
were lower than the levels observed in Kilindini port (range: <50.00-37,800.00 ng/g
dw) with a mean concentration of 6086.00 ng/g dw. The PAH level in Kilindini
was, however, higher than levels reported by Saleem et al. [59, 53] in Karachi harbor
(mean: 27.52 ng/g dw) and [54, 60] in Kaohsiung harbor, Taiwan (range: 472.00—
16,201.00 ng/g; mean 5764.00 ng/g). High level of PAH was observed in Kilindini
due leakage of combusted and un-combusted fuel from intense shipping activities,
oil spills experienced in Makupa creeks, and oil terminal activities in Kilindini
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port as well as ferry services. This port serves many shipping vessels involved in
cargo importation for Kenya as well as the landlocked countries in East Africa.

The total OCPs namely HCN, Heptachlor, Hepoxide, 2,4’ DDE, Cis chlordane,
Trans Nonachlor, 4,4DDE, 2,4 DDD, 4,4 DDD, 2,4’ DDT, 4,4’ DDT, and Mirex in
sediments from Ramisi, Sabaki, and Tana estuarine areas ranged between ND-0.13,
0.37-1.81, and 0.03-3.94 ng/g respectively. The concentration of OCP reported by
this study (range: 0.03-3.94 ng/g) was lower compared to the levels reported for
Tana estuary by Lalah et al. [61, 55] (range: <0.003-108.51 ng/g). This confirms the
reduction in utilization of the products containing OCPs in Kenya.

The DDT and its metabolites 2,4’ DDE, 4,4’ DDE, 2,4 DDD, 4,4’ DDD, 2,4’
DDT, and 4,4’ DDT were detected in the surface sediment in both Sabaki and Tana
river estuaries. The highest concentrations of )'6 DDTs were recorded in Tana river
(11.57 ng/g dw) compared to Sabaki (2.34 ng/g dw) and Ramisi (0.23 ng/g dw).
This suggests that even though DDT was banned in Kenya in 1986, there could still
be illegal use of DDT in Kenya [56].

The DDE-to-DDD ratio for Ramisi, Sabaki, and Tana river estuaries were 0.20,
0.16, and 0.17 respectively, suggesting an aerobic degradation of DDT to DDD
in the areas via dehydrochlorination and oxidation processes [18, 62]. The study
revealed high ratios (above 0.5) for Ramisi (3.38), Sabaki (2.82), and Tana rivers
(2.10), indicating a historical input of DDT into the estuaries. The historical input
of DDT into marine environment has similarly been reported by Aly Salem et al.
[63] for Egyptian Mediterranean Coast, as well as Lu et al. [28] for Poyang Lake,
China. This shows the reduced application of DDT in some part of the world.

High concentration of PCBs was observed in River Tana estuary (range:
4.94-7.99 ng/g dw) compared to concentration in Ramisi (ND-0.15 ng/g dw) and
Sabaki (0.58-2.40 ng/g dw) which could be attributed to leakage or inadvertent
disposal of materials used in transformers and capacitors along the Tana river
channel since Tana river holds the Seven Folks hydropower dams which generate
approximately 49% of Kenyan electricity.

4.4 Ecological risk assessment of pollution along the Kenyan Coast

According to [64], some of the estuaries and peri-urban stations (Mwena,
Ramisi, Sabaki, Umba, Lamu, Kibuyuni, Sii Island, and Makupa) could be clas-
sified as eutrophic given that they have phosphates levels >0.021 mg/L whereas
Shimoni and Gazi could be classified as oligotrophic. Trace metal concentrations
in estuaries (River Sabaki and Tana mouth) except for Pb and Cr (Table 1) in the
sediments were below the effect range-low (ER-L)/effect range-median (ER-M).
This indicates that high concentration may pose adverse effects [65].

Sediment quality criteria and concentration ranges of PAHs, PCBs, and DDT
contaminants are summarized in (Table 2). The Y} PAHs, > PCBs, and ) DDT
concentration in sediment from Ramisi, Sabaki, and Kilindini were below ER-L and
ER-M suggesting the low ecological risk of these compounds to sediment-dwelling

Ramisi Sabaki Tana Kilindini Lamu ER-L ER-M
Y PAH 0.01-0.16 0.79-3.75 0.78-13.2 <50-37,800 <10 4000 35,000
YPCB 0.12-0.15 0.58-2.40 4.99-799 <10 — 50 400
YDDT 0.01-0.128 0.22-1.57 0.25-5.23 — — 3 350

Table 2.
Comparison of PAH, DDT, and PCB (ng/g dw) concentrations in sediments of the study area with the sediment
quality guidelines (SQG).
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organisms. However, the concentration level of )}, DDT was higher than ER-L in
Tana estuary but was significantly lower than the ER-M values suggesting that the
accumulated DDT in sediments in Tana estuary could have a potential ecotoxico-
logical impact on the benthic fauna.

5. Conclusion

From the study, it is evident that human influences like urbanization and
agricultural activities are the major nutrient contributors to the marine environ-
ment through continuous discharge of untreated sewage effluents and agricultural
runoffs delivered by rivers. Trace metal concentrations in estuaries, peri-urban
creeks, and Lamu port were below the ER-L and ER-M indicating that there are no
potential adverse effects on marine biota with an exception of Kilindini harbor that
had a higher Cr concentration that may pose adverse effects. The concentrations of
PAH, PCB, and OCP were generally high in Tana estuary as compared to the other
estuaries in this study; however, the concentrations were lower than ER-L suggest-
ing no potential impacts on organisms. It was also observed that the concentration
level of ), DDT was higher in Tana estuary than ER-L and lower for ER-M values
suggesting that the accumulated persistent organic pollutants in sediments from
Tana estuary could have a potential ecotoxicological impact on the benthic fauna. It
is therefore important to put in place effective sewage and wastewater management
strategies and implement good agricultural practices to manage the emerging pollu-
tion problem along the Kenyan Coast. A monitoring program for these pollutants is
also important so as to always have an early warning.
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Chapter 7

Oil Spill Dispersion Forecasting
Models

Antigoni Zafirakou

Abstract

Oil spill models are used worldwide to simulate the evolution of an oil slick that
occurs after an accidental ship collision or during oil extraction or other oil tanker
activities. The simulation of the transport and fate of an oil slick in the sea, by
evaluating the physicochemical processes that take place between oil phase and the
water column, is the base for the recognition and assessment of its environmental
effects. Numerous oil spill dispersion models exist in the bibliography. The contri-
bution of this chapter is the introduction of a 3D oil slick simulation model devel-
oped by the Aristotle University of Thessaloniki, which has been recurrently used in
different updated forms and applied in operational mode, since 1991 when it was
originally created. The model has been tested in various hypothetical scenarios in
North Aegean Sea, Greece, and responded with great success. Findings of the
present study highlight the existing experience on the subject and denote the appli-
cability of such models in either tracing the source of a spill or in predicting its path
and spread, thus proving their value in real-time crisis management.

Keywords: oil spill modeling, simulation of oil slick transport, oil physicochemical
processes, operational applications, oil spill monitoring

1. Introduction

Pollution that comes from a single source, like an oil or chemical spill, is known
as point source. Commonly, this type of pollution has bigger impact on the marine
environment, but fortunately, it occurs less often than land runoff [1]. Oil spills
occur after a collision and/or the sinking of oil tankers, under bad weather condi-
tions, and are extremely hazardous in ports with dense maritime traffic. The envi-
ronmental impact of oil accidents is immense on both the water ecosystems and the
coastal environment, including the urban and economic growth of the affected
coastal zones. Strong winds and significant water currents contribute to the creation
of accidents and concurrently to the spreading of the spills. Ship collision or mal-
function, or simply cleaning and sailing, can contribute to marine pollution by
spreading garbage, black or gray water, sludge, water ballast, coatings or even air
emissions, in deep sea or at seashore. The most common nautical accidents occur
due to sinking or foundering, grounding, structural failure, scuttling, by contact or
collision, explosion or fire, or after disappearance or abandonment [2]. The dis-
charge from oil pipelines, oil platforms, and vessels is also causing significant
damage to the marine environment and the coastal areas, including the urban and
economic growth of the affected coastal zones. The Exxon Valdez (1989), Atlantic
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Empress (1979), Amoco Cadiz (1978), and Torrey Canyon (1967) (Figure 1) are
among the most renowned oil spills in history, that alarmed the scientific commu-
nity and directed all toward the management of anthropogenic environmental
disasters in the marine environment.

Spill modeling has a long history [3]. Since 1960s, numerous oil spill models
have been developed to simulate weathering processes and forecast the fate of oil

Figure 1.

(a) Exxon Valdez (1989); (b) Atlantic Empress (1979); (c) Amoco Cadiz (1978); (d) Torrey Canyon
(1967).
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spilled, in terms of providing valuable support to both contingency planners and
pollution response teams. These models, developed by various organizations, com-
panies, and researchers, vary in complexity, applicability to location, and ease of
use [4]. There are two categories according to the Industry Technical Advisory
Committee (ITAC) for oil spill response. One category, known as oil weathering
models, estimates how oil properties change over time, but does not predict poten-
tial migration of the slick. The second category includes trajectory or deterministic
models, stochastic or probability models, hind cast and three-dimensional models.
In addition to predicting weathering profiles, these models estimate the evolution of
a slick over time. The first-generation models were limited to tracing the movement
of rigid bodies under the influence of current and wind advection. Oil spreading
was justified by the balance of forces, and although chemical processes played
significant role, most of them were ignored in this modeling [5]. Second-generation
models have been summarized in [6, 7], where some of the principal forces and
major phenomena, determining the behavior and the fate of the chemicals at sea,
were analyzed. The recent generation models are reviewed in many papers [8-12].
Some of the oil spill models that are currently available are: General NOAA Opera-
tional Modeling Environment (GNOME), MEDSLIK-II, SeaTrackWeb (STW),
Model Oceanique de Transport d’ Hydrocarbures (MOTHY), DieCAST-SSBOM
(Shirshov-Stony Brook Oil spill transport Model), COastal Zone OIL spill model
(COZOIL), etc.

These operational computer models, pondering major physical processes, effi-
ciently simulate the movement, the spreading and the evolution of the floating
chemicals. Strong winds and significant water currents, which are contemplated,
are major contributors to both the creation of accidents and faster spreading of the
oil. Such models can be used either in hind cast mode capable of tracing the source
of a spill, or in forecast mode predicting the path, the horizontal dispersion, and the
mass balance, assisting in this way the real-time crisis management.

2. Oil weathering

From the time the oil spreads over the water, under the influence of hydrome-
teorological conditions (wave, winds, currents, solar radiation, etc.), oil properties
(density, viscosity, pour point, etc.), and discharge characteristics (instantaneous,
continuous, surface, depth), several processes take place, directly or indirectly
related, which disperse the oil and change its properties [13, 14]. These time-
dependent processes comprise physical, chemical, and biological ones, such as
evaporation, dissolution, emulsification, dispersion, etc. (Figure 2). The combina-
tion of these processes is called oil weathering. In other words, weathering is a series
of chemical and physical changes that cause spilled oil to break down and become
heavier than water. Winds, waves, and currents may result in natural dispersion,
breaking a slick into droplets which are then distributed throughout the water.
These droplets may also result in the creation of a secondary slick or thin film on the
surface of the water.

In general, weathering processes can be divided into three categories. Processes
such as spreading, evaporation, dissolution, dispersion, and emulsification are rap-
idly occurring (within hours) and have immediate effects on the oil slick, as shown
in Figure 3. Sedimentation, biodegradation and photo-oxidation operate more
slowly (within months) and comprise the long-term mechanisms for the break-
down of hydrocarbons in the environment. Sedimentation, stranding, and oil-ice
interaction are important processes, under distinct environmental conditions.
Evaporation is probably one of the most significant processes that affect the surface

113


http://dx.doi.org/10.5772/intechopen.81764

Monitoring of Marine Pollution

Biategradation

T 1 Ry

Figure 2.
Weathering processes that oil undergoes in the sea [15].
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Figure 3.
Duration of oil slick processes in the sea.

oil particles, in sea or on coast, and therefore, it will play an important role in the
construction of the models presented here.

In the following chart, the vertical axis portrays the physicochemical processes
that oil is going through, and the time each one of them requires is depicted in the
horizontal axis, whereas the line thickness denotes the most critical phase of each
stage.

Natural processes may act to reduce the severity of an oil spill or accelerate the
decomposition of spilled oil. More analytically, these natural processes are described
below [15]:

* Evaporation occurs when the lighter substances within the oil mixture become
vapors and leave the surface of the water. This process leaves behind the
heavier components of the oil, which may undergo further weathering or may
sink to the ocean floor. For example, spills of lighter refined petroleum-based
products such as kerosene and gasoline contain a high proportion of flammable
components known as light ends. These may evaporate completely within a
few hours, thereby reducing the toxic effects to the environment. Heavier oils
leave a thicker, more viscous residue, which may have serious physical and
chemical impacts on the environment. Wind, waves, and currents increase
both evaporation and natural dispersion.
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* Emulsification is a process that forms emulsions consisting of a mixture of
small droplets of oil and water. Emulsions are formed by wave action, and
greatly hamper weathering and cleanup processes. Two types of emulsions
exist: water-in-oil and oil-in-water. Water-in-oil emulsions are frequently
called “chocolate mousse,” and they are formed when strong currents or wave
action causes water to become trapped inside viscous oil. Chocolate mousse
emulsions may linger in the environment for months or even years. Oil and
water emulsions cause oil to sink and disappear from the surface, which give
the false impression that it is gone and the threat to the environment has
ended.

* Biodegradation occurs when microorganisms such as bacteria feed on oil. A
wide range of microorganisms is required for a significant reduction of the oil.
To sustain biodegradation, nutrients such as nitrogen and phosphorus are
sometimes added to the water to encourage the microorganisms to grow and
reproduce. Biodegradation tends to work best in warm water environments.

* Oxidation occurs when oil contacts the water and oxygen combines with the
oil to produce water-soluble compounds. This process affects oil slicks mostly
around their edges. Thick slicks may only partially oxidize, forming tar balls.
These dense, sticky, black spheres may linger in the environment, and can
collect in the sediments of slow-moving streams or lakes or wash up on
shorelines long after a spill.

3. Oil spill simulation models

A detailed presentation of the oil slick models developed by the Aristotle Uni-
versity of Thessaloniki, which successfully incorporates most of the aforementioned
processes, is following. A concise description of the models’ construction and their
operational applications are briefly elaborated.

3.1 SOSM (Sea and Oil Slick) 3D Simulation Model

A model suite, comprising of a coastal hydrodynamic circulation, a wave gener-
ation model, and a Lagrangian (tracer) model for the transport and physicochemical
evolution of an oil slick, is synthesized by the Aristotle University of Thessaloniki
[16]. It follows a model that was developed in the context of an EU DG XI project, in
cooperation with the UGMM Group of the Belgian Ministry of Public Health and
Environment [17]. Following that, the Oil Spill Model (OSM), based on the PAR-
CEL model, was coupled with the hydrodynamic Princeton Ocean Model (POM),
and applied on the Navarino bay, in SW Greece, adjacent to the Ionian Sea, to
monitor the pollution impact on the benthic structure and the related fisheries [18].
Parallel to that, the Poseidon pollutants transport model (PPTM) was developed to
provide real-time data and forecasts for marine environmental conditions and pro-
tect the Greek seas from oil spills, as an operational management tool, which
consists of a 3D floating pollutant prediction model coupled with a weather, a
hydrodynamic, and a wave model [19]. PPTM was applied in four areas of strategic
interest in the Greek seas.

The two basic components of the model, that is, the hydrodynamic and the oil
transport, are briefly presented here, followed by the applications under the
prevailing circulation conditions in a coastal basin of Greece in the NW Aegean Sea,
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where the second largest port of the country is located in the town of Thessaloniki,
with dense maritime traffic [16].

3.1.1 Model construction

The model is composed of two parts: the hydrodynamic part, comprising of the
circulation and the wind wave subparts, and the oil slick transport part. The first is
aimed at the description of the 3D nearly horizontal flow velocity vector field due to
wind and/or tide. It is written with respect to the free surface {(x,y,t) and the
depth-varying velocity components u(x,y,z,t), v(X,y,z,t)

o 0 _
dter J der@JvdzO (1)
h
Du & Pu  Fu *u
E——g&—&-Nh( @/2)+N =0 2)
Dv o v v v
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The horizontal eddy viscosity-diffusivity Nj, is deduced from the 4/3 law with a
characteristic length related to the used Dx, and the vertical eddy viscosity-
diffusivity Ny is controlled by the surface friction velocity, the mixing length, the
wave height and period. The model is solved numerically by finite differences, on
a staggered horizontal Arakawa C grid (Figure 4), and a vertical discretization,
following the o-coordinates transform, using the technique of fractional steps
(i.e., resolving explicitly for the horizontal advection and implicitly for the verti-
cal momentum diffusion) [20].

The wind waves are resolved by an empirical model WACCAS [21, 22] based on
the JONSWAP spectrum. The wave height, wave period, and wave direction on the
center of the mass of the slick is used for the computation of the Stokes’ drift and
the vertical viscosity-diffusivity. The oil slick simulation and tracking are done in
Lagrangian coordinates [23, 24], by replacing the oil mass by a big number (10*) of
particles or parcels, each one of which represents a group of oil droplets of similar
size and composition. The oil spill simulation by a large number of passive (not
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Figure 4.
Arakawa C staggered grid configuration.
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interacting with the existing hydrodynamics) particles, transported in a Lagrangian
frame of reference, is the most effective procedure, used in most contemporary
models as: (a) it can describe oil spill geometries and shapes at subgrid level, (b) the
model results are not distorted by numerical errors, like numerical diffusion, and
(c) the fraction of the initially introduced particles (at the spill source) reaching the
coast can be considered as the probability of pollution from a minor spill [25].
According to the tracer technique, it is theoretically possible to track the motion of
all the “particles” (parcels) of an oil plume as they are transported by the sea. The
density, the buoyancy velocity, the volatility, and other properties are statistically
distributed to the particles. Their trajectories are tracked in space and time. Each
one is advected according to the local (interpolated) water velocity and it is diffused
by means of random walks related to the local diffusivity induced by currents and
waves.

Evaporation and emulsification are processes quantified by means of commonly
used functions relating the processes to the oil properties (to the fraction density,
the temperature, the vapor pressure, the wind and water velocity, etc.). The
Mackay approach is used [26, 27] for the computation of the evaporated volume
fraction from each oil component. Emulsification is activated for oil fraction with
densities and under wave height/length values beyond critical ones. The evapora-
tion and emulsification processes result in: (a) loss of contained oil volume in the
evaporated particles and (b) creation of a mixture of water in oil and formation of a
floating mousse. Another important oil weathering process accounted in this model
is beaching, which is better described by the duration of trapping on the coastal
boundary of a beached particle as a function of the coastal morphology (from rocky
to flat sandy beach). This process gives crucial information on the oil quantities
retained on the coast and the consequent environmental effects.

The spatial and temporal distributions of values like oil concentration (or vol-
ume per unit area) are deduced from the number of particles and the contained
volume inside each mesh of the discretization grid used for the hydrodynamic
analysis. It is worth noting that the time step Dt, used for the integration of the
hydrodynamic model, differs by orders of magnitude from the one used for the
tracking of the oil slick.

3.1.2 Operational application

The produced operational code was updated and adapted to the environment of
a coastal basin of NW Aegean Sea, namely Thermaikos bay. The commercial port of
Thessaloniki hosts among others a busy oil terminal. Although the terminal operates
under the strict International Maritime Organization (IMO) and European Union
(EU) regulations for oil terminal operational safety, the port area is at risk for a
potential oil slick accident.

The transport and fate of the slick are closely related to the hydrodynamic
conditions in the bay, the bay morphology, and the oil properties. The hydrody-
namic circulation in the bay is experiencing mainly N-NW winds, whereas the
circulation patterns are regulated by the bay bathymetry and the coastal topogra-
phy. The bay configuration and bathymetry are shown in Figure 5, along with the
initial oil spill location.

The model was tested for hypothetical scenarios of oil spill under NW and NE
winds of 45 knots, to assess the risk of pollution in the coastline of the touristic areas
of Chalkidiki (east) and Katerini (west), respectively. The oil is presumably spilled
in the port of Thessaloniki (Figure 5), as a result of a hypothetical accidental spill
during a tanker operation. An oil spill of 1000 parcels, representing a total volume
0f 10,000 tn, is released instantaneously on the sea surface. Total simulation run
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Figure 5.
Thermaikos bay configuration and bathymetry, and initial oil slick conditions.

was for 72 hrs (3 days), providing output results every 3 hrs. The evolution of the
slick trajectories, for the first 24 hrs and for the two wind-generated circulation
scenarios, is depicted in Figures 6 and 7, respectively, documenting the difference
in the coastal impact of the slick for the two cases.

In the case of strong NW wind, the touristic coast opposite to the bay is damaged
within some hours after the spillage, while in the case of the NE wind, the oil slick
travels along the bay toward the open sea giving time to the relevant authorities for
intervention, blocking, and final cleaning. The dispersion effect is also revealed
showing that the oil slick diameter is moderately increasing during this time.
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Figure 6.
Evolution of the oil slick under strong NW wind.
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Figure 7.
Evolution of the oil slick under strong NE wind.

Figure 7 depicts more clearly the spreading of the oil spill and its statistical center of
gravity movement (noted by red circles), as it is advected for many kilometers in
Thermaikos bay. The oil slick dispersion after 3 hrs is shown in dark blue color,
whereas the spreading of the plume at the end of a day (after 24 hrs) is in light blue.
The spiral movement of the oil’s statistical center of gravity in Figure 6, near the
shore, may be attributed to the inertial currents frequently observed in the sea, and
points out that the largest part of the oil reaches the shore (beaching) within the
initial time steps (after 9 hrs). The model results show that a contingency emer-
gency plan should be, in this case, activated in less than 12 hrs, in order to avoid the
social, economic, and environmental damage in the area.

3.2 DIAVLOS-NASOS

The universities of Thessaloniki and Athens cooperated, in the framework of the
project DIAVLOS [28-30], to produce a simulation model that could trace an oil
spill in case of an accident in the Alexandroupolis Gulf, which is considered of high
risk, after the construction of the Burgas-Alexandroupolis oil pipeline that has been
signed by the Greek, Bulgarian, and Russian governments (on March 15, 2007), and
is expected to carry huge oil quantities (35-50 Mtn/yr) that will be loaded to tankers
and further transported by sea to international markets.

3.2.1 Model construction

A 48-hr oil spill dispersion forecasting system was developed and implemented
in the wider northern Aegean Sea. The system was based on wind, wave, and ocean
circulation models, coupled with the operational systems ALERMO and SKIRON of
the Department of Physics of the University of Athens, and an oil spill dispersion
model by the Department of Civil Engineering of the Aristotle University of
Thessaloniki. The basic components of the model are presented hereafter.
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3.2.1.1 Meteorological model

The meteorological model is part of the weather forecasting system SKIRON
developed by the University of Athens, which is based on a Limited Area Model of
Eta/NCEP, which provides high-resolution (of 1°) weather forecasts for 120 hrs
[31]. In this work, the non-hydrostatic model Eta of the operational forecasting
system SKIRON has been used, with an even higher resolution (of 1°/10) since the
description of non-hydrostatic phenomena is necessary for the model to be applied
for such a high resolution. The available data are: air temperature and humidity at
2 m, wind velocity and direction at 10 m, short- and long-wave radiation, atmo-
spheric pressure at the sea level, and precipitation.

3.2.1.2 Hydrodynamic model

The hydrodynamic forecasting model, which was developed for the area under
study, is based on the well-known numerical model Princeton Ocean Model (POM)
[21], a model that has been widely used for the simulation of open and coastal sea
circulation. The Department of Physics at the University of Athens developed a
POM-based sea circulation forecasting model, named ALERMO, under the Euro-
pean programs MFSPP and MFSTEP, which was made public in 2004 (http://www.
phys.uoa.gr). Its resolution is 2 nm and it is coupled with the Mediterranean fore-
casting system MFS-OGCM (INGV, Italy), which also assimilates satellite data and
field measurements (XBTs, CTDs, Profiling Float). ALERMO uses an innovative
variational initialization technique (VIFOP) for its initial conditions and provides
initial and boundary conditions to other coastal forecasting systems (e.g., Greece,
Cyprus, and Israel). The developed hydrodynamic model has been applied to the
area of interest (North Aegean: 38.7°-41.1° N, 22.5°-27.1° E) with horizontal reso-
lution of 1°/60 (1 nm) and 25 o-layers in the vertical. The open boundary condi-
tions, as well as the initial conditions, are provided by ALERMO. Finally, the
momentum, heat and water fluxes at the air-sea interface are calculated by using
the weather forecasting data provided by the meteorological model. A series of
sensitivity tests have been conducted, with respect to the atmospheric conditions
and the inflow of water from the Black Sea [32].

3.2.1.3 Wave model

The wave model WAM [33, 34] has been adapted and applied to the area under
study, with a resolution of 1°/20 by the University of Athens. This model is a third-
generation numerical model, which has been widely used, as it best describes the
evolution of the wave spectrum in the sea. WAM makes a distinction between deep
and shallow waters, depending on the sea depth at the area, where the wave
equations are being applied.

3.2.1.4 Oil spill dispersion model

The oil spill transport and dispersion model, named NASOS (North Aegean Sea
and Oil Slick), is based on the 3D model that has been developed by the civil
engineering department of the Aristotle University of Thessaloniki [16, 17]. The
produced operational code was updated and adapted to the area of interest (38.7°-
41.1° N, 22.5°-27.1° E), that is, the North Aegean Sea. This model assumes that the
oil slick is described by a big number (equal to 10*) of particles (or “parcels”), each
of which represents many cubic meters of oil, and has individual physicochemical
properties. The distinction of the oil spill in these “parcels” is supported by the fact
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that oil contains a variety of hydrocarbon components with different physicochem-
ical properties, and therefore makes the monitoring of the evolution of each “par-
cel” easier. This model recognizes four different oil types, enough to cover the
variety of physicochemical properties and their effect on the environment. In terms
of the simulation of the fate and transport of the oil spill in the sea, the model
recognizes the following processes: initial spreading and transport, horizontal and
vertical diffusion and dispersion, evaporation, emulsification, beaching, and sedi-
mentation. The Mackay approach [26, 27] is again used for the computation of the
evaporated volume fraction from each oil component. Emulsification is activated
for oil fraction with densities and wave height/length ratios beyond critical values.
The evaporation and emulsification processes lead on the one hand to the deficit of
contained oil in the evaporated particles, and on the other hand to the creation of a
mixture of water and oil, and formation of a floating mousse. Beaching, which
expresses the entrapment of oil on the beach, is expressed by the duration of
particles trapped on the coastal boundary. It strongly depends on the coastal mor-
phology (rocky to flat sandy beach).

3.2.2 Operational application

This study’s objective was to produce an operational tool to forecast the fate of a
possible oil spill in Alexandroupolis gulf and contribute to manage environmental
crises from such pollution, after the Burgas-Alexandroupolis pipeline would be
constructed. It was clearly very important to make this oil spill dispersion forecast-
ing system user-friendly and easily accessible by all the involved authorities (e.g.,
the Ministry of Mercantile Marine/Oil Spill Prevention Department, Prefecture of
Evros, local port authorities, etc.).

The required input data are the initial time and location of the oil spill, the oil
quantity, and quality characteristics (oil type). These data can be introduced to
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Figure 8.
Graphical and statistical results of the oil spill operational transport model (DIAVLOS).
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DIAVLOS forecasting system’s Website on-line by the user. The information is
processed by the wave-atmospheric-hydrodynamic forecasting system. The oil spill
dispersion model runs for 48 hrs and provides hourly images in less than
3-4 minutes. The system can also provide an updated forecast if updated input
information is available (in less than 48 hrs). The model computes the hydrody-
namic flow and the 3D oil spill evolution and returns to the user the following
information (in percentages): surface and subsurface dispersion, evaporation,
emulsification (or water content), and beaching of the oil. The output of the model,
as Figure 8 shows, contains a graphical representation of the hypothetical oil spill
accident area, as well as the horizontal dispersion of the oil, depicted by different
colors (surface, subsurface, or beached). Additionally, the University of Athens
provides 60-hr high-resolution atmospheric and oceanic forecasting at the region,
to facilitate operations to contain oil spill spreading, and beaching and cleaning
operations. Wind, wave, and oceanic circulation forecasts are available on
DIAVLOS Website by the Ocean Physics and Modelling Group and the Atmo-
spheric Modelling and Weather Prediction Group of the University of Athens. The
password-protected and interactive Website (http://diavlos.oc.phys.uoa.gr) was
created and offered to public in May 2008, combining efficiency and simplicity.
The system was also tested against field observations of special drifting floats
that monitor the fate and evolution of oil spills. These “smart drifters,” were espe-
cially designed for this project by MARAC Electronics Co. (Greece) in cooperation
with the University of the Aegean, co-flowing and transmitting along with the oil
slick. The model proved to give satisfactory results and in most cases the forecasting
error is quite small, allowing the operational use of the system.

3.3 BSB Net-Eco—SLICKNEW

This latest study utilizes another upgraded version of PARCEL and 3D Sea and
Oil Slick (SOSM) models, developed by the Aristotle University of Thessaloniki
[16, 17]. The newly formalized model was tested in the Aegean Sea [35] and
adjusted to the characteristics to the Black Sea, and more particularly to the Azov
Sea [36].

3.3.1 Model construction

The model suite comprises of a Lagrangian (tracer) model for the transport and
physicochemical evolution of an oil slick [37]. The input requirements of the model
are surface wind velocities, air temperature, vertical and horizontal diffusion coef-
ficients, surface currents, wave characteristics (height, period, direction), and, in
terms of the oil transport, the initial coordinates of each parcel, its initial volume
and mean density and droplet diameter, as well as evaporation rate and parameters
relevant to the oil type and identity. The POSEIDON system [19], which is utilized
in this modeling effort, provides information on wind speed and direction, atmo-
spheric pressure, air temperature, wave parameters, current speed and direction,
water temperature, salinity, dissolved oxygen, chlorophyll-a, and radiation. The
observational basis of the system is a network of oceanographic 11 buoys
(7 SEAWATCH, 3 Wavescan and 1 deepwater SEAWATCH module), operating
in the Aegean Sea since June 1999. The suggested oil spill model utilizes the
POSEIDON wave and wind datasets, to produce the sea velocity fields due to
currents and waves. The wave, generated near surface, velocity field is computed
from the classical Stokes’ drift formulae [20], based on the local values of wave
height H, and wave period Ti.
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where Lo =g - T?/27,Co =g - Ts/2n = Lo/ Ts, and k = 2z/Lo (n = 3.14). The
horizontal diffusion coefficient Dy, is estimated adopting the Smagorinsky formula
[21, 38] as follows:

Dy =C-dx-dy- [(%YJFO‘S(%JF%)ZJF(%)T)S (5)

where C the horizontal diffusion coefficient. This equation is used to estimate
the velocity of each particle, if it is selected via a random number from a sample
following the uniform distribution over a range {—Ur, +Ur}

~ [6-D,
Ur=1\—%, (6)

The generation of that sample of random velocity values is based on Monte Carlo
sampling, a very common and powerful procedure in simulation theory [37]. The
vertical displacement of the oil “particles” is considering the vertical diffusion due
to currents and waves [39]:

Dy = Dy, + Dy, (7)

Dy, =1-h-W (8)
H?  im

Dy, = 0.028 - Te 9)

where A = 0.001; h the water depth; and W = , /W,zc + W; for Wy, Wy the given

wind velocities in the x, y axes, respectively. Consequently, the vertical velocity due
to buoyancy and diffusion of the oil “particles” is given, similar to the horizontal

velocity [37], by
_ [6-Dy
W, = a7 (10)

With respect to the input requirements of the slick model, it also requires
bathymetry data of the selected area, and a file containing the characterization of
the coastal meshes, according to their oil-holding capacity and the open sea bound-
aries. Based on all that, new horizontal positions of the oil “particles” are estimated;
some are “trapped” on the beach, others may be vertically displaced due to buoy-
ancy and diffusion; a fraction of heavy classes of oil may be emulsified over a
certain wave curvature, whereas a light oil fraction in sea or on coast may be
evaporated. Among the oil weathering processes that take place in the sea is evapo-
ration. It affects the surface oil particles, in sea or on coast. A complete review of
various approaches in estimating the evaporated oil is presented in [40]. Thus,
adopting the empirical equation of oil evaporation representative of the oil type
“Barrow Island, Australia,” the evaporation formula used in this model is described
by the following equation:

%Ev = (4.67 + 0.045 - T)ln (t) (11)
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where T is the air temperature (°C) and t the time (in minutes). Another
important oil weathering process is emulsification, which is expressed as a function

of the wind velocity W expressed as W = /W2 + Wj and the temperature T [26]:

1 _ ¢~0-0000056(1+W?)-T

Em = 1.25 (12)

Different oil products react differently to these processes. Lighter oil fractions
tend to evaporate, whereas heavier fractions tend to emulsify. Therefore, the
model, taking that into account, can simulate different oil types according to their
density and buoyancy velocity. The processes of photo-oxidation and biodegrada-
tion are not considered in this version of the model, as their effects are more
significant at a later stage of a spill’s evolution (see Figure 3). All particles are
considered to spread at a single location, while they can be released all at the same
time (instantaneous discharge), or in sequence over a given period of time (contin-
uous discharge of specified duration).

3.3.2 Operational application

The produced operational code was adapted to the environment of a coastal
basin of NW Aegean Sea (39.96°-40.66° N, 22.50°-23.40° E), namely Thermaikos
bay, which also includes Thessaloniki’s gulf [41]. The area that has been selected to
be studied is shown in Figure 9 [42], with a horizontal discretization of 1°/30

Port of Thessalopild .

Nurtherﬁ Aegean Sea
Thermaikos Bay

Figure 9.
Thermaikos bay and ships’ route to and from the port of Thessaloniki.

124


https://22.50��23.40
https://39.96��40.66

Oil Spill Dispersion Forecasting Models
DOI: http://dx.doi.org/10.5772/intechopen.81764

Figure 10.
Thermaikos bay bathymetry.
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Figure 11.
Snapshots of the spatiotemporal evolution of an oil spill hypothetically veleased near the coast of Chalkidiki, at
the east side of Thermaikos bay, after: (a) 36 h, (b) 72 h, (c) 108 h, (d) 144 h, and (e) 180 h.
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(Dx = 2800 m, Dy = 3700 m). The commercial port of Thessaloniki provides a good
study area, as it is enclosed in Thermaikos bay with an important coastline and a
busy oil terminal. Although the terminal operates under strict IMO (International
Maritime Organization) and EU (European Union) regulations for oil terminal
operational safety, the port area is a potential oil slick accidental source [38].

The transport and fate of the slick are closely related to the hydrodynamic
conditions in the bay, the bay morphology and the oil properties. The hydrody-
namic circulation in the bay is sustained mainly by the strong NW to NE winds and
the circulation patterns are regulated by the bay bathymetry and the coastal topog-
raphy (Figure 10). Following a thorough consideration, the period of data selected
to be used from the POSEIDON dataset was a winter week of January (21-28/01/
2014) which exhibited significant winds, able to transport the oil slick and produce
substantial results. The data were given for 29 time steps (6 hrs. each). The POSEI-
DON dataset for the Aegean Sea offers 3D hydrodynamic forecasts (POM) nested to
POSEIDON Med forecast, for the depth levels of 5, 15, 30, 50, 80, and 120 m. The
depth in the area under study, as shown in Figure 10, is less than 100 m. One
hypothetical oil spill scenario has been selected to portray the model’s simulation
capabilities and results, at the east side of Thermaikos bay, near the touristic areas
of Chalkidiki (Figure 11). An oil spill of 5000 parcels, representing an estimated
total volume of 10,000 tn, was hypothetically released instantaneously on the sea
surface. Total simulation run was for 180 hrs (7.5 days). Figure 11 presents snap-
shots of the spatiotemporal evolution of the oil slick at a 36-hr step after the release.
The touristic coast of Chalkidiki is damaged within some hours after the spillage
(clearly after 2-3 days). The dispersion effect is also revealed showing that the oil
slick diameter is moderately increasing during this time.
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Abstract

Foraminifera are eukaryotic unicellular microorganisms inhabiting all marine
environments. The study of these protists has huge potential implications and
benefits. They are good indicators of global change and are also promising indicators
of the environmental health of marine ecosystems. Nevertheless, much remains to be
learned about foraminiferal ecology. The goals of this chapter are (1) to provide a few
examples from foraminifera studies, presenting possible use of foraminifera as bioin-
dicators for the monitoring of transitional and marine ecosystems and (2) to highlight
the importance of applying these organisms in environmental monitoring studies.

A semienclosed coastal lagoon (Aveiro Lagoon; Portugal), an estuarine system (Sdo
Sebastido Channel; SE Brazil), a continental shelf sector (Campos Basin; SE Brazil),
and a segment of continental slope (Campos Basin; SE Brazil) are used as examples.

Keywords: foraminifera, marine pollution, marine ecosystems, environmental stress,
bioindicators

1. Introduction

The anthropic activity has been causing more and more negative effects on
nature, among which includes the discharge of several types of pollutants from
either domestic or industrial sources. The final destination for a majority of the
pollutants are frequently the coastal areas where the pollutants may cause deleteri-
ous effects as harm to living resources and marine life, hazards to human health,
hindrance to marine activities, including fishing and other legitimate uses of
the sea [1]. Persistent pollutants like polycyclic aromatic hydrocarbons (PAHs),
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polychlorinated biphenyls (PCBs), pesticides (dichloro diphenyl trichloroethane),
toxic metals (Cd, Hg, Ag, Co, Cr, Ni, Pb, Zn, and Cu), and others may cause del-
eterious effect in marine life. The pollutants can enter the food chain and may even
reach the highest trophic levels [2]. As microorganisms are among the lowest levels
of the food chains, they are the first to denounce the negative effects of pollution.
Among the vast variety of microorganisms, foraminifera have shown potential for
effective pollution biomonitoring, apart from many other applications [1].

These unicellular microorganisms are effective environmental indicators as they
respond quickly to small environmental changes. Foraminifera are abundant and
preserve the changes in their tests, making possible to study even the past envi-
ronmental standing. Foraminifera are widely distributed in marine environments.
In fact, they have been successful inhabitants from deep oceans to brackish water
lagoons, estuaries, and even rarely in freshwater streams, lakes, and so on [3].

Foraminifera are excellent bioindicators of environmental changes resulting
from both natural processes and by human interference. Most of the recent studies
carried out with foraminifera are focused on the application of these organisms as
environmental bioindicators. Most baseline studies arrived from natural distribution
patterns like those reported in the classical literature by [4-6]. After this first step,
the detection of patterns associated with natural disturbances or pollution related to
human activities can be carried on [7-10]. The environmental studies using foramin-
ifera were started by the end of the 1950s. In a study performed in Santa Monica Bay,
California, Zalesny [11] stated that environmental factors such as currents activity,
nutrients, salinity, characteristics of bottom sediments, and especially temperature
should control the distribution patterns of the living benthic species in that bay.
Since then, the number of works aiming to study the response of benthic foramin-
ifera to environmental changing, namely to pollution, increased significantly [12].

Foraminifera have been applied to study areas with different kind of pollutants
and in different kind of environments including heavily polluted harbors, such as
French coast, Rio de Janeiro, Montevideo, and Eastern Sicily. Armynot du Chételet
et al. [10], Debenay et al. [13], Vilela et al. [14], and Burone et al. [15] observed
that foraminifera distribution in the harbor of Port Joinville, at the Atlantic French
coast, was influenced by the significant increase of pollution by metals such as Cu,
Pb, and Zn and sediment texture. In the most polluted areas, they observed the
increasing abundance of pollution-tolerant species. Armynot du Chatelet et al. [10]
observed that foraminifera density and diversity were negatively correlated with
heavy metal and PAHs in four moderately polluted harbors of the French coast.

Romano et al. [16] studying the effect of heavy pollution mainly due to Hg,
PAHs, and PCBs on the foraminiferal assemblages from the Augusta harbor
(Eastern Sicily, Italy) observed that the clearest response of foraminifera to envi-
ronmental degradation was the increased percentages of abnormal specimens
exceeding the background, the increase of pollution-tolerant species, and the
reduced size of the specimens.

Furthermore, they have been used as suitable bioindicators owing to their imme-
diate response to the environmental changes such as hydrodynamic [17, 18], salinity
[19, 201, pH [21], Eh [22], heavy metals [13, 15, 18, 22, 23], hydrocarbon pollution
[10, 23], and organic matter [8, 24].

The main goal of this chapter is to provide information about environmental
factors that may influence the patterns of distribution of living benthic foramin-
ifera in transitional and marine ecosystems. A semienclosed coastal lagoon (Aveiro
Lagoon, Portugal), an estuarine system (Sdo Sebastido Channel, SE Brazil), a
continental shelf sector (Campos Basin, SE Brazil), and a segment of continental
slope (Campos Basin, SE Brazil) are used as examples. Each area has different
particularities that condition the type of living foraminifera associations that occur
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in them, being the first two areas highly anthropized. This work also emphasizes the
importance of these organisms as environmental bioindicators and their application
in biomonitoring studies.

2. Case study: Aveiro Lagoon (Portugal)

The Aveiro Lagoon is located on the Western Atlantic coast of Portugal
(40°38'N, 8°45'W, Figure 1). It is 45 km long and 10 km wide and covers an
area between 66 and 83 km” at low and high spring tides, respectively [25]. It is
composed by a series of channels among intertidal areas such as mudflats, salt
marsh, and old saltpans. It is connected to the ocean through a single artificial inlet
(~350 m wide and 2 km long) fixed by two jetties (Figure 1). Four main channels
radiate of the lagoon mouth: Mira, S. Jacinto/Ovar, [lhavo, and Espinheiro channels
(Figure 1), with lengths of 20, 29, 15, and 17 km, respectively. The inner lagoonal
area receives the contribution of several rivers. The freshwater is supplied mainly
by Vouga and Antui rivers with average flows over 50 and 5 m® s, respectively [26]
and in less way by small rivers such as Boco river, which flows into the south flhavo
channel, and the Caster river, which flows into the north of Ovar channel, with an
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Figure 1.

(a) Aveiro Lagoon location; (b) samples location in Aveiro Lagoon; (c) a detail of the lagoon mouth (adapted
from Google Earth).
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average flow less than 1 m’ s~ [25]. According to Dias et al. [27], each of the main
channels may be considered as presenting features of separate estuaries, owing to
typical estuarine longitudinal gradients of water salinity and temperature, with
values close to the characteristics of the oceanic water near the inlet and close to
freshwater furthest upstream.

The average depth of the lagoon is approximately 1 m relative to the local chart
datum (2.0 m below mean sea level) [27] although there are deeper areas close to
the lagoon mouth, where depths may reach values of 30 m. Nevertheless, the
bathymetry in this zone has changed over time due to both natural and anthropo-
genic causes [28].

The Ria de Aveiro is a tide-dominated lagoon with minimum tidal range of 0.6 m
(neap tides) and maximum tidal range of 3.2 m (spring tides). Near the lagoon
entrance, tidal current velocities are strong [29], but they weaken in more internal
lagoon areas. Furthermore, the noticeable wind effect can have an important influ-
ence on the lagoon circulation. Particular circulation patterns mainly in shallow
areas and wide channels can be induced by strong winds [25].

Regarding the environmental quality of the lagoon, in internal areas near the
river mouth, there are high concentrations of metals and organic matter [18]. The
Laranjo Bay area (Figure 1) is also polluted owing to release wastewaters of plants
of the chemical complex of Estarreja [30].

2.1 Methods applied in Aveiro Lagoon

The case study of Aveiro Lagoon, commonly known as Ria de Aveiro, was based
on the analysis of geochemical, sedimentological, and environmental parameters
combined with living benthic foraminifera. Environmental parameters and some
foraminiferal data were based on Martins et al. [18, 31, 32]. The sediments were
collected, in Aveiro Lagoon channels, in 255 stations, in 2006/2007 with an adapted
Petit Ponar Grab sampler (opening at both extremities), and using a ZOE I boat
(Figure 1), they were analyzed. Water depth was measured with the boat sonar, and
the stations were located with a GPS. The upper sediment layer (about 1 cm) was
scraped for textural, geochemical, and microfaunal (living benthic foraminifera)
analyses at each site. The sediments sampled for geochemical analysis were immedi-
ately cool preserved on board. The samples collected for foraminifera studies were
kept in alcohol (90%) stained with Rose Bengal (2 g of Rose Bengal in 1000 ml of
alcohol). Rose Bengal was used to differentiate between living and dead foramin-
ifera [33]. Temperature, salinity, pH, and potential redox (Eh) were measured in
water and sediments in each site.

Samples for grain size and geochemical analysis were dried to constant weight in
an oven for about 72 h, at 45°C, and stored for subsequent analysis. The procedures
used for sedimentological and geochemical analyses are described in detail in Martins
etal. [18, 31, 32]. The description of the foraminiferal analysis can be observed in
Martins et al. [18, 31, 32]. The number of species per sample (S) and the diversity
index of Shannon (H') [34] were determined. The equitability also was determined
according to Pielou [35] and S is the total number of species in a sample [36].

2.2 Results obtained in Aveiro Lagoon
2.2.1 Abiotic data
Sedimentary samples were collected at water depths varying between 0.5 and

30 m. Water temperatures varied between 10.5 and 26.0°C and salinity from 6.2 to
33.7. Higher temperatures were recorded in the innermost part of the main channels
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and salinities near the lagoon mouth and in the channels with strong marine influ-
ence. In sediments, Eh values ranged from 134 to —222 mv, and pH between 4.2 and
10.9. The lower Eh values were found in Aveiro City canals and Murtosa channel.
Some sites of Murtosa channel also have low pH values.

Sediment mean grain size (SMGS) varied between 19.7 and 3660.2 pm and fine
fraction (fines; <63 pm) between 0 and 97.7%. Total organic matter (TOC) content
in dry sediments ranged from 0.1 to 7.7% (Figure 1). Concentrations of potentially
toxic elements (PTEs) varied for Zn 2-684 mg kg™'; Pb 7-851 mg kg™'; Cu 0.03-

121 mg kg™'; As 03-119 mg kg ™", and Cr 78-0.03 mg kg™". The highest TOC and
PTEs contents were found in protected areas.

2.2.2 Foraminiferal assemblages

Living specimens density (no per gram of sediment fraction 63-500 pm)
were < 2300 n°/g. Higher densities were found in protected areas of channels with
a good connection with marine waters. Ninety species of living foraminifera were
found in the Aveiro Lagoon. Number of species per sample (SR) varied from 0 to
28 and Shannon index values (H) were < 2.8. The most frequent species in living
foraminiferal assemblages of Aveiro Lagoon are Ammonia tepida (<40%) and
Haynesina germdnica (<40%), which were found in all of the sites. Other species
also reach relatively high relative abundance, at least locally, such as Elphidium
margaritaceum (<54%), Lepidodeuterammina ochracea (<52%), Lobatula lobatula
(<45%), Rotaliammina concava (<32%), Bolivina ordinaria (<31%), Cibicides
ungerianus (<19%), Planorbulina mediterranensis (<17%), Cribroelphidium
excavatum, Elphidium gerthi (<14%), Elphidium complanatum (<14%), Bolivina
pseudoplicata (<13%), Remaneica helgolandica (<13%), Bulimina elongata/B. gibba
(<10%), Elphidium williamsoni (<6%), Gavelinopsis praegeri (<6%), Trochammina
inflata (<5%), Elphidium crispum (<6%), Cribroelphidium excavatum (<5%),
Quinqueloculina seminula (<5%), and Cribrostomoides jeffreysii (<5%). Other
species, such as Buliminella elegantissima, Miliammina fusca, Haplophragmoides
manilaensis, Entzia macvescens, Tiphotrocha comprimata, Ammoscalaria pseudospira-
lis, Arenoparrella mexicana, Siphotrochammina lobata, Ammobaculites balkwilli, and
Eggerelloides scaber, occur in general with percentages less than 5%.

2.3 Discussion of the results obtained in Aveiro Lagoon

The higher values of SMGS are common in samples collected along the inlet and
S. Jacinto channels where the tidal currents are stronger and reach frequently veloci-
ties >2 m s~ [29], and in stations of other channels due to stronger currents activity
in interaction with local topographic effects. Tidal currents affect not only the
sediments' texture but also their chemical composition in Aveiro Lagoon [37, 38].
The sediments are coarse-grained and have low organic matter content where the
currents are strong. Under low currents activity, fine-grained sediments enriched
in organic matter are accumulated. The heterotrophic activity in Aveiro Lagoon is
intense [39], resulting in negative sedimentary redox potential values in many areas
mostly where fine sediments and high organic matter contents are accumulated.
As the region surrounding the Aveiro Lagoon is densely populated, in the most
confined areas located near cities and villages or close to the rivers’ mouths, higher
available concentrations of PTE (such as Cr, Cu, Ni, Pb, and Zn) can be found.
Highest PTE values were found, for instance, in Aveiro city and Murtosa Channel
and the lowest values in the lagoon entrance.

In Aveiro Lagoon, in addition to the salinity and organic matter contents,
the hydrodynamical conditions have an important influence in the pattern of
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distribution of benthic foraminifera assemblages. Living foraminifera density tends
to increase in fine-grained sediments enriched in organic matter.

Most of the living species found in the Ria de Aveiro are typical of European
estuarine environments [40, 41], of worldwide transitional environments [42],
and some are present in the nearby continental shelf [43, 44]. Species such as
H. germanica, A. tepida, C. excavatum, and T. inflata are typical of coastal and
transitional environments [45, 46] and are quite common in Ria de Aveiro.

In Aveiro Lagoon, the agglutinated species that are known to be well adapted
to a wide range of salinities [47] predominate in different ecological niches, all of
them characterized by high environmental stress. Lepidodeuterammina ochracea and
Rotaliammina concava dominate in very strong hydrodynamical conditions at the
lagoon entrance. Instead Miliammina fusca, Haplophragmoides manilaensis, Entzia
macrescens, Tiphotrocha comprimata, Ammoscalaria pseudospiralis, Arenoparrella
mexicana, Siphotrochammina lobata, and Ammobaculites balkwilli reach the highest
relative abundance but have low densities in low salinity waters near the rivers’
mouth and in sediments with relatively low Eh and pH values, where the abundance
of calcareous species decline [23, 37]. According to Fatela et al. [21], the low pH val-
ues in sediment pore water limit the episodic presence of calcareous foraminifera.
Low pH levels coupled with the reactivity of biogenic carbonates may promote
dissolution and destruction of calcareous tests [48].

The diversity and species richness tend to increase in the deeper areas under
greater oceanic influence where there is also an increase of, for instance, E. mar-
garitaceum, L. ochracea, L. lobatula, R. concava, B. ordinaria, C. ungerianus, P.
meditervanensis, E. gerthi, E. complanatum, B. pseudoplicata, B. elongata/B. gibba, G.
praegeri, E. crispum, and C. jeffreysii. These species seem to prefer more saline and
oxygenated waters and less impacted environments and thus are named as “marine
species” [43, 44].

Excess of organic matter linked with fine-grained sediments can lead to
depressed levels of oxygen in the sediment pore waters, which may cause stress to
benthic foraminifera [49]. However, H. germanica, A. tepida, Bolivina ordinaria,
Bolivina pseudoplicata, T. inflata, and C. excavatum, for instance, can occur in such
conditions, which means that they tolerate better the negative effects of eutrophica-
tion than, for example, L. ochracea, L. lobatula, R. concava, C. ungerianus, P. mediter-
ranensis, and G. praegeri. However, it is known that benthic foraminifera are very
tolerant to oxygen depletion, and some species appear to be resistant to hypoxic and
periodic anoxic conditions [50].

According to Armynot du Chatelet et al. [51], the relative abundance of A. tepida
is typically favored by an increase of total organic matter, meaning food resources.
Ammonia tepida has been invariably reported as a potential bioindicator of pollu-
tion at the majority of the coastal polluted sites [1]. In general, the sites polluted
with sewage rich in toxic metals had low foraminiferal abundance, high percentages
of A. tepida, low percentage of epiphytic species, and more deformed fauna [46]. In
this work, A. tepida is present in the most polluted sediments of the Aveiro Lagoon,
but it seems to be not firstly related to the PTE enrichment. According to Armynot
du Chatelet et al. [51], the relative abundance of A. tepida is typically favored by an
increase of total organic matter, meaning food resources. A few workers, however,
suggested that the preference of A. tepida for fine-grained organic carbon-rich
sediments may be the reason for its dominance in polluted regions [1].

In Aveiro Lagoon, H. germanica is mostly associated with confined lagoonal
sites with high content in organic matter under low currents activity and waters
with relatively high salinity. This species probably displays an opportunist behavior
benefiting of the organic matter supply (food) and tolerating low levels of oxygen.
Haynesina germanica is a mid-latitudinal, temperate, and euryhaline species that
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populates shallow water muddy and phytal environments of salt marshes, intertidal
habitats with salinities that generally range between 1 and 30, and optimal tempera-
tures between 12 and 22°C [52]. Armynot du Chatelet et al. [10] have also shown
that H. germanica is a successful pioneer species in polluted estuarine environments
and in rich organic matter sediments and is tolerant to heavy metals. This species
seems to be quite tolerant to higher concentrations of metals, namely Zn, Pb, and
Cu, in Aveiro Lagoon.

The results obtained in Aveiro Lagoon also indicate that most of the species that
live in this lagoon, mainly those that drive to the most internal and confined areas
of the lagoon, should tolerate the stress caused by eutrophication and relatively high
concentrations of PTE, namely H. germanica.

In general, the density and diversity of foraminifera are low in the lagoon.
However, in the most impacted zones the density and diversity of foraminifera
become even smaller. In fact, the increase in pollutants has been reported in gen-
eral, as being marked by a decrease in species diversity with increased abundance of
stress-tolerant species and high percentage of abnormalities [45, 46].

It is known that the distribution of the living assemblages is strongly affected by
the estuarine dynamic, since foraminifera react within less than 1 month to changes
of environmental conditions [17]. The distribution of the living foraminifera spe-
cies results in several blooms throughout the year, for this reason the abundance and
diversity of foraminifera is naturally temporally variable [17]. Living assemblages
of foraminifera can be quite variable over time depending on the variability of the
physicochemical parameters (according to weather changes). Therefore, monitor-
ing studies may provide data not only on the response of species to the variation of
environmental parameters but also on the gradients of natural and/or anthropo-
genic environmental impact.

3. Case study: Sdo Sebastido Channel, SE coast of Brazil

Deciphering the impacts of domestic and industrial pollutants is difficult
because they often occur together in sheltered coastal environments (bays or
estuaries). When they occur separately, it is often in environments with different
natural conditions, which makes comparison problematic. Sdo Sebastido Channel
(SSC) is an open area where industrial and domestic effluents are separately
disposed, but under similar natural conditions, offering the opportunity to compare
their impact on benthic biota [53].

SSC, located between the latitudes 23°40’S and 23°53.5’S and the longitudes 45°19’
and 45°30’W, is a 25 km stretch, which separates the continent from Sdo Sebastido
island (Figure 2). SSC width ranges from 2 km in its central portion and 7 km in its
southern and northern ends. Its axis, where the largest depths (30-50 m) are found,
is located closer to the island, due to the erosion and/or structural conditioning of the
bottom. The smaller depths (6 m) occur on the continental side of the channel. The
southern and northern ends have depths of 25 and 20 m, respectively (Figure 2).

The water circulation in the channel is characterized by alternate northerly and
southerly movements, with a periodicity of days that is not directly influenced by
tidal currents [54]. Geometry and topography of the channel bottom produce more
intense longitudinal currents on the insular side, with speeds of upto 1.0 ms ™*
toward the north and 0.7 m s~ toward the south.

In SSC, there are some areas where the anthropic influence is quite intensi-
fied. Among these, the central region of the channel has the largest petrolifer-
ous terminals of South America, “Dutos e Terminais Centro Sul” (DTCS) of
PETROBRAS. According to Duleba et al. [53], the DTCS generates two types of
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Figure 2.
Study aveas and sampling grid in Sdo Sebastido Channel (SE coast of Brazil).

liquid effluents. The first type consists mostly of water, separated from oil by
density during transportation from drilling platforms in the oil tankers; the second
type consists of rainwater and industrial water from the DTCS, contaminated by
oil. These waters are treated in the wastewater treatment plants (ETE—Estacdo de
Tratamento de Efluentes), where they are first separated from residual oil by add-
ing a solution of polyelectrolyte [55]. Then, a series of treatments, using hydrogen
peroxide at several pH levels, allows the oxidization of sulfides and phenol before an
ultimate neutralization of the effluent. Approximately 15,000 m’ of produced waters
are treated every month. According to Fortis et al. [55], contaminated rainwater and
industrial water are treated in systems that use mostly decantation to separate oil
from water (SAO = Separagio de Aguas Oleosas). In addition, if the quality of the
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outflowing water does not satisfy the legal regulations, it is sent for treatment in the
ETE. After treatment, effluents from both the ETE and SAO are mixed before being
discharged through two submarine pipelines (with 1600 and 1400 m long), which
end in diffusers, located at a depth ranging from 20 to 25 m [55].

The oil separation techniques, used in the wastewater treatment plants, primar-
ily remove particulate matter and dispersed oil, while dissolved hydrocarbons
remain in the discharged water [55]. The treated water is generally enriched with
ammonia [55] and dissolved ions of sodium, potassium, magnesium, chloride,
and sulfate, leading to salinity levels of up to 52.8 [55]. The treated water also has
elevated levels of some heavy metals, as well as corrosion and scale inhibitors,
biocides, dispersants, emulsion breakers, and other chemicals [56].

Close to DTCS, there is the submarine outfall of Ara¢d, which transports almost
all the domestic effluents from the Sdo Sebastido city. That emissary has a total
length of 1061 m and a diameter of 400 mm. Its diffuser has alength 10.1 m and is
located at Aragd point, at a depth of 8 m. The discharge speed per final discharge is
91.461s7! [46].

3.1 Methods applied in Sdo Sebastido Channel

Sediment samples from DTCS (named TB) were collected near the outfall
diffusers in September 2005, by the Environmental Agency of the Sdo Paulo State,
Brazil (CETESB—*“Companhia Ambiental do Estado de Sdo Paulo”). This author-
ity evaluates the adequacy of the wastewater plants projects, the definition of
environmental monitoring programs, and the regulation and enforcement of the
water quality compliance. The sampling grid, consisting of 10 sampling points, was
located in an area of 125,000 m” surrounding the diffusers. In addition, samples
from 10 stations along the Sdo Sebastido Channel (SSC) and 10 stations around the
Araca (AR) domestic sewage outfall were used for comparison. The geographical
positions of the sampling stations were determined using the global positioning
system (GPS), with the UTM datum SAT 69.

Surface sediment samples were collected for the following analyses: (i) grain
size analyses; (ii) geochemical analyses; and (iii) determination of living benthic
foraminifera. Textural, trace elements, and foraminifera data from TB, AR, and SSC
areas were previously studied by Teodoro et al. [46, 53], which described in detail
the methods of sedimentological and geochemical analysis.

Concerning the foraminiferal study, immediately after sampling, the samples were
fixed with 70% alcohol stained with 1 g Rose Bengal, to distinguish stained (living)
from unstained (dead) benthic foraminifera [57]. Aliquots of 10 cm?® of sediment
were washed through two sieves: 0.5 and 0.063 mm. The obtained fractions were
dried, and the foraminifera were separated from the sediment by flotation using
trichloroethylene. In samples with a low number of foraminifera, aliquots of 10 cm’
were successively analyzed for to count of at least 100 stained individuals [33, 58].
Therefore, about 100 or more stained foraminifera were handpicked for identification
and counting at each station. Foraminiferal density 1 (density 1) is expressed as the
number of foraminifera per volume of sediment and density 2 is number of fora-
minifera per 10 cm’ [59]. Foraminiferal assemblages structure was analyzed by using
the Shannon index (H') [34], the equitability (J'), calculated according to the Pielou
index [35], and the species richness, calculated from density 1.

Canonical correspondence analysis (CCA) was used to investigate the rela-
tionship between foraminifera and sedimentological variables of the three areas:
TEBAR, Aragd, and S3o Sebastido Channel (see details in [53]). The Monte Carlo
permutation test (999 permutations) was used to assess the statistical significance
of the correlations (atp < 0.05and p < 0.01).
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3.2 Results obtained in Sio Sebastiio Channel
3.2.1 Sdo Sebastido Channel

A total of 88 living species were identified in the Sdo Sebastido Channel [53]
belonging to the suborders of Rotaliina (63 species), Textulariina (20 species), and
Miliolina (only one species). The volume of analyzed sediment needed to obtain
at least 95 stained foraminifers ranged from 10 to 60 cm’. Density 1 values ranged
from 95 specimens per 60 cm’ of sediment to 296 specimens per 10 cm’ of sedi-
ment. Density 2 values ranged from 16 to 296 specimens per 10 cm’ of sediment.
The highest densities were identified at stations SSC3 (266 specimens) and SSC6
(296 specimens). Richness values varied from 12 to 33 species. The H' and ]’ values
varied between 1.59 and 3.25 and between 0.64 and 0.93, respectively.

Ammonia tepida was the most abundant species in almost all samples (5-56.1%).
The following species presented significant relative abundance: Ammonia parkinso-
niana (2-19.6%), Bolivina striatula (0.8-11.6%), Globocassidulina cvassa (<18.8%),
Globocassidulina subglobosa (<10.2%), Nonionella opima (<9.1%), Buliminella
elegantissima (2-8.5%), Bolivina fragilis (<8.5%), Bulimina marginata (<5.9%),
Pseudononion japonicum (<5.8%), Hopkinsina pacifica (<5.3%), Rosalina floridensis
(<6.1%), Gavelinolepsis praegeri (<5.5%), and Hanzawaia boueana (<5.1%). At the
reference station (SSC3), A. tepida had the highest relative abundance (42.5%), fol-
lowed by A. parkinsoniana (16.2%), B. striatula (7.9%), and B. elegantissima (7.5%).
At this station, 32 species were recognized.

3.2.2 Dutos e Terminais Centro Sul (DTCS)

Throughout this area, 45 species were identified as belonging to Rotaliina
(37 species), Textulariina (6 species), and Miliolina (2 species). Foraminiferal den-
sities ranged from 0.5 (TB9) to 25 (TB7) specimens per 10 cm’ of sediment. Owing
to this low density, the volume of analyzed sediment needed to obtain 95 stained
individuals varied from 40 to 190 cm’. Species richness varied from 12 to 23 per
95 foraminifera. The H' and ]’ values ranged from 1.5 to 2.4 and from 0.56 to 0.71,
respectively. Both indices presented low values, indicating low species diversity, due
to the dominance of few species.

Ammonia tepida was the most abundant species in all the samples (38.5-66%).
The following species also had significant relative abundance: Pararotalia canan-
eiaensis (<20%), B. elegantissima (0.9-11.8%), A. parkinsoniana (<7.3%), C. lobatulus
(<6.6%), B. striatula (<6.4%), B. marginata (1-6.3%), B. ordinaria (0.9-6%),
Bolivina compacta (<5.5%), and Rosalina floridensis (<5%).

3.2.3 Avag¢d Outfall

In this area, 51 species [53] were identified as belonging to the suborders
Rotaliina (33 species), Textulariina (11 species), and Miliolina (7 species).
Foraminiferal densities ranged from 28 to 98 specimens per 10 cm’ of sediment. A
volume ranging from 10 to 40 cm® was analyzed to obtain 95 stained individuals.
Species richness values varied from 13 to 28 species. The H" and J’ values varied
from 0.70 to 2.64 and from 0.69 to 0.85, respectively.

Ammonia tepida was the most abundant species in all samples of the Ara¢d region,
with a relative abundance ranging between 24.7 and 47.3%. The following species also
had significant relative abundance: P. cananeiaensis (1.8-17%), C. lobatulus (<11.9%),
B. ordinaria (1.1-11.3%), R. floridensis (<8.6%), B. elegantissima (<7.8%), B. striatula
(3.2-7.7%), P, japonicum (<6.1%), G. crassa (<6.1%), and A. parkinsoniana (<5.4%).
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3.3 Discussion of the results obtained in Sao Sebastiio Channel

Sediments in the DTCS area were silty with high concentrations of total organic
carbon (1.7-2.4%), total nitrogen (0.2-0.3%), total sulfur (0.4-0.6%), and total
phosphorous (0.12-0.18%) and inorganic phosphorous (0.07-0.11%). These values
were higher than those in sediments collected in the SSC and Araca regions. The
sediments’ concentrations of As, Cd, Cr, Cu, Hg, Ni, Pb, and Zn in the SSC and
AR regions were lower than their corresponding probable effect levels (PELs) [53].
However, sediments near the DTCS were enriched with As, Cu, and Ni, whose
concentrations exceeded their corresponding threshold effect levels (TELs).

Despite potentially considerable pollution sources, mostly around DTCS, the
contamination of sediment, as measured through geochemical analyses, is moder-
ate. This probably results from the dispersion of effluents by the currents that affect
the Sdo Sebastido Channel. However, even if they are dispersed and do not accumu-
late within the sediment, pollutant may affect the benthos since all habitats exposed
to all types of contaminants experience decreased biodiversity [60]. Indeed, the low
densities of foraminifera around the DTCS diffusers illustrate the impact of envi-
ronmental stress on the benthos.

In the DTCS area, it was necessary to search 50-190 cm’ of sediment to find 100
living specimens (an average of 9 + 6 individuals per 10 cm’ of sediment) [53]. In
the SSC and Aragd areas, a maximum of 40 cm® of sediment was enough to locate
100 living specimens (an average density of 62 + 22 foraminifera per 10 cm’ of
sediment).

Organic matter may favor microfauna [7], or it may be responsible for decreas-
ing microfauna density and richness [10, 15]. The toxic threshold depends on the
nature of the organic matter and its concentration in the sediments [10]. The degra-
dation of organic matter requires large quantities of oxygen; thus, when the flux of
organic matter exceeds the degradation rate, a benthic hypoxia or even anoxia can
occur. In this sense, the microfauna is compelled to change: stenobiotics can disap-
pear and an abundance of tolerant species may be observed [10, 15, 31].

Pavarotalia cananeiaensis is an herbivorous, epifaunal species characteristic of
a marine environment. It is abundant in dead assemblages all over the SSC. The
positive correlation of P. cananeiaensis, together with D. floridana, with TP and
Cd appears to be an indication that they are tolerant to these elements and to the
associated contaminants. However, the ecological preference of P. cananeiaensis is
not yet well known in Brazil (Debenay et al., 2001c)***. Near the Aracd domestic
submarine outfall, Teodoro et al. [46] reported P. cananeiaensis living preferentially
at stations with high sulfur content (r = 0.86; p < 0.001), particulate organic matter
(r=0.62;p < 0.001), and silt (r = 0.75; p < 0.01). In the present study, no relation-
ship between abiotic parameters and relative abundance of P. cananeiaensis was
recorded.

The species related to reducing muddy sediment, with a moderate concentration
in Cr and a noticeable content of organic matter, were B. marginata, B. elegantissima,
B. compacta, A. tepida, and A. parkinsoniana. Most of these species are recognized
in the literature as tolerant to high organic matter flux and as able to survive in
low oxic conditions. Such is the case of B. marginata [61] and B. elegantissima [14].
Bandy et al. [62] noted that B. elegantissima and B. marginata tend to be abundant in
areas affected by pollutants. In this study, the highest abundance of bolivinids and
buliminids was observed in stations positioned in the central part of the channel:
stations SSC7, SSC8, and SSCO.

Ammonia tepida is a eurybiotic species characteristic of near-shore areas and
paralic environments [63]. The tolerance of A. tepida to adverse conditions, includ-
ing organic and chemical pollution, has long been reported in both field studies and
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culture studies [10]. Its potential application for pollution monitoring is well estab-
lished. It reached the highest relative abundance in DTCS the polluted samples and,
to a lesser extent, in Aracd. This higher proportion of A. tepida is due to a decline of
stenobiotic species. The higher abundance of tolerant species in these areas indi-
cates that the benthos is significantly impacted by both organic (Ara¢d) and chemi-
cal (DTCS) pollution and suffers with a greater impact of chemical pollution.

4. Case study: continental shelf of the Campos Basin (SE, Brazil)

The continental shelf of Campos Basin is located on the southeast coast of Brazil
between latitude 21° and 23°S, the southwest margin of the Atlantic Ocean, which
comprises part of the area occupied by the Marine Sedimentary Campos Basin
between the 25 and 150 m isobaths (Figure 3). The sedimentary contribution to
this region is restricted to the rivers Itapemirim, Paraiba do Sul, Macaé, and Sio
Jodo, and most of the material derived from rivers and coastal erosion seems to be
retained in coastal waters; what exceeds in this region is readily carried by oceanic
currents. Detrital materials derived from the river discharge of the Paraiba do Sul
River are distributed throughout the inner shelf by developing small muddy zones
and large mud accumulations in an area adjacent to Biizios and Cabo Frio, where the
currents have energy close to zero, 150 km south to the mouth of the river [64].

The South Atlantic Central Waters (SACW), a colder, nutrient-rich water mass,
enters the continental shelf increasing local primary production and associated
secondary productivity. Many studies have been carried out to investigate aspects
related to the coastal upwelling of Cabo Frio, south of the Campos Basin [65].

4.1 Methods applied in Continental Shelf of the Campos Basin

Sampling methods, preparation of samples, control of quality, and methods
of data analysis are described in detail in [66]. Living benthic foraminifera of the
Campos Basin continental shelf were studied in 239 samples collected in nine
transects (A-I) perpendicular to the coast line. The sampling was performed during
the dry season of 2008 and the rainy season of 2009. The dry season, in this region,
occurs in winter and corresponds to lowest precipitation and less frequent upwell-
ing events. By contrast, the rainy season takes place in summer and corresponds to
the period with higher precipitation and with more frequent upwelling events.

At each transect, five isobaths (25, 50, 75, 100, and 150 m) were sampled with a
very large and modified (with an upper opening) Van Veen, which functions as a box
corer. In each isobath, three independent samples successfully taken with a 10 cm x
10 cm x 2 cm, a “quadrat” yields samples with 200 cm®, A fixative solution (4% for-
malin buffered with sodium borate) with Rose Bengal stain was immediately added
to fix and evidence the protoplasm of living foraminifera. In the laboratory, 20 cm’
of sediment from each sample was separated for analysis of living foraminifera.

The foraminiferal samples were washed trough a 63 pm sieve, dried in an oven
(<60°C), and then picked under a stereomicroscope. Density values are equivalent
to the total number of living individuals in 20 cm® (volume) or 10 cm? (area).
Although the 63 pm mesh size was used as the size limit in the washing and screen-
ing of samples, many individuals smaller than 63 pym were found alive adhered to the
grains; they were removed and incorporated into the slides for study. Careful quality
control ensured similar patterns of screening and identification of living foramin-
ifera, making the differences between pickers minimized. The species identification
was based on [67, 68], and other specific references, as well as by the analysis of
museum collections. The biomass was calculated by the volumetric method [33, 69].
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Figure 3.
Continental shelf of Campos Basin area. The transects A-I and their sampling points 1—5, according to the
isobaths (25 m = 1; 50 m = 2; 75 m = 3; 100 m = 4; and 150 m = 5).

According to Pianka [70], k-strategist or conservative species have greater body
size, longer life cycle, and population size largely constant in time, being close to
the capacity of support of the environment; r-strategist species are known for their
opportunistic behavior, small size, short life cycle, and very variable population
size without adjustment balance in relation to available resources (mainly space
and food). R-strategists can proliferate opportunistically and vary considerably its
absolute abundance. According to these characteristics, Warwick [71] developed
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a method based on the abundance and biomass curves (ABC) for the detection of
perturbation and to analyze the species response to environmental changes. The
ABC curves are compared together with the W statistic calculation [71]. According
to Magurran [36], in undisturbed environments, one or two species dominate the
biomass and this has the effect of raising the biomass curve in relation to the abun-
dance curve. On the contrary, in highly disturbed environments, a few species have
very large number of individuals of small size, but since these species have small
size, they do not dominate the biomass and so, the abundance curve is above the
biomass curve. In intermediate conditions, the biomass and abundance curves cross
each other several times. In this work, the ABC curves were generated for each group
in both periods with all the species in which it was possible to calculate the biomass.

4.2 Discussion of results of continental shelf of the Campos Basin

The composition of the foraminifera assemblages allowed to detect areas under
upwelling influence on the continental shelf. Epistominella exigua, Adercotryma
glomeratum, Bulimina mavginata, Pappina compressa, Angulogerina angulosa s.1.,
Nonionella stella, Nonionella opima, Hopkinsina pacifica, Bolivina fragilis, Bolivinellina
translucens, Fursenkoina pontoni, and Stainforthia complanata can be considered as
indicators of seasonality-enriched areas with phytodetrital material signaling the
upwelling events in the study region of Campos Basin. The continental shelf presents
many encrusting foraminifera, both large and small adults, as well as juveniles of
larger species that are adhered to the sediment grains, indicating that it is a region
with a predominance of high hydrodynamic energy near the bottom. Small individu-
als play an important role in the ecological characterization of oligotrophic areas
where organic carbon is scarce and rapidly consumed, transported, or oxidized.

The increase of the continental discharge during rainy season brings more
inorganic and organic nutrients to the coastal system, increasing the primary pro-
duction. The high supply of continental nutrients in addition to the nutrients of the
coastal upwelling of Cabo Frio and adjacent areas disturbs the natural equilibrium
of the biological communities of this area.

The results of the ABC curves by isobaths evidence that in the 25 m isobath of the
dry season of 2008, there was some disturbance (W = 0.0332), but in the rainy season
of 2009, the disturbance was much high (W = — 0.0071), so that the abundance curve
overlaps with that of biomass (Figure 4). The ABC curves indicate the 25 m isobath
as the most disturbed one within the continental shelf and the upwelling/organic
enriched group as an area of moderated disturbance. During the rainy season, the 25 m
isobath is disturbed by natural eutrophication phenomena and it may be significantly
amplified by anthropogenic activities in the catchment area of Paraiba do Sul river and
other anthropogenic disturbances, once this segment of the Brazilian coast is strongly
influenced by agricultural, industrial, and urban activities as well as by fishery and
many other coastal activities. In the southern region, the disturbed patterns seem to
be strongly related to natural phenomena due to the presence of many species who
indicate upwelling events, which are well known near the Cabo Frio area.

In his final remarks, Warwick [71] does not believe that this method can be
applied to meiobenthic species, because according to him, there are no obvious
size differences between k species and meiobenthic r-strategists. He mentioned
Oncholaimidae nematodes and Tisbidae copepods as dominant species in polluted
environments and reminds that they are often larger. However, among the fora-
minifers, there are species known as k-strategists that correspond to the character-
istics mentioned by Pianka [70], and therefore, the application of the ABC curves
to assess environmental disturbance could be successful. Although the foraminifera
belong to both micro- and meiofauna, the results obtained with the ABC curves in
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Figure 4.
ABC curves of the continental shelf assemblages of foraminifers. Groups 14 of the cluster analysis from rainy
period (2009).

this work evidence they can be used to trace environmental disturbance. In fact, it

is expected that the ABC curves can be used to identify both natural and anthropo-
genic stressors. However, without complementary studies that allow to qualify and
quantify the disturbance origin by applying the ABC curves, we will have only the
sign of the environmental disorder. On the other hand, we still have little informa-
tion on the response of some species to natural and anthropogenic stressors, but this
integrated study will allow the construction of a more effective monitoring plan,
which can provide subsidies for preserving the integrity of the environment.
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5. Case study: continental slope of the Campos Basin (SE, Brazil)

The Campos Basin is located between latitudes 21°S and 23°S in the southwestern
margin of the South Atlantic Ocean (Figure 5). It ranges from the coastal plain to the
Sao Paulo Plateau, the outer boundary of the salt tectonic coinciding with the bound-
ary between continental and oceanic crusts [72]. The continental slope displays a con-
vex profile to the north and a concave one to the south, and it is cut by several canyons,
such as the Sdo Tomé, Itapemirim, Grussai, and Almirante Cimara [72]. The Campos
Basin is considered a meso-oligotrophic system with oxygenated bottom water [73].

In Campos Basin, the oil exploration activities began in 1976, with the first
maritime drilling occurring at 100 m of water depth. In 1999, exploration and
production of hydrocarbons in deep waters (below 2000 m of depth) started in the
Campos Basin. About 65% of hydrocarbon exploration and production activities are
concentrated in marine areas deeper than 400 m [74].

The first initiative to evaluate the environmental conditions of the Campos
Basin occurred in the end of 1980s, through a partnership between the Fundagéo de
Estudos e Pesquisas Aqudticas (FUNDESPA), University of Sdo Paulo, and Petréleo
Brasileiro S/A (PETROBRAS). Regrettably, the data obtained were not widely dis-
seminated through scientific publications [74].

From this on, other projects were executed in the Campos Basin, such
as “Campos Basin Deep-sea Environmental Program” (Oceanprof) and
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Figure 5.

Location of Campos Basin in the Southwest Atlantic Ocean and sampling sites of the study area (Oceanprof
and Habitats project): ved circle (station in the Almirante Camara canyon); and blue circle (station in the
Almirante Cdmara canyon,).
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“Environmental Heterogeneity of the Campos Basin” (Habitats) projects. These
projects had a multidisciplinary goal: geology and meteoceanography; organic and
inorganic components of water and sediment; and the distribution and composition

of biota [73, 74].
5.1 Methods applied in continental slope of the Campos Basin (SE, Brazil)

In the Oceanprof project, 41 surface sediment samples were collected by using
a box corer, along transects ranging from 750 to 1950 m of water depth on the
continental slope (Figure 5), in the austral winter of 2003. The core top (0-2 cm
interval) sediment sampled in each site was used to understand the living and dead
benthic foraminifera distribution patterns and ecological preferences. For this pur-
pose, identification and quantitative foraminifera analysis were performed using
the 63 pm size fraction. The variables considered for the statistical analysis included
percentages of sand and mud, calcium carbonate and total organic carbon contents
in the sediment, and total phosphate in the water (see details in [73]).

In the same project (Oceanprof), 20 surface sediment samples were chosen
along 1050 and 1950 m depth (Figure 5). In this case, only living (rose Bengal
stained) benthic foraminifera were analyzed in combined samples collected in
four different slices of the cores (0-2, 2-5, 5-10, and 10-15 cm) to understand the
distribution patterns and their ecology. In this study, the variables considered for
statistical analysis included the sand and mud contents, particulate organic matter
flux to the sea floor, bottom water dissolved oxygen concentrations, calcium car-
bonate, total organic carbon, total nitrogen, and total lipid contents in the sediment
(see details in [75]).

In the Habitats project, an ecological study of living (rose Bengal stained)
benthic foraminifera was performed in samples collected with a box corer, on the
continental slope, Plateau of Sdo Paulo, and canyons, during two campaigns (aus-
tral winter of 2008 and summer of 2009). The stations followed nine transects from
400 to 3000 m deep (Figure 5). In the Grussai and Almirante Cdmara canyons, the
stations were located in four isobaths (400, 700, 1000, and 1300 m deep) and the
obtained data were compared with adjacent transects on the open slope (Figure5).
Changes in the density, diversity, and composition of benthic foraminifera were
analyzed in response to environmental factors (i.e., sand and mud contents,
calcium carbonate, total organic carbon and chlorophyll-a concentrations, and
phytopigment concentrations in the sediment) (see details in [76]).

5.2 Results obtained in continental slope of the Campos Basin and discussion

The middle slope is characterized by the dominance of different species of the
genus Bolivina, Cassidulina laevigata, and Globocassidulina subglobosa. The occur-
rence of these species in association with Cibicidoides kullenbergi, Epistominella
exigua, and Uvigerina proboscidea seems to be related to seasonal organic matter
fluxes, relatively oxic bottom waters, strong bottom currents, and sandy sedi-
ments. The lower slope is inhabited by a microfauna with different characteristics,
preferentially composed of epifaunal or shallow infaunal deposit feeding species
(e.g., Bolivina spp., Eponides weddellensis, and Lenticulina cultrata) and suspension
feeders that are adapted to oligotrophic conditions and high dissolved oxygen levels
in the bottom waters, for example, Rhabdammina spp., Rhizammina sp. [73].

Yamashita et al. [75] concluded that besides the sediment grain size, the verti-
cal flux of particulate organic matter seems to be the main factor controlling the
spatial distribution of benthic foraminifera species in the slope of Campos Basin.
The middle slope (1050 m of water depth) was characterized by relatively high
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foraminiferal density and a predominance of phytodetritus-feeding foraminifera
such as Epistominella exigua and Globocassidulina subglobosa. The occurrence of these
species seems to reflect the Brazil Current System (BCS). The abovementioned cur-
rents are associated with the relatively high vertical flux of particulate organic matter
and the prevalence of sandy sediments, respectively. The lower slope (between 1350
and 1950 m of water depth) was marked by low foraminiferal density and assem-
blages composed of Bolivina spp. and Brizalina spp., with low particulate organic
matter flux values, muddy sediments, and more refractory organic matter. The
distribution of this group seems to be related to episodic fluxes of food particles to
the seafloor, which are influenced by the BCS at the surface and are deposited under
low deep current activity (Intermediate Western Boundary Current; [75]).

According to Sousa et al. [76], the availability and quality of the food, the energy
state (stability) at the benthic/pelagic boundary, and the grain size of the substrate
seem to be the most important environmental factors determining the distribution
pattern of the benthic foraminiferal assemblages in the Campos Basin slope. The
highest values of density, diversity, and richness, as well as the predominance of
hyaline calcareous foraminifera and infaunal species, reflect a higher contribution of
food received continuously in the shallower stations (400 m depth). At 700-1000 m
of water depth, the density of foraminifera decreased and there was a larger presence
of opportunistic species, possibly reflecting the pulse of phytodetritus. The con-
siderable increase in the agglutinated foraminifera, the continuous decrease in the
density of foraminifera, and also decrease in the values of the Benthic Foraminifera
High Productivity Index (BFHP [61]) as depth increases indicate typical oligotrophic
conditions in this sector of the Campos Basin (lower slope and Sdo Paulo Plateau).

The comparison of density and species composition data in the austral winter of
2008 and austral summer of 2009 periods allows us to infer that during the winter,
the food input was higher. The values of density and biomass of living benthic
foraminifera allow us to suggest that the Almirante Cimara canyon is a greater
entrapment site of organic matter between 400 and 1000 m isobaths in comparison
to the open areas at the same isobaths [76].

Even though the stations analyzed were the same or spatially very close to each
other, the response of benthic foraminifera of the Campos Basin seems to be slightly
different due to the seasonality. Because of these dissimilar times, the local hydro-
dynamics can change and, consequently, variations can occur in the particulate
organic matter flux, and quantity and quality of the organic matter on the sea floor
[73, 75, 76]. The benthic foraminifera and the geochemical results of these projects
showed that, despite the intense oil exploration and production activities in the
Campos Basin by PETROBRAS, these specific study areas (Figure 5) did not suffer
anthropic impact in terms of pollutants [77].

6. Conclusion

This work presents results of living foraminifera used to analyze these meiofau-
nal organism responses to different types of environmental disturbance in different
transitional and marine settings: a semienclosed coastal lagoon (Aveiro Lagoon),
an estuarine system (Sdo Sebastido Channel), a continental shelf (Campos Basin),
and continental slope environments (Campos Basin). Each area has different
particularities, conditioning the type of living foraminifera associations that inhabit
them, being the first two areas highly anthropized.

The dynamics of tidal currents, in interaction with the configuration of channels
and local topography, generates different sedimentary facies in the Aveiro Lagoon,
influencing the abundance of living benthic foraminifera. Salinity is a key factor
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for governing the structure (diversity) of foraminifera assemblages, as well as the
concentrations of PTE, whereas the sensitive species (“marine species”) avoid the
inner lagoonal environments. Species such as H. germanica, A. tepida, T. inflata,
and C. excavatum increase their frequencies in the most confined places and are
impacted by high concentrations of PTE.

In S3o Sebastiio Channel, the sediments near the “Dutos e Terminais Centro
Sul” (DTCS) of PETROBRAS were enriched by As, Cu, and Ni, with concentra-
tions exceeding TEL; these levels are associated with adverse biological effects.
Comparatively, foraminiferal parameters (density and diversity) at the DTCS were
lower than those observed in neighboring areas, even near the Araca submarine out-
fall less than 3 km away. These findings lead us to conclude that wastewater treatment
in DTCS is not effective in removing some chemical elements from petrochemical
waste liquid. Moreover, it may negatively impact benthic fauna around the DTCS.

The distribution pattern of the living foraminiferal assemblages in the conti-
nental shelf of the Campos Basin changes depending on the bathymetry, sediment
characteristics, and the supply of organic matter. The abundance of benthic fora-
minifera populations is strongly enlarged by the seasonal supply of phytobenthos
and phytoplankton. The application of the ABC curves method in foraminiferal
assemblages is a promising alternative to evaluate the environmental conditions and
to access specific areas over time, and thus, they can be applied in environmental
monitoring studies.

The benthic foraminifera species that occur in the deep marine system of the
Southwestern Atlantic (continental slope of the Campos Basin) are mainly con-
trolled by local hydrodynamics, which mainly controls changes in the particulate
organic matter flux, quantity, and quality of the organic matter in the seafloor. It
should be also considered that these parameters are affected by seasonality.

The data presented here show the importance of understanding the ecology of
the benthic foraminifera species for environmental assessment of the ecosystems,
and therefore for the establishment of biomonitoring procedures.
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Edited by Houma Bachari Fougzia

Many of the pollutants discharged into the sea are directly or indirectly the result of
human activities. Some of these substances are biodegradable, while others are not. This
study is devoted to monitoring areas of the environment. Methods assessment is based
on monitoring data and an evaluation of the impact of pollution.Surveillance provides a
scientific basis for standards development and application. The methodology of marine
pollution control is governed by algorithms and models. A monitoring strategy should
be put in place, coupled with an environmental assessment concept, through targeted

research activities in areas identified at local and regional levels. This concept will make
it possible to diagnose the state of “health” of these zones and consequently to correct
any anomalies. Monitoring of the marine and coastal environment is based on recent

methods and validated after experiments in the field of marine pollution.
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