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Foreword

The deteriorating state of our ocean is directly linked to continuous and intense
anthropogenic influences. Some of the most evident impacts on the marine environ-
ment include the overexploitation of marine resources, the introduction of harmful
substances (including fertilizers, plastic, and materials from marine pollution acci-
dents), ocean warming and acidification due to the release of carbon, shipping on a
massive scale and underwater noise, as well as physical disturbances to coastal and
benthic habitats. One of the key conclusions of the inaugural World Ocean
Assessment published in 2015 was that humankind is racing against time to start
managing the ocean in a more sustainable way. It is likely that continuous unsus-
tainable use of the ocean resources and space will trigger an irreversible pattern of
deterioration. Thus, the fate of the ocean depends on our ability and willpower to
leave the destructive path of development and find solutions that would allow us to
combine the growing use of ocean services to humankind with science-based man-
agement, protection, and restoration of the marine environment.

Fortunately, the efforts of the oceanographic community to raise the awareness of
decision-makers and the public at large about the state and fate of the ocean have
resulted in the inclusion of the Sustainable Development Goal 14 (SDG14) in the
Agenda 2030. SDG14 resoundingly declares the ambition of nations to conserve the
ocean and use it sustainably. SDG14 strives to halt ocean pollution and unsustain-
able exploitation of fishing resources. It also advocates to manage marine and coastal
ecosystems using approaches that are scientifically sound and to address the impacts
of ocean acidification. In addition, it urges for the advancement of ocean research
capacity. Practical implementation of these goals, however, is a daunting challenge.
Also, one should not forget that ocean acidification is the “other side” of the climate
change problem. Implementation of SDG14 will require goodwill, economic invest-
ment, effective and efficiently enforced policies, and a greater understanding of the
ocean physical, biological, and chemical processes. Ocean science—previously a
field dominated by the sense of scientific discovery—urgently needs to be trans-
formed into science-based service of environmental management. Observations and
good data are a prerequisite for such service. But oceanographers should also start
acting as honest brokers of their knowledge. They should effectively capture public
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opinion and achieve the necessary influence over policy and decision-makers in such
a way that their recommendations can be implemented.

Humans have significantly influenced or altered nearly all terrestrial ecosystems
and are rapidly expanding their activities in the oceans. While regularized land use
is the norm, similar practices for the ocean have yet to be fine-tuned. Maritime spa-
tial planning is already becoming a legal requirement in some parts of the world,
and by the year 2030 it is expected to cover half of the area of world’s exclusive
economic zones. Yet in order to govern the protection and use of offshore and coastal
space and resources sustainably and efficiently, we must develop the “know-how.”
Acquiring the necessary experience by acting independently and learning through
mistakes would be too slow, too costly, and too risky. Rather, we need to engage in
gathering and promoting collective knowledge, starting from the foundations to
existing best practices. Doing so is the modest ambition of this comprehensive pub-
lication. The first chapter commences with a brief account of underlying science,
while subsequent chapters review the impacts of marine and land-based activities
on ocean ecosystems and investigate the possible risks of future activities. In the
concluding chapters, an incredibly useful and innovative review is presented of how
the knowledge can be both transformed into existing governance structures and fur-
ther driven towards the goal of truly sustainable management.

I would like to thank the editors and all contributors to this book for their crucial
inputs in fostering a deeper understanding of the marine environment and in pro-
moting the sustainable use of our ocean. I hope that this book will be well received
and widely used around the world, and I trust that numerous editions will follow
that collate all the latest knowledge, experience, and best practices from all corners
of the world.

Vladimir Ryabinin

Executive Secretary, Intergovernmental
Oceanographic Commission of UNESCO,
Assistant Director-General, UNESCO,
Paris, France



Preface

Scientists, the public, and governments are all concerned about serious threats to the
world’s marine environment. Excessive pollution, overexploitation, and climate
change, to name just a few factors, have led to fundamental changes in marine eco-
systems. Such changes have brought negative consequences such as the loss of bio-
diversity, the disruption of food-webs, the destabilization of ecosystems, and a
continuous decline of fisheries resources.

Identifying and better understanding the pertinent drivers, causes, and effects,
and then developing and implementing governance strategies towards sustainability,
has proven far from simple. Over the last half-century, numerous efforts have been
undertaken in many areas and sectors to reduce anthropogenic pressures on the seas.
Such attempts can be described as a trial-and-error search process in which manag-
ers have faced a multitude of unforeseen challenges and obstacles along the way.
The urgent need to reduce anthropogenic pressures has stimulated and advanced
marine management and conservation-related research activities both in the natural
and social sciences. Accordingly, ocean management and governance today does
not begin from scratch and the quest for viable management solutions is no longer
like “fishing in an empty sea.” A substantial body of knowledge now exists about the
relevant natural and social processes, governance mechanics, success stories, and
best practices for targeting different marine environmental issues. In our view, this
is a clear signal that a sustainable use of our seas and its resources is possible.

The quantity and quality of publications and journals related to marine environ-
mental management is continuously growing. Almost all journals and publications,
however, are dedicated to very specific scientific, management, and conservation
questions. What we found to be missing was a clear, accessible, and comprehensive
treatise on the topic—one highlighting and explaining complexities, pitfalls, and
success stories of sustainable marine management. The goal of this book is to fill
that gap and supply a state-of-the-art overview of the field of marine environmental
protection, including both scientific and management aspects.

The target audiences of the handbook are students and advanced academics
involved in this research area, experts who need to start working on specific aspects

vii
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in marine environmental protection or management, administrators and practitio-
ners (particularly from developing countries), and stakeholders, as well as nonpro-
fessionals interested in the protection and sustainable use of seas and oceans and
their resources.

The handbook comprises an array of contributions from leading experts in their
field, ranging from all disciplines of natural sciences to economists, lawyers, and
political scientists. Most of the experts are academics or government officials, while
some are from the business sector. Among the important qualities the authors bring
to this publication are academic expertise, experience, wisdom and mastery, the
ability to elucidate, and the enthusiasm to reflect.

The handbook contains 54 chapters which are divided into two different vol-
umes. The first volume provides the natural science background and starts with an
introduction to the functioning of the marine environment, and to the main divisions
of the oceans and their specific characteristics and properties, especially of the
coastal areas (due to their important role in the use of marine resources by humans).
Following this is an insightful examination of the marine ecosystems and food-
webs, the way they are connected with each other, the services they deliver to human
beings, and their resilience to human impacts. It continues with a comprehensive
overview of all the main human uses of the seas—their structures, design, and
degree as well as the impacts and threats on the marine environment for which they
are responsible. Volume one ends with an outlook on important management
requirements from the perspective of a natural scientist.

The second volume addresses governance and management aspects regarding
the protection of marine environments. First, developments and drivers of ocean
uses are explained. To this end, a short history of ocean use is discussed. In addition,
the main drivers for the exploitation of the oceans as well as underlying manage-
ment challenges are outlined. Thereafter, the handbook guides the reader towards
the theme of ocean governance. Here, the functioning of the existing institutional,
political, and legal system is highlighted, both at the global and regional level.
Moreover, a general overview of management principles, strategies, and instru-
ments is given. Volume two also provides state-of-the-art insights into current man-
agement efforts over several different single sectors. The last chapter of the
handbook provides a similar service regarding select cross-sectoral topics which are
currently being targeted within the international scientific, political, and legal
community.

As will become apparent in greater detail throughout this book, the desire to
protect our oceans has gained substantial political attention. Highly complex sec-
toral regimes have developed over the last five decades, governing shipping, fishing,
and mining activities in particular. Of more recent origin and mainly at a regional
level, cross-sectoral ocean policies and regulations increasingly promote a system-
atic and coordinated management approach. Very recently and at a global level, the
United Nations’ Sustainable Development Goal Nr. 14 of its Agenda 2030 has reit-
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erated the need to engage in the conservation of our oceans and urges humankind to
“conserve and sustainably use the oceans, seas and marine resources.” Despite all
this notable and promising progress, there is still a long way to go before our mari-
time heritage can be said to be truly protected. This book strives to gather and sum
up the ideas, the strategies, and the experiences that can help to carve out that path.

As a final note we would like to thank all the authors and all those who have also
contributed in many ways to make this book possible. We are deeply grateful that
they have joined us on this journey. May this endeavor contribute to restoring and
maintaining the beauty of our marine environment.

Berlin, Germany Markus Salomon
Bremen, Germany Till Markus
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Natural Science Basics



Chapter 1
Introduction into Physical Oceanography

Rebecca Hummels

Abstract The fundamental basis to understand the distribution and variability of
abiotic variables within the oceans such as e.g. temperature and salinity are the
underlying physical dynamics. These dynamics depend on the setting of the ocean
basins and external forcing mechanisms. In this chapter water mass characteristics
and their formation processes are described as well as fundamental principles,
which set the oceans into motion. These fundamentals are the premise to understand
possible future climate changes, the distribution and evolution of marine ecosys-
tems and related economic interests and conflicts.

Keywords Physical oceanography * Water mass properties ®* Water mass formation
and spreading * Wind driven circulation * Geostrophy * Waves ¢ El Nino

1.1 Introduction

Over 70% of the Earth’s surface is covered by the oceans. These enormous water
bodies contain 97% of the Earth’s water and hence are a principal component of the
hydrological cycle. The oceans can store and redistribute large amounts of heat and
therefore play a fundamental role for the natural mean climate state as well as cli-
mate variability of the whole planet. Furthermore, the oceans cover about 90% of
the Earth’s biosphere serving as the largest habitat on the planet and are the source
of many ecosystem services. Despite the fact that the oceans serve as the largest
habitat on the planet and thereby have an impact on economic factors e.g. in terms
of fisheries, marine ecosystems are up to now only poorly understood (Mathiessen,
Werner and Paulsen, Chap. 2). The development of marine ecosystems is dependent
on several abiotic variables such as e.g. temperature and salinity, the current field or
the availability of oxygen and nutrients. The distribution and variability of these

R. Hummels
GEOMAR Helmbholtz Centre for Ocean Research Kiel, Kiel, Germany
e-mail: rhummels @geomar.de
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4 R. Hummels

abiotic factors crucially depend on the circulation within the ocean, which is deter-
mined by fundamental physical principles. These physical principles include pro-
cesses on largely different scales in space and time covering the range from
basin-wide to millimeter and millennial to seconds. In order to understand the fun-
damental physical principles at play in the oceans, the distribution and variability of
these abiotic variables needs to be assessed from observations and then has to be
related to the dynamical processes involved. This sometimes also requires the use of
numerical simulations. Observing the different parameters within the oceans at an
adequate temporal as well as spatial resolution is a severe challenge to oceanogra-
phers considering all the different scales of interest and the vast as well as remote
areas of the oceans. However, only if the important processes are understood and
adequately implemented in numerical ocean simulations, reliable predictions about
future ocean and climate changes as well as the future evolution of marine ecosys-
tems and related economic impacts will be possible.

1.2 Description of the Oceans

The current spatial set-up of the ocean basins has been set by tectonic forces and
processes and is continuously changing at very slow speed. The outermost shell
of the earth, the lithosphere, is not a uniform cover, but broken up into several
tectonic plates. All oceanic basins were formed from volcanic rock that was
released from fissures located at the mid-oceanic ridges (Fig. 1.1, yellow/green

Depth (m)

0
60°N —-1000
40°N
0 - —2000
20°N

0° -3000
20°S

—4000
40°S

4 —5000
60°S ern Oc:ean!i)
Y
—-6000

180°W 120°W 60°W 0° 60°E 120°E 180°W

Fig. 1.1 Global seafloor topography obtained from www.topex.ucsd.edu/marine_topo/ (Smith
and Sandwell 1997). The color shading ranges from red, shallow areas to blue, deep areas. Red
areas bordering continents are the continental shelf areas, whereas yellow and greenish areas rep-
resent continental slope and continental rise. The ocean floor is shown in blue and covers about
30% of the Earth’s surface
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areas). The mid-oceanic ridges are diverging margins of tectonic plates, where
enhanced volcanic activity forms new oceanic crust, which slowly drifts apart (sea-
floor spreading) at a speed of about 0—100 mm/year. On the contrary, at convergent
boundaries one tectonic plate is forced below the other and material is lost into the
earths’ mantle, which is accompanied by strong earthquake and volcanic activity. At
these converging boundaries very deep oceanic trenches, like the Mariana Trench
(10,971 m), are formed.

Due to the oceanic topography resulting from the tectonic motions, the world
ocean is divided into five ocean basins, which are in descending order by area the
Pacific, the Atlantic, the Indian, the Southern and the Arctic Ocean (Fig. 1.1).
Several marginal seas are affiliated to the respective oceans, whereas a marginal sea
is defined as a sea partially enclosed by islands, archipelagos, or peninsulas, but
adjacent to or widely open to the open ocean at least at the surface. Below the sur-
face it can be disconnected from the ocean basin by submarine ridges, e.g. the
Mediterranean Sea is a marginal sea of the Atlantic Ocean.

The individual ocean basins are further subdivided into different characteristic
topographic areas: The continental shelf (red areas in Fig. 1.1) borders various land-
masses, is quite shallow (average 130 m depth) and has a rather gentle slope. Shelf
areas differ in their width ranging from tens of meters to a maximum of about
1300 km. Beyond the shelf area, the continental slope and continental rise follow
(yellow areas in Fig. 1.1), before the ocean floor (blue areas in Fig. 1.1) hooks up.
The continental slope is characterized by a steep slope dropping from the shallow
shelf areas to about 2000 m depths over a range of 20—100 km and marks the edge
of the continents. Although the shelf and the continental slope are under water they
are considered part of the continents. The boundary between the shelf and the con-
tinental slope is called the continental shelf break. At the base of the continental
slope, the continental rise connects the slope and the ocean floor with a shallower
inclination more comparable to the shelf areas then to the continental slope area.
The ocean floor itself is covered with approximately 10,000 volcanoes and sea-
mounts, the exact number of these features is still quite unknown. In fact, topo-
graphic maps of the Mars or the moon are more complete than maps of the marine
topography of the Earth. This is due to the fact that water absorbs and refracts light
so well that the deep ocean is opaque even to the “eyes of most satellites”. However,
combining information on the Earth’s gravity field and sea surface height as well as
all available sonar-based ocean depth information a rather detailed map of the ocean
floor could be constructed (Fig. 1.1, Smith and Sandwell 1997).

The different topographic areas described above are if paired with specific physi-
cal conditions favorable for the development of marine ecosystems. As an example,
if the coastal/shelf areas are in regions of upwelling favorable winds, the nutrient-
rich waters promote the development of high biological productivity, which in turn
can be an important economic factor for the adjacent countries.

However, all these different topographic environments share the common sub-
stance seawater, which reacts to the physical setting of the specific environment and
serves as the habitat for the different marine species. This common substance sea-
water shows more variability though then one might think, which will be explained
in the following.
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1.3 Characterization of Seawater

Before pointing out some characteristics of seawater, it is noteworthy to say a few
words about plain water: Water (H,O) is the only chemical substance on Earth,
which naturally appears in all three common states of matter (solid, liquid and gas).
It consists of two hydrogen atoms, which are covalently bonded to a single oxygen
atom. As the water molecule is not linear and the oxygen atom has a higher electro-
negativity than hydrogen atoms, it is a polar molecule with an electrical dipole
moment. This means that the water molecule is charged positive at one end and
negative at the other end and depending on the surrounding temperature these
dipoles align themselves according to their charge. This attribute of the water mol-
ecule is the fundamental premise for some characteristics of water. First of all water
is a good solvent especially for salts (seawater), sugars, acids, alkalis and some
gases, especially oxygen and CO,. Second, water can form an unusual large number
of intermolecular hydrogen bonds. This ability leads to some additional character-
istics of water: high values in surface tension, viscosity, specific heat capacity, heat
of evaporation etc. as well as the density maximum at 4 °C. The density maximum is
a kind of counterintuitive characteristic of water. Most substances have a larger den-
sity in their solid state of matter than in the liquid state. For water, the solid state is
ice, which is lighter than liquid water at 4 °C and hence floats at the surface. This is
the reason why a lake can have a frozen surface in winter, but below water at 4 °C
is still liquid and serves as a shelter for fish. In this case the ice cover insulates the
liquid water below from further atmospheric cooling.

For climate not only the liquid (water) and solid (ice) states of water are impor-
tant. In form of water vapor in the atmosphere it is responsible for about two thirds
of the natural greenhouse effect, which supports life on earth. Without the natural
greenhouse effect the surface temperature of the Earth would be at about —18 °C
instead of the actual about +14 °C we are facing nowadays. However, the additional
anthropogenic release of other gases contributing to the greenhouse effect such as
e.g. CO, brings an imbalance to the greenhouse forcing. This results in a further
increase of the average surface temperature on Earth known as the global warming
effect. Nevertheless, other characteristics of the water molecule, especially the high
values in heat capacity and heat of evaporation allow water to buffer large tempera-
ture fluctuations and thereby moderate the effect of global warming and the Earth’s
climate in general.

The main difference between pure water and seawater is that in seawater a lot of
salts are dissolved. The addition of salts changes the conductivity of seawater com-
pared to pure water and actually nowadays conductivity measurements are used to
estimate the salinity of a seawater sample. In fact, as a relation between the conduc-
tivity of a standardized seawater sample and the seawater sample in question is
used, the commonly used salinity scale in oceanography does not have any unit.
Typical values for salinity within the oceans range from 34 to 38 in the open ocean,
less than 20 in brackish water like the Baltic Sea and over 38 in regions of high
evaporation like the Mediterranean Sea. However, the idea of the conductivity
relation is based on the assumption that the relative proportion of the different salts
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is similar in every region of the ocean. As a matter of fact this is not the case and the
most modern salinity scale, the absolute salinity scale in units g/kg from TEOS-10
(Thermodynamic Equation Of Seawater—2010, www.teos-10.org) accounts for
these differences.

Generally salinity is a chemical characteristic of seawater. Due to its influence on
the density of seawater though it has implications for the physics as well. Differences
in seawater density can drive large-scale motions in the oceans. Therefore the den-
sity of seawater is an important metric for oceanographers.

The density (p) of seawater depends on temperature (T), salinity (S) and pressure
(P) of the respective seawater sample and is estimated with an equation of state p =f
(S, T, P) in units kg/m>. The density of fresh, liquid water is 1000 kg/m? at 4 °C,
whereas the additional salt, colder temperatures and the pressure effect let seawater
density range from about 1020 to 1045 kg/m?. To avoid the rather large numbers and
small relative differences, oceanographers display density values often as sigma
values (o), which are simply p values subtracted by 1000. An exemplary set of T, S
and P profiles and the resulting density profile in the Atlantic at 23°W on the equator
is shown in Fig. 1.2. Here, additional curves for temperature and density, the poten-
tial temperature () and the potential density (oy) are included, which are frequently
used in oceanography. The latter quantities account for the pressure effect due to the
overlying water body and are used when temperatures/densities of different depth
layers are compared.

A typical oceanic temperature profile has its largest values at the surface,
whereas these surface values crucially depend on the geographic region of the
profile or more precisely the solar radiation from the atmosphere at that location
(tropical surface temperatures are a lot larger than polar surface temperatures). In
most cases these “maximum” values extend over a certain depth range called the
mixed layer depth (MLD). As the name already states the MLD is a well-mixed
layer in terms of temperature and salinity, and hence also density differences
within the ML are small. Below the MLD the thermocline continues, where tem-
perature drops rather rapidly, whereas beyond the thermocline the temperature
decrease is less strong.

Salinity profiles are rather different throughout the ocean, whereas surface values
are also crucially dependent on the atmospheric forcing at the surface. In regions of
high precipitation surface values are accordingly low and in regions of strong evap-
oration salinity at the surface is relatively high. Surface values of salinity can also
be influenced by river run-off, for example the vast amount of freshwater that is
brought into the ocean by the Amazon river.

The density profile is per definition a result of the T, S, and P values. Typically it
has the lowest values at the surface, which should monotonically increase, if the
water column is stably stratified. This means that if water with a larger density
should be found on top of water with lighter density, this will lead to instability and
mixing. Generally, the pycnocline (the depth layer of strong density variations)
coincides with the thermocline as the strong temperature variations in this depth
layer dominate the variability in density. Accordingly the definition of the MLD is
sometimes based either on the temperature profile or on density.
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Fig. 1.2 Exemplary profiles of (a) temperature, (b) salinity, (c) pressure and (d) density against
depth at 0°N, 23°W in the tropical Atlantic from the World Ocean Atlas (https://www.nodc.noaa.
gov/OC5/woal3/woal3data.html). In (a) and (d) the in-situ temperature/density (solid) as well as
the potential temperature/density (dashed) referenced to surface pressure are shown, in (d) ¢ val-
ues are depicted. (e) O — S diagram, where 0 is plotted against salinity; the color-coding indicates
the depth of the individual observations and characteristic water masses are indicated, where SW
depicts surface water, MW mode water, CW central water, AAIW Antarctic Intermediate Water,
NADW North Atlantic Deep Water and AABW Antarctic Bottom Water. The black contour lines
denote lines of oy with a spacing of 1 kg/m?

However, both definitions of the MLD use some kind of threshold criterion such
as: the MLD is defined as the depth at which T has dropped by e.g. 0.2 °C com-
pared to the surface/a near-surface value or p has increased by 0.03 kg/m? (de Boyer
Montegut et al. 2004).The different characteristics in T, S and P as well as different
concentrations of oxygen, carbon dioxide, light availability and nutrients set the envi-
ronment for all the different kinds of marine species, which partly have adjusted to a
certain range of these properties (Matthiessen and Werner, Chap. 2). Should the prop-
erties change, e.g. via global warming, acidification etc. the marine species can be
forced to migrate to a different environment and/or adapt to the changing conditions.
If they are not able to adjust in any way, their further existence will be endangered.

The MLD is also an important characteristic for biological activity as it sets a
kind of physical barrier for different species. On the one hand, properties are rather
different within the MLD than below the thermocline/pycnocline: availability of
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Fig. 1.3 Average annual Mixed Layer Depth (MLD) from the MIMOC climatology (Schmidtko
et al. 2013) available at http://www.pmel.noaa.gov/mimoc/. Subpolar to polar regions have gener-
ally larger MLDs as the upper water column is uniformly cold, whereas in tropical regions the
intense solar heating creates a thin, very warm surface layer, which is separated by a strong ther-
mocline from the waters below

nutrients, light and oxygen, which are not necessarily abundant at depth. On the
other hand, organisms must be able to pass the barrier of strong stratification (mean-
ing strong density variations), which can be an issue especially for very small and
light organisms. An overview over the average annual MLD is shown in Fig. 1.3.

Differences in density can drive large-scale motions in the ocean, which are due
to their forcing mechanism termed thermohaline driven motions. The most promi-
nent example for this is the so-called global overturning circulation. This overturn-
ing circulation is sometimes described as a global conveyer belt, which connects
convection sites at high latitudes, e.g. in the Labrador Sea, where deep water is
formed with areas at low latitudes, where water is enlightened through e.g. mixing,
thereby returning towards the surface and further transported back to the convection
sites (Fig. 1.4).

However, density differences or the stratification of the water column cannot
only drive large-scale motions, but are also important for smaller scale phenomena.
Without going into too much detail here, internal (gravity) waves are basically oscil-
lations of layers of the same density (isopycnals), where the frequency of the oscil-
lation as well as the vertical and/or horizontal propagation depend on the ambient
stratification.

Note that the dependency of seawater density on pressure implies that seawater
is compressible. This enables sound waves to travel through the ocean. Sound waves
are themselves not important for the dynamics of the ocean, but their existence in
seawater are the fundamental premise for various measurement techniques.

The paragraphs above were all concerned with differences in T and S, and hence
density and the effects these differences can cause within the ocean. The question is
where do these differences in T and S come from especially at greater depths in the
ocean? How are water masses formed and how do they spread within the oceans?


http://www.pmel.noaa.gov/mimoc/
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Fig. 1.4 Simplified schematic of the global overturning circulation. Deep water formation sites at
high latitudes are indicated with bold letters. The cold and deep branch of the overturning circula-
tion is marked as blue paths, the warm water return flow in the upper layers is indicated in red.
Wide-spread zones of mixing are distributed all over the entire ocean (red circles), while wind-
driven upwelling (black circles) is confined around the Antarctic Circumpolar Current (ACC).
Sketch from Kuhlbrodt et al. (2007)

1.4 Water Mass Formation and Spreading

Water masses are formed at the surface in certain regions of the ocean. Some of
these water mass formation regions are already indicated in Fig. 1.2e, where some
water masses are pointed out e.g. “Antarctic” Intermediate Water. A water mass is
formed, when water with certain T and S characteristics, which are imprinted at the
surface by ocean-atmosphere interactions, gets injected into the thermocline and
thereby is disconnected from the ML and surface. As the water mass is disconnected
from the surface it preserves its T and S characteristics at least to some extent and
spreads along isopycnals namely layers of constant density. Spreading along iso-
pycnals is favorable in terms of energy conservation, as no work against the stratifi-
cation has to be performed.

Temperature characteristics at the oceans surface are mainly set by the solar
radiation, which varies with the location on the globe and the season. For salinity
characteristics precipitation, ice melting and river runoff lower salinity, whereas
evaporation and ice formation increase salinity. Depending on which of these pro-
cesses dominate within the water mass formation region, the T and S characteristics
of the water mass are set.
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The processes, which then “inject” or “push” the water from the surface into the
ocean interior are mainly convection and subduction:

Convection is a mainly thermohaline driven process, where surface water gets
denser than the water below and therefore starts to sink. There are mainly two dif-
ferent kinds of convection referred to as open ocean convection and shelf convec-
tion, which contribute to the formation of deep and bottom waters. As the terms
already indicate these processes take place in different oceanic settings, open ocean
vs. shelf.

The subpolar North Atlantic is a region, where open ocean convection takes
place and North Atlantic Deep Water (NADW) is formed. As the formation of
NADW is an important contribution to the global overturning circulation mentioned
above, its formation is explained here in more detail:

Open ocean convection is favorable in the Labrador Sea, because a set of physi-
cal premises is met within this area of the ocean. First, the circulation within the
Labrador Sea is anticlockwise (referred to as a cyclonic circulation in the Northern
Hemisphere). This kind of circulation is related to a density field, where isopycnals
are elevated in the center of the circulation patch. This “doming” of isopycnals
means that layers with a weak stratification are close to the surface, where they are
exposed to the atmospheric forcing. A small density increase at the surface will
therefore lead to convection and hence sinking of these waters. Second, the Labrador
Sea is an area, where on the one hand ice formation takes place and on the other
hand especially during the winter months the ocean is subject to a large heat loss.
This large heat loss is driven by cold and dry winds blowing from the Canadian
continent over the warmer ocean. Both of these processes ice formation and heat
loss increase the density of the surface waters and hence deep convection begins. In
the Labrador Sea convection can reach as deep as 2000 m (see Fig. 1.5) forming
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Fig. 1.5 Time series of potential temperature in the western to central Labrador Sea derived from
Argo float data. The seasonal cycle is evident in the upper layers with warm temperatures in sum-
mer and cooling within the winter. In years of strong deep convection winter temperatures are
nearly uniform throughout the water column (e.g. 2005, 2008, 2014) (Kieke and Yashayaev 2015)
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Labrador Sea water (Marshall and Schott 1999), which is one flavor of NADW. This
water mass leaves the Labrador Sea together with the even denser flavors of NADW,
namely the Denmark Strait Overflow water and the Iceland Scotland Overflow
Water, within the Deep Western Boundary Current (DWBC) and is exported to the
south. Despite slight differences among the NADW “flavors”, NADW is generally
characterized by cold temperatures, high salinities and high oxygen concentrations
(Figs. 1.2e and 1.6a—c). It is still of ongoing research how much NADW stays within
the DWBC on its way south and how much of it takes interior pathways (Bower
et al. 2011; Getzlaff et al. 2006; Rhein et al. 2015). However, NADW can be found
throughout the Atlantic (Fig. 1.6). When it reaches the Southern Ocean, it gets dis-
tributed into all other ocean basins via the Antarctic Circumpolar Current (ACC).
Within the Antarctic Divergence (between 50°S and 60°S) the wind forcing is set up
in a way that it causes a divergent flow at the surface (Ekman transport), which
leads to an upward movement of water for compensation. This means that isopycnal
layers are tilted towards the surface and some fraction of NADW is forced to move
upwards. This upwelled NADW serves after water mass conversions at the surface
through e.g. strong precipitation and influx of melt water as source for the formation
of Antarctic Intermediate water (AAIW).

In terms of the global overturning circulation another aspect of ongoing research
is whether the global overturning is “pushed” by the formation of deep water as
described above or “pulled” by mixing within the ocean, which enlightens deep
water and brings it back towards the surface. In terms of the latter idea, that the
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Fig. 1.6 Latitude-depth sections through the western Atlantic from the World Ocean Atlas of (a)
temperature, (b) salinity and (¢) oxygen; (d) shows the location of the section. Antarctic
Intermediate Water (AAIW) is characterized by low temperature, low salinity and high oxygen.
North Atlantic Deep Water (NADW) has low temperature, high salinity and high oxygen concen-
tration, whereas Antarctic Bottom Water (AABW) is characterized as very cold, fresh and a high
oxygen concentration. Data from the World Ocean Atlas available at
https://www.nodc.noaa.gov/OC5/woal3/woal3data.html
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overturning circulation is pulled by mixing theories diverge on the aspect whether
this mixing is evenly distributed over the entire ocean (Munk 1966) or might be
concentrated in a specific region, e.g. wind driven mixing across tilted isopycnals
within the Antarctic divergence (Toggweiler and Samuels 1998).

Shelf convection takes place around Antarctica and is driven by a density increase
of the surface waters mainly related to ice formation. When sea ice is formed, salt is
released from the freezing water to the surrounding water, which thereby gets
denser. Note that dissolved salt changes the freezing point of seawater, which drops
at a salinity of 34.5 to —1.9 °C instead of the freezing point of 0° for fresh water.
This means that seawater has to be cooled even stronger than fresh water before sea
ice can be formed. The extremely dense water, which is then produced during the
formation of sea ice, cascades down along the shelf, where it gets even colder and
forms Antarctic Bottom Water (AABW), the densest and coldest water mass of the
world ocean. AABW is characterized by extremely low temperatures, lower salinity
than deep water and high oxygen concentrations (Figs. 1.2e and 1.6a—c).

The formation of deep and bottom waters, which then spread around the world
ocean, is very important for the ventilation of the deep ocean interior. For marine
species living at great depths the deep and bottom waters are their source of oxygen
and nutrients.

Subduction is another water mass formation process, which is related to the wind
forcing at the surface. For this process water is actively “pushed” into the ocean
interior and then spreads along the corresponding density surface. Subduction takes
place over large areas of the subtropics and produces e.g. central and mode waters.
The wind forcing has to be such that the surface currents converge and water is
pumped downwards into the ocean, which is referred to as Ekman pumping. Another
mechanism for subduction is that water, which originates within the ML of a certain
region, is horizontally pushed (advected) into a region of shallower ML. Hence, in
this other region that water mass is beneath the ML and therefore disconnected from
the surface.

However, independent from the formation process, water masses spread along
isopycnals after they are disconnected from the surface and the atmospheric forcing.
Along their spreading pathways all water masses mix to some extent with surround-
ing waters and the oxygen is consumed by marine species. Hence, the distinct char-
acteristics in T and S as well as other tracers like e.g. oxygen will be “washed” out
the further away the water mass is traced from its formation region.

1.5 Measurement Techniques for Water Mass Properties

Pointing out all the differences in T and S of seawater and indicating the importance
of the resulting density differences, raises the question: how do we know about all
of these different characteristics and how do these characteristics change?

The basic knowledge about water masses and stratification were obtained using
Nansen bottles with reversing thermometers. A water sample could be taken at a
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specific depth and analyzed with respect to salinity or other substances in question
and the reversing thermometer gave the temperature at the same depth. Nowadays,
electronic sensors mounted on the CTD probe (Conductivity, Temperature, Depth,
Fig. 1.7) are used to provide information about temperature and salinity at a very
high vertical resolution and accuracy. The CTD probe can be operated from a ship
with a large winch over an electric cable. Often additional sensors such as oxygen,
nitrate, fluorescence and turbidity are mounted on the CTD as well as a rosette of
so-called Niskin bottles. The bottles are used to take additional water samples at
specified depths for further analysis as well as the calibration of the electronic sen-
sors. This instrument provides vertical profiles of the water column until about
6500 m depths with a high accuracy (a few thousands for temperature and salinity),
which is necessary in order to assess climate variability also in the deep ocean.

However, as already mentioned, monitoring the vast and remote areas of the
oceans is not possible with CTD observations from research vessels at the desired
temporal and spatial resolution. In order to improve the resolution of hydrographic
observations, programs like e.g. Argo were implemented. Argo is an international
collaboration of up to 30 different contributing countries with the goal of maintain-
ing 3000 active autonomously profiling floats measuring temperature and salinity
distributed all over the world ocean. The deployments within Argo started in 2000
and continue up to date with a rate of 800 new floats per year. The profiling floats
drift at a depth of about 1000 m for a period of 10 days. After these 10 days they sink
to 2000 m depth and immediately rise to the surface, while recording profiles of
temperature and salinity. At the surface the Argo float (Fig. 1.8) communicates with
a satellite and transmits its data to the data centers before it sinks back to its parking
depth of 1000 m. This cycle is repeated until the batteries are empty, which is typi-
cally the case after 25 years. In recent years more and more Argo floats are supple-
mented with additional sensors for oxygen and other biologically relevant parameters
to increase the spatial and temporal coverage of these poorly resolved parameters.

In addition to these passively floating devices, the operation of underwater gliders
is getting more common among the oceanographic community. Gliders are autono-
mous underwater vehicles, which use their wings and changes in their buoyancy to
translate vertical into horizontal motion. This locomotion is not very fast (around
20 km/day), but it is very effective in terms of saving battery power, where the con-
sumption of energy of the glider is comparable to the consumption of a small electric
bulb for a bike. Hence, gliders can be sent on missions of several weeks and months
and can cover a relatively large spatial distance of several thousand kilometers. Over
this large distance most gliders operate up to a depth of about 1000 m following an
up and down, saw-tooth like profile through the water column at a very high temporal
resolution (Fig. 1.9). Several different sensors can be mounted on a glider depending
on the variables of interest. As the communication with the glider is established via
a satellite connection every time the glider surfaces its flight path can be adjusted
depending on the phenomena it is supposed to observe. As an example the glider
ifm11 of GEOMAR was programmed to measure several parameters directly “cut-
ting” through a mesoscale eddy in the Northwestern tropical Atlantic (Fig. 1.9).

At the oceans surface the temporal as well as spatial coverage of temperature and
recently also of salinity observations has been greatly improved using satellite
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Fig. 1.7 Recovery of a CTD mounted below a carousel of Niskin bottles with water samples. The
CTD was operated from the German research vessel R/V Maria S. Merian in November 2012
(photos: Florian Schiitte)
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Fig. 1.8 Top: Launch of an APEX Argo float as an example of an autonomously profiling float
(photo: Mario Miiller); bottom: Global map of float position from the Argo array on the 4th
February 2016. For an up-to-date picture visit www.argo.ucsd.edu

observations from microwave and infrared radiometers, which either passively
register the microwave/infrared emission of the Earth’s surface or actively illumi-
nate their target and register the backscattered signal. The first satellite mission
delivering sea surface temperature (SST) observations was launched in 1997 and
since then various satellite missions have been launched. The advantage using
microwave radiometers is that the observations are not limited due to the cloud
cover. Using the combination of the different satellite data sets and other observations
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Fig. 1.9 Top: Picture of a Slocum glider (photo: Helena Hauss). Bottom: Sketch of the saw-tooth
like flight path of a glider overlaying a salinity time series of the glider ifm11, deployment 1 from
GEOMAR during March and April 2010. The glider mission took place within the Northwestern
tropical Atlantic around 17.5°N, 24.5°W and cut through a subsurface mesoscale eddy character-
ized by low salinity observed between the 17th and 21st March 2010. For visualization of the flight
path 1.5 diving cycles are indicated, however, for the entire section displayed here, the glider per-
formed 996 profiles/dives

of SST, daily maps of SST at a spatial resolution of 1/4° in latitude and longitude
are produced (www.remss.com).

Another type of microwave imagers is used to observe sea surface salinities,
which was launched for the first time in 2009. Since then similar products as for
SST are also available for sea surface salinity (SSS). SST maps do not only deliver
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Fig. 1.10 SST snapshot using data from a combined SST product available at www.remss.com/
measurements/sea-surface-temperature for the North Atlantic Ocean displaying the meandering
path of the Gulf Stream. The Gulf Stream path is visible as the warm SST front spreading north-
eastward and while meandering shedding off warm and cold core eddies (rotating water bodies of
about 100-200 km in diameter marked with black circles)

fascinating snapshots related to the dynamics of the oceans such as the meandering
of the Gulf stream (Fig. 1.10), but also helped to improve the understanding of e.g.
El Nino and other climate relevant phenomena.

All these different kinds of observations of the oceans are collected at different
data centers around the world, quality controlled and freely provided for public use
for further analysis and research. They are also used to construct climatologies of
the different parameters in the ocean describing its average state (see for example
Fig. 1.6) as well as providing a reference against which changes can be assessed.

1.6 How the Wind Moves the Ocean

The other main driver of the ocean circulation system besides of the atmospheric
forcing in terms of heat and freshwater fluxes at the oceans surface is the wind input.
The wind driven circulation is by far more energetic than the thermohaline driven
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circulation, but is confined to the upper water layer of the ocean up to about 1000 m.
In general, it is not necessarily possible to associate a certain oceanic feature to one
forcing mechanism of the ocean alone, e.g. the Gulf Stream is part of the global
thermohaline overturning circulation and part of the wind-driven Subtropical Gyre.
However, in the following the main aspects of how the wind moves the ocean will
be pointed out.

When the wind blows over the surface of the ocean, it sets the uppermost layer
in motion by transferring some of its momentum to the surface layer. Due to friction
or the drag of wind and water this moving surface layer then sets the layer below
into motion and so forth. The speed of these layers decreases with depth/distance to
the source of momentum. The entire layer, which is affected by the wind input can
vary between about 50 and 200 m and is e.g. dependent on its stratification.

Every motion on earth, which is sufficiently slow or travels a sufficient distance,
will be influenced by the rotation of the earth: The Coriolis force is a fictitious force
and acts on objects, which move relative to a rotating reference frame. Sounds com-
plicated, but the overall effect is that air or water, which moves over a long enough
time and distance, will “feel” the Coriolis force and will be deflected to the right
(left) in the Northern (Southern) hemisphere. When the drag between wind and
water at the surface and the Coriolis force are in balance, oceanographers speak of
the Ekman balance (Ekman 1905). The solution of the associated equations explains
that the surface currents are directed at a 45° angle to the wind and decrease within
the so-called Ekman layer (the layer directly affected by the wind input). At the
same time the direction of the wind induced flow is slightly shifted from layer to
layer, resulting in the so-called Ekman spiral (see Fig. 1.11). This Ekman spiral can

45°

Fig. 1.11 Ekman spiral.
The surface current
(uppermost thin grey
arrow) is directed at an
angle of 45° to the surface
wind (thick black arrow).
With increasing depth the
flow (thin grey arrows) is
further shifted to the right
(left) in the Northern
(Southern) Hemisphere and
its magnitude decreases.
The integral transport (thick
red arrow) over the entire
Ekman layer is directed at
an angle of 90° to the right
(left) in the Northern
(Southern) hemisphere
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only rarely be observed within the open ocean, as it would e.g. require the wind
input to be steady over a certain period of time. In addition, other assumptions
underlying the Ekman theory are not necessarily valid simultaneously within the
open ocean. However, the integrated effect over the entire Ekman layer yields in a
net transport (Ekman transport) at 90° to the right (left) of the surface wind in the
Northern (Southern) hemisphere and proportional to the strength of the wind. This
net Ekman transport is an important feature, when trying to understand further
aspects of the wind driven circulation.

Hence, to further understand the concepts of the wind driven circulation it is
instructive to look at the global wind system (Fig. 1.12). It gets obvious that the
global system can be divided into a few main bands, which are the trades dominat-
ing the tropics and subtropics roughly between the equator and 30°N/S (blowing
from east to west), the Westerlies dominating the mid latitudes roughly between 30°
and 60°N/S (blowing from west to east) and the polar easterlies prevailing from
about 60° to the poles (blowing from east to west).

As an example to understand the governing dynamics of the wind driven circula-
tion, the mechanisms setting up the Subtropical Gyre regime in the North Atlantic
will be explained. Subtropical gyres are large-scale rotating circulation systems,
which dominate the surface circulation of the oceans within the subtropics (between
about 10° and 45°) in the Northern and Southern hemisphere. The rotation direction
is clockwise (anticlockwise) in the Northern (Southern) hemisphere.

At the Northern edge the Subtropical Gyre of the North Atlantic is bordered by
the Westerlies and at the Southern edge the wind field is dominated by the Northeast
Trades (Figs. 1.12 and 1.13 left panel).

As explained above the net transport in the surface layer induced by the wind
(Ekman transport) is 90° to the right within the Northern Hemisphere and hence

Fig. 1.12 Annually averaged global wind field from NCEP/NCAR long term monthly means of
surface winds (http://www.esrl.noaa.gov)


http://www.esrl.noaa.gov

1 Introduction into Physical Oceanography 21

Sealevel

-1+

45°N-Westerlies

O
NE-Trades /
Eq. -

Low pressure

High pressure

=

Low pressure

High pressure

Fig. 1.13 Top: Simple schematic of the wind field within the Subtropical Gyre regime together
with the associated Ekman transports (blue arrows) and the resulting convergence of water ©,
which elevates the sea level in the center of the Gyre (shown right) and thereby creates a pressure
gradient. Bottom: Schematics of the geostrophic balance from different angles. The pressure gradi-
ent force (red arrows) balances the Coriolis force (green arrows) and the resulting geostrophic
current (black arrows) is parallel to isobars with the high pressure to the right (/ef) in the Northern
(Southern) hemisphere

southward for the Westerlies and northward for the Northeast Trades (Fig. 1.13 top
left). This causes a convergent flow (C) between the wind systems, which results in
a “bulk” of water in the center of the gyre. The resulting effect is that a pressure
gradient between the “bulk” of water in the middle and the surrounding water is set
up. This pressure gradient sets up the conditions for another oceanographic concept
termed geostrophy.

For compensational effects, water will flow from the area of high pressure to the
area of low pressure, along the pressure gradient (Fig. 1.13 bottom). Due to the
Earth’s rotation, the effect of the Coriolis force will come to play again and will
deflect the flow to the right (left) in the Northern (Southern) hemisphere. When the
Coriolis force and the pressure gradient force are in balance, a geostrophically bal-
anced flow results (Fig. 1.13 bottom). This flow is at a right angle to the pressure
gradient and at the same time at a right angle to the Coriolis force. Hence, the geo-
strophic flow resulting from the circular bulk of water in the middle of the gyre
results in a somewhat circular flow around the bulk, the Subtropical Gyre.

Above, the Ekman balance was introduced as the balance between frictional
forces and the Coriolis force within the boundary layer of the ocean. As a result of
this balance, pressure gradients develop due to the variations in the wind field.
These pressure gradients then form a geostrophic flow reaching into the interior of
the ocean (up to about 1000 m), when the pressure gradient force is in balance with



22 R. Hummels

the Coriolis force. If these two concepts are combined, hence considering the
balance of frictional forces, the pressure gradient force and the Coriolis force, the
Sverdrup balance (Sverdrup 1947) results. Evaluation of this equation system
results in the formulation of a streamfunction for the flow basically only dependent
on the wind field. Hence, when an idealized wind field for the Subtropical Gyre is
assumed (Fig. 1.14 left), the resulting streamfunction of the Sverdrup relation is
nearly sufficient to explain the rotational gyre circulation (Fig. 1.14 right). However,
the Sverdrup theory cannot close the circulation at the western boundary, which has
to be justified with continuity. Further consideration of bottom friction (Stommel
1948) or lateral friction (Munk 1950) can be used to close the circulation at the
western boundary and even explain the intensification of the flow at the western
boundary (in case of the North Atlantic Subtropical Gyre the energetic Gulf stream).

The wind input at the surface can not only drive geostrophic surface currents
as described above, but is also responsible for subsurface current features e.g. at
the equator: As the Coriolis force vanishes at the equator, the geostrophic balance

Westerlies

North-East Trades

Fig. 1.14 Left: Idealized wind field of the Subtropical Gyre, where the positive bulge represents
the Westerlies and the negative bulge the Northeasterly Trades. Right: Calculated streamfunction
of the Sverdrup transports for the idealized wind field in the left panel
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does not apply here, neither does the Ekman balance directly at the equator.
The east-west component of the wind at the equator is directed towards the west-
ern boundary and as Ekman does not apply, the surface waters are directly “piled”
up at the western boundary. This invokes a west to east pressure gradient. As the
surface current is directed towards the west the water is not able to flow directly
down this pressure gradient at the surface. Within the subsurface layer though, a
flow along the pressure gradient can develop. This compensating flow is balanced
by frictional forces and forms the rather strong Equatorial Undercurrent (EUC),
which crosses nearly the entire ocean basins. The tilted sea surface is compensated
at depth with a sloping thermocline, which has a similar structure as the equatorial
MLD (Fig. 1.3): deeper MLDs/thermocline in the west compared to the east. The
shallow thermocline in the east is favorable for upwelling and plays an important
part in the E/ Nino phenomenon.

However, the wind system in reality is not as idealized and simple as assumed in
the examples above, e.g. the Trade winds are not symmetric about the equator, which
leads to a more complex surface circulation pattern (Fig. 1.15). In addition, the wind
field is attributed to variability on various time scales, which then imposes variabil-
ity on the wind driven current system. For instance, the Intertropical Convergence
Zone (ITCZ), which is characterized by rather light easterly winds the so-called
Doldrums and divides the Northeasterly Trades from the Southeasterly Trades,
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Fig. 1.15 A slightly more realistic schematic of the wind field and resulting flow patterns in the
tropical Atlantic considering that the trades traverse the equator. The winds are indicated with
black arrows on the left, the resulting Ekman transports with blue arrows. The Ekman transports
are convergent (C) or divergent (D) and result in positive and negative displacements of sea level
indicated with the black curve in the middle of the panel. This causes pressure gradients, which
result, when in balance with the Coriolis force, in geostrophic currents indicated with black arrows
on the right, which are namely the North Equatorial Current (NEC), the North Equatorial Counter
Current (NECC) and the two branches of the South Equatorial Current (SEC)
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shifts seasonally within the year. This seasonal migration is also imprinted on the
wind driven current system and explains at least some of its seasonal variability.

The global surface currents of the oceans, which are mainly induced by the wind
input at the surface, are summarized in Fig. 1.16. As an example the mechanisms
driving the Subtropical Gyre regime in the North Atlantic were described above,
which explains the existence and positions of the North Atlantic Current, the Canary
Current, the North Equatorial Current and the Gulf Stream. It gets obvious that
these Subtropical Gyres can be found in all other ocean basins (Fig. 1.16) and that
the same mechanisms also explain the Subpolar Gyres in the Northern Hemisphere,
which due to the differing wind pattern rotate counter-clockwise.

Sverdrup theory requires a boundary condition, which is mostly set at the eastern
boundary of the ocean basins, where the landmass borders the ocean. It gets obvious
that the region exposed to the Westerlies of the Southern Hemisphere completely
lacks boundaries and therefore Sverdrup theory cannot be applied there. Instead the
region bordered by the Subtropical Gyre and the South pole is dominated by the
largest current in the world ocean: the Antarctic Circumpolar Current (ACC). This
strong current surrounding Antarctica prevents warm waters from the Subtropics
from invading the Southern Ocean. Therefore, strong temperature differences are
established between Subtropical and Antarctic Water masses forming strong fronts.
With the continuous wind input from the Westerlies at the surface and the absence
of bordering landmasses against which water could be piled up, the ACC would
continuously accelerate. Mesoscale eddies however as well as internal pressure gra-
dients associated with topography balance the wind input at the surface and prevent
further acceleration of the system (Rintoul et al. 2001).
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Fig. 1.16 Schematic of global surface currents (© Walther-Maria Scheid, Berlin, for maribus
2GmbH, World Ocean Review)
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Another important phenomenon associated with the wind forcing is upwelling
(and of course also downwelling). As mentioned above Ekman transports pile up a
bulk of water within the Subtropical gyre due to their convergent flow. Within this
bulk, water is “pumped” into the ocean, which is referred to as Ekman pumping. As
mentioned earlier in the description of water mass formation, this pumping of water
into the ocean contributes to the subduction of water masses. On the other hand the
wind field can also result in diverging Ekman flow, where water from below is then
forced upwards (Ekman suction) for compensation. This upwelling of water from
below, which is usually richer in nutrients than the nutrient-depleted surface water
in combination with the availability of light close to the surface is usually associated
with high biological activity. In a first step, plankton blooms can be observed, fol-
lowed by a bloom of all different kind of species and finally a growth in the fish
stock. The most productive upwelling regions are found in coastal areas, where the
wind blows parallel to the coast and has to be oriented in the right way to induce an
offshore Ekman transport. For example in front of Peru, which is in the Southern
hemisphere and hence Ekman transports are directed at 90° to the left of the wind,
the wind has to blow parallel to the coast towards the north. As replacement for the
water pushed offshore, cold and nutrient-rich water from below is forced upwards.
The four major eastern boundary upwelling systems are the Peru-Chile, California,
Canary and Benguela upwelling systems, which together cover only 1% of the
world ocean, but support large industrial fisheries, which are responsible for around
20% of the global fish catch (Fréon et al. 2009; Pauly and Christensen 1995). This
comes along with a large sensitivity of the economy to changing oceanic conditions.
For example, the Peruvian fishery is heavily challenged during El Nino events,
when upwelling is inhibited and the fish stock strongly reduces.

1.7 Measurement Techniques for Direct Current
Observations

In the paragraphs above some of the concepts and theories were presented about
how the wind or thermohaline forcing mechanisms can move the ocean. But how
can currents and their variability be monitored directly?

It was already mentioned that sound waves are important for some measure-
ment techniques such as the Acoustic Doppler Current Profiler (ADCP). The name
already points out that this instrument uses acoustics to measure the current field.
In fact, it also already indicates the used principle: the Doppler Shift. The Doppler
Shift describes that if a sound source and receiver move relative to each other during
the emission of the sound waves, the frequency the receiver “hears” will be shifted
to higher/lower frequency depending on the direction of the relative movement. An
example from everyday life for the Doppler shift is the passing by of an ambulance
with its alarm horn on. The sound of the alarm appears higher than normal when
the ambulance is approaching, slides down as it passes and continues lower as it
recedes from the observer. This principle is used in the ADCP to deduce the speed of
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currents. Sound pulses are sent from the instrument and then the instrument listens
to the reflected signal. The objects reflecting the sound signal are small organisms,
which passively drift with the currents like e.g. zooplankton. Then the frequency
shift between the emitted and reflected signal is evaluated in order to deduce the
speed of the currents. As ADCPs listen to various reflected signals in different time
intervals, it is possible to obtain a vertical profile of velocity from their data.

ADCPs are used in different ways either mounted within the ships hull, where
they measure the upper about 500—1200 m of the water column, lowered with the
CTD to measure full depth ocean profiles of the flow field, permanently installed on
so called moorings (Fig. 1.17) or mounted on top of gliders.

Moorings usually consist of different instruments of which often one is an ADCP
(Fig. 1.17). The instruments are fixed to a strong wire and a huge anchor is attached,
which pulls the lower end of the mooring to the seafloor. At irregular distances float-
ing buoys are attached to the wire, which on the one hand straighten up the mooring,
while it is in the water and on the other hand will bring it to the surface, when the
anchor is detached for the recovery of instruments and data. Other instruments mea-
suring the currents within a mooring are fixed current meters, which observe the
currents at one particular depth and not in form of a vertical profile as an ADCP.

Other principles of measuring ocean surface currents are the use of so-called
drifters, which basically are buoys drifting with the surface currents. The position of
these floating devices can be tracked with satellite and gives a measure for the cur-

Fig. 1.17 Left: Sketch of a mooring by Mario Miiller. An ADCP is mounted into the top buoy of
the mooring, a temperature and salinity recorder, yellow floating buoys, a current meter with a
large red fin and a pair of grey releasers are attached to the wire between the top buoy and the
anchor at the seafloor. Right: Picture of an ADCP mounted within a top buoy after recovery. The
four transducers send and receive the sound pulses (photo: Tim Fischer)
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rents drift they were exposed to. Another method to obtain the surface currents is to
use the observations of sea surface height from satellites and to derive the associated
geostrophic surface velocities.

1.8 Small Scale Processes

The concepts above mainly describe large-scale motions, although naturally the
terms large or small are relative. The phenomena described above are at least to
some extent large enough to be observed with standard measurement techniques
and the main features mentioned are also included in most state of the art numerical
simulations of the oceans. However, there are features and phenomena on smaller
scales, which are harder to observe with the instruments mentioned above and not
resolved in numerical simulations. In the context of numerical simulations these
processes are called sub-grid processes, which only describes that they are too small
to be resolved with the grid used in a specific simulation. For example, not all of the
available numerical simulations are able to resolve mesoscale eddies, which roughly
correspond to scales of 10-500 km in space and 10-100 days in time. Eddies are
rotating water bodies in the ocean analogue to high and low pressure systems in the
atmosphere, which are formed by instability processes, e.g. the meandering of a
flow like the Gulf Stream. Hence, in comparison to large circulation features as the
Subtropical Gyre they can be considered “small”, however they can provide impor-
tant contributions to the transport of heat and/or freshwater as well as other water
mass characteristics. Compared to the large-scale ocean features mesoscale eddies
are not only “small”, but also rather short-lived. Nevertheless, they provide an
important contribution to oceanic mixing processes when they disintegrate.
Therefore, although they might not be actually resolved in some of the numerical
simulations, their effect of mixing ocean properties needs to be considered using
so-called parametrizations. The same reasoning applies for all processes, which act
on even smaller scales in space and time than the mesoscale features.

The smallest scales in the ocean are associated with turbulence. Turbulent
motions can contribute to mix water mass properties across isopycnals against the
stratification, which at depth has been pointed out to be an important part for the
global scale overturning circulation (Munk 1966). Hence, large scales and small
scales can be tightly related, which means that a correct representation of large-
scale phenomena can depend on the correct representation of smaller scale effects.

The energy required to work against gravity/stratification is fed into the ocean at
large scales as described above and then cascades down through meanders, eddies
and waves, which finally break and transfer energy to small scale turbulent motions.
Turbulence is likely to occur in regions of strong vertical shear of horizontal veloci-
ties. This means in regions, where the difference of velocities with depth is very
large. An example for this are the upper layers of the equatorial Atlantic and Pacific
ocean. Within these regions the strong subsurface Equatorial Undercurrent flows
eastwards, whereas the surface current is directed westwards. Hence, the currents at
the surface and in the subsurface are flowing in opposite directions, which can lead
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to instabilities and turbulence. These turbulent motions can be very effective in the
redistribution of heat for example within the Atlantic Cold Tongue region, the east-
ern part of the equatorial Atlantic. The Atlantic Cold Tongue is a seasonally devel-
oping feature in the eastern equatorial Atlantic. Although the heating from the
atmosphere is rather constant throughout the year, SSTs drop from around April to
August by about 6 °C (Fig. 1.18). As numerical simulations generally predict sea
surface temperatures, which are too warm within this region (Richter and Xie 2008),
it is important to understand all the processes contributing to the seasonal cooling of
SSTs and quantify their contribution.
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Fig. 1.18 Top: Average (2000-2014) SSTs in July in the eastern tropical Atlantic from daily opti-
mally interpolated fields. Bottom left: Time series of monthly SSTs at 0°N, 10°W in the center of
the Atlantic Cold Tongue; bottom right: Average seasonal cycle from the time series on the left.
After Hummels et al. (2013). Sea surface temperature data available at www.remss.com/measure-
ments/sea-surface-temperature
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Estimates and comparison of all contributions to the heat budget of the mixed
layer showed that the across-isopycnal turbulent heat flux, which can reach up to
60 W/m? at 0°N, 23°W and even 100 W/m? in the center of the Atlantic Cold Tongue
at 0°N, 10°W, provides an important (the largest) contribution to the cooling and
development of the Atlantic Cold Tongue within the Western Cold Tongue region at
23°W (10°W) (see Hummels et al. 2013, 2014). Hence, potentially a correct repre-
sentation of the effects of these small scale turbulent motions in numerical simula-
tions could at least contribute to improve the numerical simulations, which as
mentioned above currently all show too warm SSTs within this region.

1.9 Waves and Tides

Picturing ocean waves most people have directly breakwaters on a beach in their
minds. Most people are also familiar with the bi-daily cycle of ebb and flood.
However, the ocean interior is full of a variety of ocean waves and tides, which have
important effects for the ocean interior and not only within coastal regions.

Waves are oscillations accompanied with a transfer of energy that travels from
one point of the ocean to another. These oscillations displace particles, but with only
little or no mass transport. Instead waves displace particles only around fixed loca-
tions. The different wave types within the ocean can be classified according to their
restoring forces. For sound waves, the restoring mechanism is the compressibility of
seawater. Sound waves are able to travel long distances within the ocean. They are
not important for the dynamics of the ocean, but are the premise for several obser-
vational techniques and navigational purposes, not only by humans, but also e.g.
whales. A second class of waves in the oceans are gravity waves. The restoring force
for these waves is the gravitational force and gravity waves are important for the
adjustment towards a geostrophic balance. Whereas in the ocean interior gravity
waves contribute to mixing via wave breaking, they are at the surface responsible
for the swell and important for air-sea interactions. Another class of waves are the
planetary waves or Rossby waves, where the restoring mechanism is the conserva-
tion of potential vorticity. Rossby waves are important for the signal propagation
within the ocean, communicating a temporal change in the forcing to e.g. a geo-
strophically balanced flow, which leads to an adjustment of the balance and hence
the flow. Kelvin waves also play an important role for the adjustment of the circula-
tion towards changes in the forcing. Kelvin waves are a special kind of waves, which
are trapped e.g. at the coast or the equator and can only propagate in the vicinity of
this border or so-called waveguide. Equatorial waves are specific, because they are
all trapped close to the equator, which means that they decay rapidly in north-south
direction, but can propagate within the so-called equatorial waveguide in longitudi-
nal and vertical directions. Equatorial waves play an important role by communicat-
ing signals across the ocean basins and are crucial for the development and evolution
of climate phenomena such as e.g. El Nino in the Pacific.

All these different types of waves have different characteristics in terms of fre-
quencies, wave lengths, amplitudes, phase speeds and group speeds. They are often
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described with a so-called dispersion relation, which relates their frequency to the
wave number/length. If waves are dispersive the phase velocity and the group veloc-
ity are not the same, which means that a wave packet will spread out in space. Kelvin
waves for example are non-dispersive, which means that the phase speed equals the
group speed and that they retain their shape as they move in the alongshore direc-
tion. The analysis of these wave properties helps to understand which kind of waves
contribute to a certain phenomenon and where they might originate from.

Tides are the regular rise and fall of the sea level. They are caused by the com-
bination of the gravitational forces of the moon and sun and the rotation of the
earth with the associated centrifugal force. Despite the global excitement of the
tides due to the astronomic setting, there are huge local differences in the timing
of ebb and flood as well as the tidal range, e.g. the tidal range in marginal seas can
be rather large as in the North Sea or rather small as in the Baltic Sea. The reason
for this is that due to its inertia the water cannot immediately follow the variation
in the forcing of the tides, instead the forcing induces oscillatory motions of the
water body. If the topographic setting of the basin is such that its natural resonance
frequency is close to the frequency of the tidal forcing, the tidal range will be
enlarged. Additional factors are how large the opening between the marginal sea
and the open ocean is and how large the tidal range is at the opening. However,
even if the actual process is complicated, the prognosis of the timing and height of
the tides at numerous locations around the globe is rather precise, which is due to
the deterministic nature of the tides. On the one hand the forcing of the tides is
well understood from an astronomic point of view and on the other hand the deter-
ministic behavior of the tides enables the statistical analysis and hence prediction
of the tides from long-term records of tide gauges. For one of these statistical
methods the so-called harmonic approach, the “net tide” at a certain location is
broken down into its partial tides, where the individual partial tides have the period
of the tide-inducing force, e.g. the bi-daily moon or sun tide M, or S,. If an existing
tide-gauge record has been analyzed and the phase and amplitude of the contribut-
ing partial tides is known, a simple combination of these partial tides will predict
the tides at any requested time. In most places the semi-diurnal lunar tide (M,) is
the largest constituent. It has a period of 12 h and 25.2 min, which is exactly half
a tidal lunar day and is the time required for the earth to rotate once relative to the
moon. As the moon orbits in the same direction as the earth spins, the lunar day is
longer than the earth day. This is the reason for the “temporal shift” of the tides
from day to day.

As the tides affect the entire water column they cause a lot of friction and turbu-
lence at the ocean floor. Together with the wind input the tides are the most impor-
tant source of mechanical energy input into the ocean, which is necessary to maintain
the oceanic general circulation.

Having touched on several different aspects of physical oceanography, some of
these aspects will now be put together in an example of a well-known climate
phenomenon:
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1.10 An Example of Ocean-Atmosphere Interactions:
El Nino

El Nino is the warm phase of an oscillating climate phenomenon, whereas the cold
phase of this phenomenon is called La Nina. During El Nino winter SSTs in the
eastern tropical Pacific are anomalously warm compared to the average state. This
phenomenon occurs at irregular intervals (2—7 years) lasting for 9 months to 2 years
and was named by Peruvian fisherman due to its development time during the year
(around Christmas, EI Nino meaning “the Boy”).

As the El Nino phenomenon is a process of ocean-atmosphere interaction it has
an atmospheric part influencing the ocean mainly due to changes in surface winds
and an oceanic part influencing the atmosphere due to changes in the SST (or more
precisely the SST gradient).

In a “normal” state during Christmas time, the trade winds are blowing within
the equatorial region and favor upwelling due to the tilted thermocline along the
equator. Due to the tilted thermocline colder waters are closer to the surface in the
eastern equatorial Pacific and coastal upwelling due to off-shore Ekman transport is
invoked. In addition, the Humboldt current (Fig. 1.16) is strong, supplying cold and
nutrient-rich water to the upwelling region.

Due to a trigger mechanism SSTs during the development of an El Nino are
anomalously warm in the eastern tropical Atlantic, which weakens the SST gradient
along the equator. The weaker SST gradient leads to a weakening of the trade winds.
In fact, at a certain stage the surface winds even reverse blowing from west to east.
Weaker winds lead to a relaxation of the east-west elevation in sea surface and
hence a relaxation in the slope of the thermocline. In combination with the weaker
winds itself this leads to less favorable conditions for upwelling and also to a weak-
ening of the Humboldt current, which in turn leads to even warmer SSTs. A positive
feedback sets in and a strong EI Nino can develop, where SSTs in the eastern equa-
torial Pacific can be up to 5 °C higher than normal in December (Fig. 1.19).

The changes in the wind forcing excites Kelvin waves in the western equatorial
Pacific, in this case carrying an upwelling signal, which travels along the equator in
about 3—4 months and then triggers the end of the EI Nino and reestablishes the
upwelling favorable conditions. Kelvin wave signals can be reflected at the eastern
boundary as Rossby waves and travel back to the west. Rossby waves are however
considerably slower then Kelvin waves, which at least partly explains the larger time
lag between the different states. However, Kelvin and Rossby waves are believed to
play an important role for the signal propagation in the El Nino/La Nina cycle.

El Nino does not have an external trigger mechanism, but is a natural climate phe-
nomenon, which gets exited through internal ocean atmosphere feedbacks. However,
this climate phenomenon has large-scale consequences. For Peru, the warm SSTs
leads to a die-off of plankton, which leads to a breakdown of the food chain with
associated dramatic effects for the fish industry. In addition, the El Nino/La Nina
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Fig. 1.19 Top: Average (2000-2015) global December SST. Bottom: SST anomaly for December
2015, when a strong El Nino is developing. Sea surface temperature data available at www.remss.
com/measurements/sea-surface-temperature

cycle impacts the rainfall variability globally and was related to severe floodings
and draughts all over the globe. Although the cycle of El Nino/La Nina is consid-
ered a natural climate phenomenon it is an ongoing research topic whether and how
external forcing mechanisms such as global warming might affect the nature and
frequency of this climate phenomenon (Cai et al. 2015).

1.11 Conclusions

During the last decades our knowledge about the ocean circulation and the interac-
tions between the ocean and atmosphere impacting climate variability has greatly
improved. Furthermore, the measurement techniques as well as numerical simula-
tions of the oceans and the climate system as a whole are constantly developing.
However, there are still aspects of the ocean and climate system which are not well
understood and therefore hamper reliable predictions of future climate changes
especially in light of the global warming issue (Hillebrand and Thor, Chap. 18, 19).

The large heat uptake and the delayed release as well as the inertia of the oceans
towards variability within the atmosphere makes the oceans an important factor
when evaluating aspects of the global warming issue. Furthermore, the oceans do
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not only take up large amounts of heat, but also large amounts of climate-relevant
trace gases of anthropogenic origin such as e.g. methane, nitrous oxide and carbon
dioxide (CO,). The release or uptake of these climate-relevant trace gases by the
ocean leads to changes in the earths radiation balance and thereby to global climate
changes. For example the massive release of CO, to the atmosphere due to burning
of fossil fuels plays a crucial role in the global warming issue. As CO, is well dis-
solved in seawater half of the anthropogenic CO,, which has been released since the
beginning of the industrialization, was taken up by the oceans. The ability of the
ocean to store CO, and hence to reduce the CO, content in the atmosphere is a cur-
rent issue of climate engineering, where man-made actions are sought in order to
counteract the anthropogenic induced climate change. However, the human engage-
ment in the climate system without fully understanding all participating processes
and feedbacks raises a broad range of technical and ethical questions. An additional
problem with the massive CO, uptake by the oceans is the question where and when
some of this excessive CO, will be released back to the atmosphere and then further
affects global warming. Finding an answer to these questions critically depends on
a complete understanding of the circulation of the oceans considering all the differ-
ent scales and interacting processes, which still requires a lot of oceanographic
research.
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Glossary

Upwelling Describes the wind-driven upward motion of cool and usually nutrient-
rich water towards the surface, where it replaces warmer and usually nutrient-
depleted surface water

Convection Is a density driven water mass formation process. At high latitudes
ice formation within the ocean as well as strong heat loss from the ocean to the
atmosphere can increase the density of surface waters until they start to sink
(convect) and get disconnected from the surface forming a new water mass

Subduction Is a wind driven water mass formation process. If the wind field
e.g. produces a convergent flow in the surface layer, waters tend to pile up and
get “pumped” towards the ocean interior. Hence, when this surface waters are
pumped into the interior and disconnected from the surface oceanographers refer
to these waters as subducted waters

El Nino Is a climate phenomenon of ocean-atmosphere interactions. The term “El
Nino” refers to the warm phase of this phenomenon, when sea surface tempera-
tures in the tropical eastern Pacific are unusually warm compared to the average
state. This does not only have local impacts on climate and the economy, but is
related to climate variability all over the globe

The Coriolis Force (Coriolis Effect) Is a fictitious force, which acts on objects,
which are in motion relative to an already rotating reference frame, e.g. air or
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water moving on the rotating earth or a ball rolling on a rotating plate. The effect
(Coriolis effect) of this force on air or water parcels moving on the earth is that
they get deflected at a right angle to the right (left) in the Northern (Southern)
Hemisphere

Geostrophy Describes a balance of forces from the simplified equations of motion,
in this case the balance of the pressure gradient force and the Coriolis force. The
invoked geostrophic flow is directed along isobars and has the high pressure to
its right (left) in the Northern (Southern) Hemisphere

Potential temperature/density Is the temperature/density corrected for the pres-
sure effect. A water parcel with a certain temperature/density will have a higher
temperature/density if it is exposed to a higher pressure. The pressure within the
ocean increases with increasing depth due to the overlying water body. Hence,
when temperatures/densities of different depth layers are compared to each other,
one wants to get rid of this pressure effect and defines the potential temperature
() and the potential density (o) as the temperature/density a water parcel would
have, if it would be adiabatically brought to a standard reference pressure e.g.
at the surface. Adiabatically means without a transfer of heat or matter with the
surroundings

Kelvin waves Are a special kind of waves, which cannot freely propagate at the
oceans surface, but instead can only propagate within a so-called wave guide,
which means along topographic boundaries or the equator. Kelvin waves are
geostrophically balanced waves and can be excited by any kind of pressure
gradients, which then get balanced by the Coriolis force, e.g. in the Northern
Hemisphere they are aligned with the coast to the right in the alongshore propa-
gation direction. Kelvin waves play an important role for the adjustment of the
circulation towards changes in the forcing. Note that also the tides propagate in
form of coastal Kelvin waves

Rossby Waves/planetary waves Are waves, where the restoring mechanism is the
conservation of potential vorticity. Without going into too much detail about the
concept of potential vorticity, the principle is that motions with changing latitude
create a gradient in the potential vorticity as the Coriolis parameter is depen-
dent on latitude. This then leads to a restoring mechanism towards the original
potential vorticity and hence, a disturbance with latitude can start to oscillate
and travel in form of a planetary wave. These planetary waves are important for
the signal propagation within the ocean, communicating a temporal change in
the forcing to e.g. a geostrophically balanced flow, leading to an adjustment of
the balance

The Ekman balance (Ekman transport/pumping) Describes a balance of forces
in this case between frictional forces (at the surface or bottom of the ocean) and
the Coriolis force. If the balance is vertically integrated over the extent of the
surface Ekman layer, the net Ekman transport within this layer is directed at an
90° angle to the right/left of the wind in the Northern/Southern hemisphere. This
Ekman transports can lead to divergent/convergent flows in the surface layer,
which then can cause water to be lifted up (Ekman suction) or pushed into the
ocean interior (Ekman pumping)
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Chapter 2
Ecological Organization of the Sea

Birte Matthiessen, Franziska Julie Werner, and Matthias Paulsen

Abstract Two thirds of the Earth’s surface area are covered by the oceans and shelf
seas and at first sight this vast marine living space appears ecologically homogenous
compared to land. A closer look, however, reveals that the global ocean accommo-
dates very different structurally and functionally complex communities that are
formed by a great diversity of plant and animal species. All communities or ecosys-
tems (the term is interchangeably used in the following chapter) are interconnected
and depend upon each other. All of them have been providing a wealth of ecosystem
goods and services that humans have been depending on and economically benefit-
ing from. The following chapter aims at giving a general overview of the ecological
organization of the global ocean, which is needed to understand and evaluate past
and current impacts of human activities on marine communities. On the most gen-
eral level, this chapter divides the marine living space and its inhabitants into the
pelagic and the benthic zone. It introduces functionally important and widely dis-
tributed communities in both zones and highlights the dynamic biological, physical,
and chemical processes or mechanisms that play an important role in the mainte-
nance and functioning of these communities.
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2.1 Pelagic Zone

The pelagic zone is the largest habitat on earth and encompasses 99.5% of earth’s
inhabitable space (Herring 2002). It comprises the entire water column, extending
from the sea surface to the deep sea just above the sea floor, from the tropics to the
polar regions. It is a three dimensional habitat in which the inhabiting organisms,
depending on their physiological tolerances and their ecological niches, can freely
move. Although seemingly uniform, heterogeneous physical structure in the pelagic
zone exists at different spatial and temporal scales and leads to patchy distribution
of pelagic organisms. This heterogeneity is driven by ocean currents and interac-
tions with the atmosphere through heating, cooling, seasonality, transport of water
masses, water chemistry and nutrients, which differ according to depth and latitude
and spatial scale (Hummels, Chap. 1). As a consequence a mosaic of significantly
different productive pelagic habitats occur with the most productive areas at sites
where replete nutrient concentrations from deeper water meet sufficient light pene-
tration within upwelling (see Hummels, Chap. 1) and continental shelf regions.
Major upwelling regions are typically located at the west coasts of continents (e.g.,
west coasts of North America (California Current), Latin America (Humboldt
Current), North Africa (Canary Current) and South Africa (Benguela Current)) and
off-shore sea mounts. Depending on distance from shore and water depth the pelagic
environment can be subdivided into the neritic and the oceanic zone.

The neritic zone contributes 8% to total sea area and extends over the continental
shelfs which today hardly exceed a water depth of 200 m (Fig. 2.5). Hence some
marginal seas, such as the North Sea or the Baltic Sea, belong in their entirety to the
neritic zone. Other neritic zones directly adjoin the continents and separate them
from the open oceanic zone. Generally, the neritic zone is characterized by high
productivity. This is caused by riverine input of mineral nutrients and sediments and
by upwelling of nutrient-rich deep water on the continental slope. Combined with
less stratification these conditions act favorable for photoautotrophic primary pro-
duction of phytoplankton (see Sect. 2.2.1.1).

The oceanic zone encompasses the water masses off the continental shelfs that
cover the great oceanic basins and makes up the vast majority (i.e., 92%) of total sea
area. Conventionally, the oceanic realm is subdivided into the epipelagic (0-200 m),
the mesopelagic (200-1000 m), the bathypelagic (1000-4000 m), and the abyssope-
lagic (>4000 m) (Fig. 2.5). A much more biologically relevant classification is the
subdivision according to the light profile and thermal stratification. The first distin-
guishes between the euphotic zone, with sufficient light intensity for photosynthe-
sis, and the aphotic zone (Fig. 2.5). The second is important in terms of the depth
to which surface water-column mixing occurs (i.e., the mixed layer depth (MLD))
when warm surface water stratifies over the cold deep water body (see Hummels,
Chap. 1). The MLD is essential for pelagic primary production because it regu-
lates the nutrient flux and the sinking depth of phytoplankton (see Sect. 2.2.1.1).
In warmer strongly stratified areas and seasons, such as in the tropics or temperate
summers, the MLD is generally shallower leading to reduced nutrient flux from
deeper waters compared to colder and less stratified areas, such as coastal and
temperate regions, with seasonal mixing or upwelling (Longhurst 1998; de Boyer
Montégut et al. 2004).
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The euphotic zone of the epipelagic (Fig. 2.5) is the only pelagic area where suf-
ficient light penetration allows for photosynthetic primary production of phyto-
plankton (Sect. 2.2.1.1). The phytoplankton provides approximately 50% of global
primary productivity (Field et al. 1998) that supports diverse production at higher
trophic levels in all the pelagic zones, i.e., from grazers of phytoplankton, such as
zooplankton, over planktivorous fish, up to large predatory fish and whales (see
Sects. 2.2.1.2 and 2.2.2). Moreover, the epipelagic lies at the ocean-atmosphere
interface where physical processes such as thermal energy and gas (e.g., O,, CO,)
exchanges between atmosphere and ocean take place. These processes are biologi-
cally relevant and important for the global climate as they drive the oceanic uptake
of CO, (see Hummels, Chap. 1, Hillebrand et al., Chap. 18; Thor and Dupont, Chap.
19). Specifically, the epipelagic phytoplankton function as the onset of the so-called
biological carbon pump (Volk and Hoffert 1985; Sanders et al. 2014) by photosyn-
thetically fixing atmospheric CO, that has dissolved in the surface water. Owing to
its close interactions with the atmosphere, increasing atmospheric CO, concentra-
tions and subsequent global warming make the highly productive epipelagic zone
one of the most strongly anthropogenically affected oceanic areas.

The meso-, bathy- and abyssopelagic zones strikingly differ from the epipelagic
because light penetration decreases with depth (Fig. 2.5), which makes photoauto-
trophic primary production impossible. Thus, all inhabitants of deeper zones, with
the exception of chemo-autotrophic organisms (see Sect. 2.4.6), depend on the pri-
mary production conducted at the surface. The photosynthetically generated organic
matter (i.e., phytoplankton) either sinks passively (marine snow) or is transported
actively downwards by vertically migrating zooplankton and fish (see Diurnal
Vertical Migration (DVM) in Sect. 2.2.1.2) that excrete, or are consumed, at deeper
waters than at which they feed (Kaiser et al. 2011). Along this ever deeper food web,
the amount of biomass, and hence food availability, declines (Yamaguchi et al.
2002). Energy efficiency is thus a major selective force in the deep pelagic zones
which has led to stealthy and sedentary animal life-styles and to smart ambush prey
mechanisms in the dark (Kaiser et al. 2011). A minor portion of the photosyntheti-
cally fixed carbon from the surface in fact reaches the bottom of the deep sea where
it either can support benthic life on the seafloor (see Sect. 2.4.6) or is sequestered in
sediments (Broecker and Peng 1982; Ducklow et al. 2001). The latter is the end-
point of the biological carbon-pump (Volk and Hoffert 1985).

Apart from food limitation the deep oceanic zone is characterized by high pres-
sure, low temperatures and darkness. In fact, for every 10 m increase in depth pres-
sure increases by 1 atmosphere, which equals the mass of a bag of sugar on one’s
fingertip (Kaiser et al. 2011). One consequence of pressure is that gases get com-
pressed. Thus, deep sea animals have adapted such they have lost interstitial tissues
or excess cavities, such as the swim bladders of fishes. Generally they are rather
small, gelatinous and minimal in their skeletal structure. Temperatures below
2000 m are constantly between 1 and 4 °C leading to a generally slow life in terms
of metabolism and growth. Reduced illumination has led to special adaptations of
animals to generate light, such as incorporating light-emitting bacteria in special
cells (bioluminescence) in order to avoiding predation in the mesopelagic twilight
zone, or detecting mating partners and finding food in the completely dark bathy- or
abyssopelagial (Kaiser et al. 2011).
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2.2 Pelagic Communities

Pelagic communities and food-webs are size-structured with larger organisms gen-
erally preying upon and ingesting the whole bodies of smaller sized ones (Hildrew
et al. 2007; Fisher and Frank 2014). Based on their locomotory capability pelagic
organisms can be categorized in two major groups, the plankton and the nekton.
Whereas planktonic organisms are unable to counteract horizontal currents and thus
passively drift in the horizontal layer, nektonic organisms are active swimmers and
able to countervail ocean currents. Overall planktonic organisms are smaller (0.2 pm
to approximately 2 cm) than those of the nekton (approximately 2 cm to 30 m) (see
Fig. 2.1). Though seawater is the thinnest of all fluids it is more viscous compared

Pico- Nano-  Micro- Meso- Macro- Megaplankton and Nekton

L e e o e 2 e S e S e 8 e e 0 e e R e R

0.0001 0.001 0.01 0.1 1mm 10 100 1000 10000 100000

Fig. 2.1 Examples of pelagic organisms that, depending on their size and locomotory capabilities,
belong either to the plankton or the nekton. Plankton alone covers five orders of magnitude in size
and is generally categorized into pico- (0.2-2 pm), nano- (2-20 pm), micro- (20-200 pm), meso-
(200-2000 pm), macro- (2 mm-2 cm) and megaplankton (>2 cm) (see Sect. 2.2.1). From the upper
left to the lower right corner the following organism groups are pictured in an exemplary way:
Bacterioplankton, picophytoplankton (Synechococcus sp.), heterotrophic nanoflagellates (HNFs),
nanophytoplankton (Emiliania huxleyi, coccolithophore), microphytoplankton (Chaetoceros sp.,
diatom), microzooplankton (Strombidium sp., ciliate), microplankton (Ceratium furca, dinoflagel-
late), microzooplankton (foraminifera, rhizopod), mesoplankton (Noctiluca fluorescence, dinofla-
gellate), mesozooplankton (Evadne sp., cladoceran and Calanus sp., copepod), macrozooplankton
(Euphausia superba, krill and cheaetognath, arrow worm), megazooplankton (jellyfish and salp),
mesopredatory (planktivorous) fish (lantern fish (myctophidae) and herring (clupeidae)), predatory
fish and squid (makerel, tuna and humbold squid), sperm whale. Illustration © 2016 Jonas Molle
and Birte Matthiessen, all rights reserved
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to air. This has profound consequences for the seawater inhabiting organisms. In
particular for very small ones such as plankton it is a sticky medium with a high
viscosity that significantly slows down all movements (Purcell 1977).

2.2.1 Plankton

The plankton comprise organisms from all biological kingdoms that are function-
ally categorized into phytoplankton (eukaryotic plants and prokaryotic cyanobacte-
ria), zooplankton (animals), bacterioplankton (bacteria) and mykoplankton (fungi).
The following gives a general overview of the major phyto- and zooplankton groups
and focuses on the patterns and processes that influence their distribution and abun-
dance. The plankton groups’ respective functional roles in the food web, the global
ocean and for mankind are highlighted.

2.2.1.1 Phytoplankton

Phytoplankton are a highly diverse group of microscopically small (0.2-1000 pm
diameter) photosynthetic protists (eukariots) and cyanobacteria (prokariots). They
are the major primary producers in the ocean, globally distributed in the euphotic
zone of the epipelagic, and contribute approximately 50% to global photosynthetic
carbon fixation (Field et al. 1998). By taking up CO, they reduce the concentration
of this major greenhouse gas in the atmosphere and hence affect the global climate.
However, only ~1% of the photosynthetically fixed CO, is estimated to be perma-
nently sequestered in the ocean by sinking cells and food web processes to the deep
sea (Ducklow et al. 2001). Phytoplankton represent the basis of the pelagic food
webs and hence play an important role for fisheries productivity (Ryther 1969; Ware
and Thomson 2005; Chassot et al. 2010). They are the major food source for her-
bivorous zooplankton and hence are indirectly the nutritional basis of zooplanktivo-
rous fish and fish larvae. Because phytoplankton consume inorganic macronutrients
such as phosphate, nitrate and silicate, they play a significant role for the nitrogen,
phosphorous and silicon biogeochemical cycles (Redfield 1958; Falkowski et al.
1998; Sarmiento and Gruber 2006).

Generally phytoplankton occurs in vast numbers with up to ~10° cells/mL during
bloom events. Their actual density, however, significantly differs among regions and
seasons and is driven by physical and biological processes. Their growth depends
on the availability of light and nutrients, and thus physically on surface water strati-
fication and the MLD (see Sect. 2.1 and Hummels, Chap. 1). The surface water
MLD regulates the depths to which phytoplankton sink or are carried down. If the
mixed layer is deep it is possible that phytoplankton sink or are transported below
the euphotic zone, preventing growth even when nutrients are replete. If the mixed
layer is shallow, phytoplankton stay in the euphotic zone. Hence, the onset of phy-
toplankton growth and the development of the massive spring blooms in temperate
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seasonally mixed regions depend on the onset of upper water thermal stratification
and declining MLD. The effective isolation of the surface mixed layer from nutrient
rich deeper water in turn means that consumed nutrients are not replenished from
deeper waters. Thus, bloom termination and the generally low phytoplankton
growth during summer or in permanently stratified regions at (sub)tropical latitudes
is caused by nutrient limitation. Biologically, grazing, i.e., consumption, by micro-
and mesozooplankton largely affects the actual phytoplankton density.

The important ecosystem functions provided by phytoplankton are not only
driven by total phytoplankton biomass production, but also by their composition of
cell sizes and different functional groups that hold key functional traits (Edwards
and Litchmann 2014). Though phytoplankton are tiny organisms their cell and col-
ony sizes range over several orders of magnitude (~0.2-1000 pm, Fig. 2.1), compa-
rable to the size differences between mice and elephants (Boyce et al. 2015). These
large differences in cell sizes have profound consequences for their competitive
ability regarding nutrients and light, their floatation and sinking behavior, and their
nutritional role for subsequent consumers.

Generally the small pico- and nanoplankton (0.2-20 pm, Fig. 2.1) are predomi-
nantly occurring in nutrient poor areas and seasons such as in the permanently strat-
ified and little mixed tropical and subtropical oceanic regions or in summer
post-bloom situations in higher latitudes and coastal areas. Due to their small cell
size pico- and nanoplankton have a higher surface-area-to-volume ratio compared
to larger phytoplankton, which make them the superior competitors for nutrients
(Raven 1998) and is an important characteristic to survive and reproduce in nutrient
poor conditions. Also the low sinking rates of picoplankton is advantageous in
highly stratified areas as it prevents them from sinking out of the MLD (Edwards
and Litchmann 2014).

Among the oceanic picophytoplankton are the omnipresent cyanobacteria
Prochlorococcus and Synechococcus (0.5-1.6 pm) (Fig. 2.1) which can make
up 80% of oceanic primary production, particularly in the low nutrient regions
(Partensky et al. 1999). Other globally important oceanic phytoplankton are the
nitrogen-fixing cyanobacteria (e.g., Trichodesmium, Crocosphaera, Fig. 2.2) that
are able to use atmospheric nitrogen. This makes them particularly superior in
nitrogen depleted regions. Although the exact amount is under debate, nitrogen-
fixers significantly contribute to the total oceanic nitrogen pool (Gruber and
Sarmiento 1997) which in turn facilitates other phytoplankton growth in nutrient
poor regions.

The calcifying coccolithophores in their majority belong to the nanophytoplank-
ton and are also low-nutrients and high-light adapted (Litchman 2007). They are
known for the widely distributed species Emiliania huxleyi (Figs. 2.1 and 2.3). The
coccolithophore characteristic is their calcium carbonate scales. They provide a
large part of recent oceanic carbonate production (Broecker and Clark 2009).
E. huxleyi can form massive blooms visible from space that are well distinguishable
from other blooms due to the emerald appearance (Fig. 2.3). Although it remains
unknown why they calcify, it makes them sensitive to ongoing ocean acidification
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Fig.2.2 A puff colony of
Trichodesmium thiebautii
(top), photo used with kind
permission of © Abby
Heithoff, Woods Hole
Oceanographic Institution,
all rights reserved; the
chain-forming diatom
Chaetoceros affinis
(middle), photo used with
kind permission of © 2015
Giannina Hattich, all rights
reserved; the dinoflagellate
Ceratium longipes
(bottom), photo used with
kind permission of © 2016
Nicole Aberle-Malzahn, all
rights reserved
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(Thor and Dupont, Chap. 19; Beaufort et al. 2011). Chalk deposits around the world
such as the White Cliffs of Dover, England (Fig. 2.3), or the Kaiserstuhl in the
Baltic Sea, Germany, constitute the massive remainings of coccolithophore scales
from the Jurassic.

Diatoms in contrast to the very small pico- and nanophytoplankton groups
mainly belong to the microphytoplankton (>20 pm diameter, Figs. 2.1 and 2.2) and
predominantly occur in periodically nutrient replete areas (e.g., coastal upwelling
regions) and seasons (i.e., during spring blooms). Diatoms are extremely successful
in all seas and provide about 40% of global marine primary production (Nelson
et al. 1995). Their high growth rates enable them to respond rapidly to nutrient
pulses by massive blooms (Litchman 2007; Edwards et al. 2012). Their characteris-
tic feature is the silica frustule which together with their large cell-size leads to high
sinking rates. Their absolute contribution is debated, but it is assumed that a rela-
tively high proportion of the fixed carbon is exported to deeper zones and perma-
nently sequestered at the sea floor (Smetacek 1999).

Dinoflagellates (Figs. 2.1 and 2.2) also belong in their majority to the micro-
plankton (>20 pm). Their inferior competitive ability for nutrients is frequently
compensated by mixotrophy and motility (Litchman 2007). Mixotrophy enables
them to generate energy both through autotrophic photosynthesis or heterotrophic
ingestion of bacteria or other phytoplankton (Stoecker 1999). Vertical motility is
possible through the flagella giving them access to essential resources by migrating
between nutrient rich deeper and light sufficient shallower waters (Litchman 2007).
Some dinoflagellates produce toxins and are responsible for harmful algal blooms
(HABs) in coastal waters. Dinoflagellate HABs show a trend to occur more often
with increasing anthropogenic eutrophication of coastal waters (Beusekom, Chap.
22; Anderson et al. 2008).

An important consequence of phytoplankton cell size is that it largely affects the
food web structure and efficiency. Larger cells (microphytoplankton, 20200 pm
diameter, Fig. 2.1) such as diatoms are naturally directly consumed by larger zoo-
plankton. This leads to fewer and thus more efficient trophic transfers between phy-
toplankton and higher predatory trophic levels such as large pelagic fish. In contrast
smaller pico- and nanophytoplankton (0.2-20 pm, Fig. 2.1) are primarily grazed by
small microzooplankton which in turn are consumed by larger zooplankton, ulti-
mately resulting in longer and more complex trophic connections in the food web
(Stibor et al. 2004) and lower trophic transfer efficiency from the food-web basis to
the fish (Sommer et al. 2002). Scientific research on climate change effects on
plankton communities and food webs pointed out that sea surface warming increases
vertical stratification (i.e., increases water column stability and declines MLD),
which reduces nutrient fluxes and ocean productivity (Behrenfeld et al. 2006;
Polovina et al. 2008; Hofmann et al. 2011) and likely favors picoplankton over
larger cells (Polovina and Woodworth 2012). This change in phytoplankton produc-
tivity and size may ultimately have profound consequences for the oceans’ food
web structure and efficiency from the very basis to the upper trophic levels (Boyce
and Worm 2015).
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Fig. 2.3 The coccolithophore
Emiliania huxleyi during cell
division (top), photo © 2010
Birte Matthiessen, all rights
reserved; a phytoplankton bloom
South Atlantic Ocean about

600 km east of the Falkland
Islands (middle), photo © 2012
ESA; the White Cliffs of Dover
formed by coccolithophore scales
in the Jurassic (bottom), photo

© 2008 Birte Matthiessen, all
rights reserved
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2.2.1.2 Zooplankton

Zooplankton comprise of eukaryotic single-celled organisms (protozoa) and ani-
mals that are functionally unified by their heterotrophic life-style. Zooplankton
feed upon particulate organic matter (POM) which can either be alive (other plank-
ton) or dead (i.e., detritus). Depending on their prevalent diet zooplankton can be
distinguished in herbivores (feeding on plants, i.e., phytoplankton), carnivores
(feeding on animals, i.e., other zooplankton), omnivores (mixed diet), and detriti-
vores (feeding on detritus). However, this classification is less strong pronounced in
zooplankton compared to other communities, because many zooplankton organ-
isms have a filtrating feeding mode and/or ingest their prey particles as a whole, and
hence feed size selective (Sommer 1998). Thus, zooplankton diet comprises of the
prevalent organisms belonging to the actually captured and ingestible particle size
(compare Fig. 2.1). Functionally zooplankton can be divided in three major groups,
the microzooplankton (mainly protozoa), the mesozooplankton (mainly copepods),
and the macro- and megazooplankton (mainly euphausids and gelatinous forms)
(Figs. 2.1 and 2.4).

The protozoic microzooplankton consists of a variety of taxonomic groups with
tiny zooflagellates of only a few pm in size (heterotrophic nanoflagellates, HNFs)
(Fig. 2.1), ciliates (Fig. 2.4) that belong to the nano- and the microplankton, and
rhizopods that comprise among others the microplanktonic amoeba and foramin-
ifera (Fig. 2.1). Also the rather large-sized (>1 mm) dinoflagellate Noctiluca that is
responsible for the marine phosphorescence belongs to the protozooplankton
(Fig. 2.1). Generally protozooplankton are more abundant than the ‘classical* meso-
planktonic crustaceans (see below) and characterized by high metabolic rates
(Sommer 1998). The fundamental role of the protozoic microzooplankon in the
pelagic food web was largely underestimated until recently. With the discovery of
the microbial loop (Pomeroy 1974; Pomeroy et al. 2007) their importance for the
recycling of a large part of the dissolved organic matter (DOM) of the euphotic zone
in the epipelagic was recognized. In the microbial loop bacterioplankton (pico-
plankton, Fig. 2.1) rapidly consume available (exudated or autolyzed) DOM and in
turn are consumed by tiny HNFs. Ciliates then prey upon HNFs (and phytoplankton
of the same size class) and thereby return the DOM to the classic pelagic food-web
as ciliates are consumed by mesozooplankton. Today in particular in nutrient poor
regions the microbial loop is regarded equally important to the ‘classic’ pelagic
trophic relationship of phytoplankton - mesozooplankton crustaceans—fish.

The most important mesozooplankton (Fig. 2.1) are the copepods (Fig. 2.4) and
cladocerans both belonging to the crustaceans. They are studied in much more detail
than microzooplankton due to their role as main diet for fish larvae and planktivo-
rous fish. Whereas cladocerans are restricted to the neritic realm (Fig. 2.5), cope-
pods predominate the mesozooplankton in all seas including the oceanic regions.
Cladocerans have a simple life cycle with mainly asexual reproduction and without
larval stages, which under favorable conditions allows for rapid population growth
with multiple generations per year. Copepod populations in contrast grow signifi-
cantly slower with only one or two generations per year. The reproduction is sexual.
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Fig. 2.4 The ciliate Strombidium sp. (upper left), photo used with kind permission of © Celeste
Lopez Abate, all rights reserved; the copepod Calanus finmarchicus (upper right), photo used with
kind permission of © Michael Bok, all rights reserved; Antarctic krill Euphausia superba (bottom
left), photo used with kind permission of © Jan Andries van Franeker, all rights reserved; the com-
pass jellyfish Chrysaora hysoscella (bottom rigt), photo used with kind permission of © Ralph
Kuhlenkamp, all rights reserved

The newly hatched nauplii larvae develop to copepodites which in their five subse-
quent stages increasingly resemble the adult copepods. Ecologically important is
that the diet constantly shifts towards larger particle sizes during this larval and
juvenile development. The difference between ‘herbivorous’ and ‘carnivorous’
copepods essentially lies in the size of the selected particles. The particular species
rich calanoid copepods are the most important grazers of the larger nano- and
micro(phyto)plankton and at the same time the predominant prey of planktivorous
fish (Fig. 2.1). As such they represent the critical link between primary production
and fish in classical food-webs. In fact, regions with strong coastal upwelling of
nutrient rich waters are generally associated with large-sized, diatom-based food-
webs (see Sect. 2.2.1.1). In these food-webs calanoid copepods link the food in
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fewer and more efficient steps towards mesopredatory and larger predatory fish (see
Sect. 2.2.2) compared to food webs that are smaller-sized picoplankton-based and
thus include more steps (Ryther 1969).

Whereas plankton is generally incapable to actively move horizontally against
currents, many mesozooplankton species are able to adjust their depth and diurnal
vertically migrate across several tens or hundreds of meters at dusk and dawn. In
order to avoid visual predation they occupy deeper and sparsely illuminated waters
during the day and migrate towards the food-rich surface waters at night where they
feed on phytoplankton. Diurnal vertical migrations (DVM) are an ubiquitous char-
acteristic of pelagic ecosystems (Hays 2003; Pearre 2003) explaining one part of the
patchy distribution of zooplankton in the global ocean. In fact DVM by zooplankton
(and following planktivorous mesopelagic fish, see Sect. 2.2.2) in the pelagic zone
of the oceans is the largest behaviorally driven coordinated biomass movement on
earth (Kaiser et al. 2011). Thereby, a large part of the photosynthetically generated
organic matter (i.e., phytoplankton) from the surface is transported downwards.
Vertically migrating zooplankton overlap through a series of yet ever-deeper depths
and collectively form a ‘ladder’ of migration from the surface to the deep ocean
(Kaiser et al. 2011). By feeding upon each other they transfer the photosynthetically
fixed carbon. With every step down in this food ‘ladder’ the portion and thus effi-
ciency of organic matter transferred declines which means that the food-availability
declines with distance from the surface and leads to the general pattern of declining
animal biomass per unit volume seawater with depth (Yamaguchi et al. 2002).
Ultimately a minor portion of photosynthetically fixed carbon from the surface
reaches the bottom of the deep sea where it either supports benthic life on the sea-
floor (see Sect. 2.4.6) or is sequestered in sediments (Broecker and Peng 1982;
Ducklow et al. 2001), forming the endpoint of the biological carbon-pump (Volk
and Hoffert 1985).

The ocean is rich in macro-and megaplankton (Fig. 2.1) that are mainly carnivo-
rous and feed on zooplankton. The macro- and megaplankton comprise of a strik-
ingly high proportion of gelatinous forms such as jellyfish (Scyphozoa,
Siphonophora) (Fig. 2.4), comb jellyfish (ctenophores), arrow worms (chaeto-
gnaths), appendicularians and salps (Fig. 2.1). Jellyfish are preyed upon by some
fish species such as the ocean sun fish, some tuna, shark, swordfish, some salmon
species and sea turtles. However, due to their high content of water they play a
minor nutritional role in the pelagic food web compared to mesozooplankton (pri-
marily copepods) and zooplanktivorous fish. Some jellyfish species can have ten-
tacles of several meters lengths and in case of contact with a prey or predator (or
human skin) it can trigger millions of stinging cells (nematocysts) to penetrate the
skin and inject venom. Yet, only some species’ venom cause truly harmful or lethal
reactions in humans. Jellyfish often occur in large aggregates often named swarms
or ‘blooms’ of which the formation mainly depends on currents, but also nutrients,
light and temperature (i.e., season), prey availability, reduced predation and oxygen
concentrations are thought to play a role. It has been observed that jellyfish abun-
dances increased in heavily fished areas such as the Bering, Black and Caspian
Seas, in the Sea of Japan and the Gulf of Mexico (Richardson et al. 2009). Current
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research addresses the hypothesis whether jellyfish might fill the ecological niche of
overfished predatory fish in the future.

An important non-gelatinous group of the macrozooplankton is the krill
(Euphausiacea, Figs. 2.1 and 2.4). Particularly in the Antarctic food-web they play
a critical role as they directly link the autotrophically fixed carbon to higher trophic
levels. They are filter feeders of nano- and microplankton and the major prey of
Antarctic nekton (Sect. 2.2.2) such as wales, pinnipeds, penguins, fish and cuttlefish.

2.2.2 Nekton

In contrast to plankton, nekton are active swimmers and able to countervail ocean cur-
rents. They exclusively consist of animals and encompass fish (bony fishes, elasmo-
branchs), pelagic cephalopods, sea birds (penguins), reptiles (sea turtles) and marine
mammals (whales, seals). The size range of nekton covers several orders of magni-
tude, from about 2 cm (small fish) up to 30 m (whales) (Fig. 2.1). Many species of the
nekton are not associated to one particular marine community or habitat, but show an
extensive (horizontal and vertical) migratory behavior between feeding or reproduc-
tion grounds. Long-distance horizontal migration was documented particularly for
large predatory fish (e.g., sharks, tuna), marine mammals (e.g., whales) and reptiles
(turtles) (Block et al. 2011), and it is also performed by large marine fish stocks such
as cod (Gadus morhua) or Atlantic herring (Clupea harengus) (Muus and Nielsen
1999). Vertical migration is known to occur in mesopelagic fish in oceanic regions
(see below). Distances tackled by migratory nekton range from several tens to hun-
dreds of meters (vertical migration) to thousands of kilometers (horizontal migration).
Owing to their movement between habitats, nekton interconnect different pelagic and
benthic zones and food webs of the global ocean (bentho-pelagic coupling, see below).

Fish contribute the largest share to total nekton biomass and its biological pro-
duction is primarily based on plankton production. Within the group of fish, small
mesopredatory species play a key role for the entire marine food web as they form
the trophic link between first order consumers (zooplankton or small benthic
herbivorous species) and higher trophic levels (piscivorous fish, seabirds and sea
mammals). Moreover, some fish species contribute to the bentho-pelagic coupling
of the ocean as some of their life stages feature migratory behavior and/or are asso-
ciated to particular marine zones. For instance, in some fish species spawning can
be bottom-associated, whereas, once hatched, all other life stages are associated to
the pelagial (e.g., herring). Other fish species feed on benthic organisms in general
(e.g., cod) or frequent benthic habitats for feeding during mass spawning events of
benthic organisms such as polychaetes or corals (e.g., reef fish).

In the large oceanic zone (Fig. 2.5), the mesopredatory fish species (e.g., lantern-
fishes of the family Myctophidae, Fig. 2.1) make up the main portion of mesopelagic
fish biomass. They inhabit the oceanic twilight zone and are characterized by exten-
sive diurnal migrations of up to several hundred meters per day (Salvanes and
Kristoffersen 2001). During day time they remain in the deep mesopelagic or
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bathypelagic zone to avoid visual predation. At dusk they follow their prey, the diel
vertically migrating mesozooplankton (see Sect. 2.2.1.2), into the euphotic zone of the
epipelagic. By migrating downwards at dawn these fishes provide trophic connectiv-
ity to larger deep-sea predatory fish and transport a vast amount of particulate organic
matter downwards that is excreted and respired at depth during day (Irigoien et al.
2014). They thereby contribute to biogeochemical cycling in the ocean and function
as an important component of the biological carbon pump (Irigoien et al. 2014).

In the neritic zone (Fig. 2.5) or upwelling regions the most important mesopreda-
tory fish are clupeoids (i.e., herring-like fish, Fig. 2.1). They are of commercial
importance globally. Specifically, anchovy, herring and sardine build up very high
biomass and contribute 20-25% to the global marine fisheries catches (Hunter and
Alheit 1995). This high fish biomass can be found at sites of high primary (phyto-
plankton) and secondary production (zooplankton) where replete nutrient concen-
trations from deeper water meet sufficient light penetration within upwelling and
continental shelf regions. Atlantic herring (Clupea harengus) and Pacific herring
(Clupea pallasii) thrive in shelf-seas of the North Atlantic and North Pacific,
whereas sardines (primarily Sardinops spp. and Sardinella spp.) and anchovies
(Engraulis spp.) are most abundant in coastal upwelling regions and tidal fronts.

Originally marine food webs were described as top-heavy pyramids that were char-
acterized by a high abundance of predators and a lower abundance of their prey (the
mesopredatory or so-called forage fish) (e.g., Jackson et al. 2001; Sandin et al. 2008).
The high turnover rates of the prey organisms sustained high predator biomass. Due to
excessive whaling and strong fishing pressure on commercially important large preda-
tory fish such as tuna (Fig. 2.1) (Krauss et al., Chap. 4), marine food webs have sub-
stantially changed. Nowadays, high proportions of forage fish compared to predatory
fish and whales are characteristic of many marine ecosystems. This change in compo-
sition has unobvious and even paradox ecological consequences to the interconnected
global marine food web. For example, the dead bodies of whales sinking to the ocean
floor (so-called whale falls) have been providing an important food source in the deep
sea environment where food is naturally scarce (see Sect. 2.1; Roman et al. 2014 and
references therein). Hence, the intense removal of whale biomass in the epipelagial of
the ocean has also been affecting communities well beyond the pelagic zone from
which the whales were removed. Furthermore, the biomass of Antarctic krill
(Euphausia superba, Fig. 2.4) paradoxically remained unchanged or even decreased
when the abundance of their main predators, baleen whales, decreased. It turned out
that the whales themselves were the most important driver of sufficient prey availabil-
ity: Their nutrient-rich excretions fueled phytoplankton production, which in turn
formed the nutritious basis for krill production. In other words, a positive feed-back
mechanism between predator and prey self-sustained a highly productive environment
in the past. The human-driven reduction of baleen whale abundance led to reduced
nutrient concentrations, which resulted in reduced primary production and ultimately
to low krill biomass (Roman et al. 2014 and references therein). This example nicely
illustrates the importance of the (predatory) megafauna to ecosystem productivity.
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2.3 Benthic Zone

The benthic zone describes the ecological region on the bottom of the ocean,
extending from the shore line along the continental shelf and downward the conti-
nental slope to the deep sea floor and deep sea trenches (Fig. 2.5). This expansive
marine living space can be subdivided into numerous subzones of which the most
general distinguishing feature is the availability of light: the phytal (Liining 1985),
including the supralittoral, the mesolittoral, and the sublittoral (see below and
Fig. 2.5), describes the benthic zone from the shore along the continental shelf. The
euphotic conditions of the phytal allow bottom-living marine plants, algae and cor-
als to thrive. Beyond the sunlit zone and downward the continental slope follow the
aphotic oceanic benthic zones termed the bathyal, the abyssal and the haddal (see
below and Fig. 2.5). Generally, the benthic realm exhibits high structural heteroge-
neity and, compared to the pelagial, comprises many different (micro-) habitats
that are inhabited by complex and biodiverse communities. Among all marine
plants or animals there is hardly any taxon that is not represented in the benthic
zone.

Organisms living in the benthic zone are called phyto-, zoo- or bacteriobenthos,
depending on their auto- or heterotrophic feeding modes. Members of the benthos
include marine flowering plants, macroalgae, and single-celled microalgae, most
marine invertebrates (e.g., sponges, corals and other cnidarians, worms, mollusks,
echinoderms, crustaceans, and bryozoans) as well as ground fish and bacteria. Their
joint feature is a close relation to the ground substrate and an often limited mobility
(excluding benthic fish). In fact, contrasting plankton, many benthic organisms
show a sessile or partially sessile life style with, however, planktonic larval stages
that promote their dispersal and genetic exchange.

The ground substrate of the benthic zone is divisible into soft sediment and hard
bottom substrate and, depending on the organism’s life on or buried in the ground
substrate, the organism is categorized as epifauna or infauna. A special and typical
case of benthic life is termed epibiosis, where benthic organisms colonize other
organisms. The highly diverse benthos can be further classified according to size
into macrobenthos (>2 mm), meiobenthos (0.2-2 mm), microbenthos (<0.2 mm).
Depending on the scientific question, the biota may be classified into the ecologi-
cally more relevant functioning, such as habitat engineer or foundation species,
primary producer, first order consumer (herbivore), predator, filter- or deposit
feeder, burrower or substrate-boring organism.

Apart from light availability and substrate properties, other abiotic factors such
as temperature, salinity, pressure and oxygen availability as well as biotic structur-
ing processes such as facilitation, competition and consumption determine marine
life along the depth gradient of the benthic zone. Just like in the terrestrial bio-
sphere, the biogeography on the bottom of the ocean therefore reflects the different
physiological and ecological tolerances of the inhabiting species (i.e., their ecologi-
cal niches) (Fig. 2.5).
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Fig. 2.5 Classification of the marine environment according to depth and light availability. The
benthic zone comprises the living space on the bottom of the ocean from the shoreline, along the
sunlit littoral, to the dark deep sea floor and trenches. The pelagic zone comprises the living space

in the water column above the continental shelf (neritic region) and the deep sea (oceanic region).
Tlustration © 2016 Jonas Molle and Franziska Julie Werner, all rights reserved

2.3.1 Euphotic Coastal Benthic Zone (Phytal)

Accounting for only about 8% of the total sea surface area, the marine habitat on the

continental shelves ranks among the most productive regions of the global ocean
(e.g., UNEP 2006). This high productivity is driven by the high light and nutrient
availability in this zone, which comes along with the shallow water body, upwelling
of nutrient-replete water masses from the deep (see Hummels, Chap. 1), but also

with riverine influxes of minerals and organic material. These favorable conditions
fuel autotrophic primary production which sustains high secondary production in
both, the coastal benthic and the pelagic food web (see Sect. 2.2).

The supralittoral (spray zone) describes the euphotic benthic zone that is regu-
larly splashed, but not submerged by seawater (Fig. 2.5). It represents one of the
most inhospitable benthic living spaces as it requires its inhabitants to cope with
high fluctuations in temperature, salinity, air pressure, strong mechanical forcing of
the surge as well as with predation pressure from terrestrial and marine consumers.
Self-evidently, species diversity of the supralittoral is low compared to other benthic
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zones of the Phytal as only few organisms manage to withstand the high variability
in environmental conditions. A typical example for a marine community of the
supralittoral is the tide pool community on rocky shores (see Sect. 2.4.1).

The mesolittoral (intertidal zone) differs from the supralittoral in that the phases
of dryness and submergence by seawater are bound to the tidal rhythm (Fig. 2.5). In
other words, the mesolittoral zone reflects the tidal range and, depending on the
coastal profile, it may spatially represent a narrow zone on steep rocky shores or
may show a wide expansion on very shallow coasts. Generally, species diversity in
the mesolittoral is higher compared to the supralittoral, with species sensitive to
strong environmental gradients being more frequently found in deeper levels that
are least affected by the tidal oscillation. An example of a very extensive mesolit-
toral zone on soft bottom is the Wadden Sea.

The sublittoral zone ranges from the shallow euphotic benthic zone that is con-
tinuously submerged by seawater to the maximum depth of light penetration (up to
200 m depth) (Fig. 2.5). At its deeper end the disphotic (‘poorly lit’) or twilight zone
begins, which also forms the distribution boundary depth for photosynthetic marine
plants, algae and corals. In contrast to the other littoral zones, the sublittoral features
relatively stable environmental conditions in terms of its submergence and its fully
marine setting, both of which promote the establishment of highly diverse commu-
nities such as kelp forests, seagrass meadows or coral reefs (see Sect. 2.4.2 ff.).

2.3.2 Aphotic (Dark) Oceanic Benthic Zone

The deep aphotic zone accounts for the largest portion (90%) of the marine benthic
environment. Owing to the lack of solar energy, vegetation and photosynthetic pri-
mary production are largely nonexistent and food webs are mainly driven by heter-
otrophy. Hence, members of the deep benthos, just like members of the deep pelagic
food web (Sect. 2.1), rely on the downward flux of organic material (e.g., dead or
living animals, or marine snow) sinking or migrating from the sea surface to the
ocean floor. Given that 80-90% of the organic matter is consumed within the upper
1000 m of the ocean, food availability in the deep benthic realm is generally low. A
special mode of nutrition in the aphotic benthic zone is chemoautotrophy. Here,
chemoautotrophic bacteria and archaea replace photosynthetic primary production
by using geothermally produced inorganic energy as a food source near deep sea
vents and cold seeps. Generally, however, the hostile living conditions of complete
darkness, high seawater pressure, low temperature and low food supply in the deep
benthic zone are assumed to sustain communities of lower biodiversity compared to
the productive euphotic benthic zone.

The bathyal encompasses the deep benthic habitat along the continental slope
from about 200 m to 2000 m depth (Fig. 2.5). It accounts for nearly one third of the
aphotic marine benthic zone. At bathyal depths the variability of environmental
parameters is relatively low with temperature comprising on average 4 °C and salin-
ity containing on average 35 psu. Low water exchange driven by weak currents may
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induce temporary low oxygen concentrations. The ground substrate of the bathyal
mainly comprises sediments and minerals of terrestrial, pelagic and authigenic (i.e.,
formed in situ) origin. Bathybenthic communities mainly encompass near-bottom
swimming fish, porifera, holothurians, cnidarians, crustaceans, echinoderms, mol-
lusks, brachiopods, worms, and foraminiferans.

The abyssal plain (deep-sea floor) is the most extensive benthic zone, covering
about 75% of the oceans area and >50% of the global surface area. It is located on
the deep sea floor between 2000 m and 6000 m depth (Fig. 2.5). Similar to the
bathybenthic realm, environmental conditions in the abyssal are relatively uniform
with temperatures ranging between 0 and 4 °C and salinity comprising on average
35 psu. The ground substrate can be soft sediment and organic ooze, or hard sub-
strate such as sea mounts or manganese nodules. In the cold, dark and barren
environment life is assumed to be generally scarce and slow, but large-scale patterns
of biodiversity in the abyssal are poorly understood so far. It has been suggested that
species diversity in the abyss may be higher in habitats underlying productive
upwelling regions compared to habitats underlying oligotrophic ocean gyres (Smith
et al. 2006). An exception forms in areas of volcanic and tectonic activity where
hydrothermal vents and seeps form densely populated, high-energy habitats, host-
ing diverse deep sea communities of crustaceans, mollusks, polychaete worms and
fish (see Sect. 2.4.6).

The hadal zone comprises the deep ocean trenches (>6000 m) that formed by
tectonic plate subduction (Fig. 2.5). It accounts for less than 1% of the seafloor. The
deepest currently known trench zone extends to nearly 11,000 m (Challenger Deep,
Mariana Trench). Even under these most extreme conditions in terms of pressure
(600-1100 atm) and temperature (0—4 °C), life evolved; its ecology, however, is
hardly known so far. Organisms observed in the hadal benthic zone include poly-
chaete worms, mollusks, crustaceans, holothurians, and foraminiferans.

2.4 Benthic Communities

In the most general sense one can distinguish six fundamental types of benthic com-
munities in the marine realm, which will be introduced in the following section.
They include tide pool and seaweed communities on rocky shores, seagrass mead-
ows on sandy shores, coral reefs, estuarine communities (including mud flats, salt
marshes, and mangroves), and deep sea communities. Most of these fundamental
types can be found in all oceans of the world, showing a distribution pattern in
dependence on latitude, substrate properties, and depth gradients. Most of them are
interlinked through migration and trophic transfer, and all of them deliver ecosys-
tem goods and services, such as food, raw materials, chemical resources, and carbon
fixation and export, upon which humans have been depending and from which they
have greatly been economically and culturally benefiting (e.g., Costanza et al. 1997,
UNEP 20006).

All benthic communities are structured and maintained by dynamic (abiotic)
interactions with the physical and chemical environment and by (biotic) interactions
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between the organisms. The three most fundamental self-regulatory mechanisms are
facilitation, competition (bottom-up regulation) and consumption (top-down regu-
lation). For instance, foundation species, such as corals or seaweeds, give structure
to the environment and provide substrate, food, and shelter to other organisms. They
modify the physical and chemical conditions and thereby exert facilitative or restric-
tive influence on the abundance, diversity, and dynamics of other members of the
community (Bruno and Bertness 2001). In the benthic realm, communities or eco-
systems are often named after such habitat engineers (e.g., coral reef, kelp forest).
Bottom-up regulation of a community derives from the availability of resources.
Precisely, primary producer abundance and composition is driven by the competi-
tion for inorganic resources such as nutrients and light. Consumer abundance and
composition is driven by the availability of primary biomass and/ or by the avail-
ability of prey organisms. Top-down regulation in turn antagonizes the effect of bot-
tom-up forces, i.e., the strength of consumption (grazing or predation) regulates the
abundance and diversity of prey species. A community is said to be predominantly
driven by bottom-up forces when a rapid increase of benthic or planktonic algal bio-
mass occurs in response to high nutrient and light availability (blooming event), that
is not countervailed by consumption. All regulating mechanisms are tightly inter-
related and their relative strengths vary in space and time. Scientific research has
shown that human-induced alteration of the physical environment (e.g., eutrophica-
tion or climate change) or of the community composition (e.g., over-exploitation of
predators) can trigger imbalance in the maintaining mechanisms by, for instance,
promoting production at the bottom of the food web or by weakening top-down
regulation (e.g., Eriksson et al. 2009; Werner et al. 2016). These changes in the self-
regulatory mechanisms can drive communities or ecosystems toward an alternative
stable system with uncertain implications on their ecosystem goods and services
and hence on human welfare (Salomon and Dahms, Chap. 3).

2.4.1 Tide Pool Communities

Tide pool communities can be found in the supralittoral of all rocky shorelines
around the world. They form in shallow depressions of coastal rocks and cliffs that
are temporarily filled with water from tidal waves, surf, and rainfall (Fig. 2.6a). Tide
pool habitats are characterized by a high fluctuation in physical conditions which
makes survival a challenge (Metaxas and Scheibling 1993). Associated communi-
ties therefore show durational instability and highly dynamic patterns of migration
and extinction. Many members of tide pool communities are hard-shelled or devel-
oped adaptations such as dormant stages in order to avoid desiccation. Microalgae,
intertidal macroalgae, and lichens grow well in the sunlit rock pool habitat and sup-
port food webs composed of gastropods, crustaceans, mussels, echinoderms, and
sea anemones, shorebirds and mammals (e.g., sea otter, raccoon). Species number
and diversity may vary with the size of the rock pool and its tidal zonation (Martins
et al. 2007). Generally, however, diversity is low and food chain length is short
compared to other benthic communities.
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Fig. 2.6 Depictions of some of the fundamental types of benthic communities found in the world’s
oceans: (a) Tide pools on a rocky shore of the Swedish northwest coast (Skagerrak), photo © 2004
Birte Matthiessen, all rights reserved; (b) A dense vegetation of the seaweed Fucus vesiculosus
on hard-bottom substrate in the western Baltic Sea, photo © 2016 Franziska Julie Werner, all
rights reserved; (c) A seagrass meadow of the genus Posidonia on sandy-bottom substrate in the
Mediterranean Sea, photo used with kind permission of © 2015 Thorsten Reusch, all rights reserved;
(d) A Mudflat with feeding seabirds in the Wadden Sea; southeastern North Sea, photo used with
kind permission of © 2016 Hartmut Engel, all rights reserved; (e) Mangroves and their submerged
root system on the shoreline of Ovalau, Fiji, Southern Pacific, photo used with kind permission of ©
2016 Tom Vierus, all rights reserved; (f) A diverse and colorful assemblage of reef-building corals
in the Beqga Lagoon, Fiji, Southern Pacific, photo used with kind permission of © 2015 Tom Vierus,
all rights reserved; (g) a deep sea vent community on the Mid-Atlantic Ridge, Atlantic Ocean, photo
© ROV KIEL 6000; GEOMAR Helmbholtz-Zentrum fiir Ozeanforschung Kiel
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2.4.2 Seaweed Communities

Seaweeds such as kelp or fucoids (Fig. 2.6b) show a wide distribution range on the
rocky shores of the global ocean. They attach to hard substrate by their holdfast
and provide perennial, three dimensional habitat, nursery ground, and food to a
highly diverse assemblage of associated microalgae, ephemeral macroalgae, inver-
tebrates, and fish (Colman 1940; Dayton 1985; Christie et al. 2009). High primary
production in seaweed stands (Ramus 1992) promotes high secondary produc-
tion in the associated community and sustains a highly productive food web that
extends beyond the coastal waters in which seaweed communities thrive (Harrold
et al. 1998; Mann 2000) (also see Sect. 2.2.1). Humans greatly benefit from sea-
weed communities, because they provide coastal protection through the buffering
of wave impacts and contribute to nutrient retention and cycling in coastal waters,
which indirectly promotes marine fisheries (Graham 2004; Norderhaug et al. 2005;
Ronnbick et al. 2007). Yet, increasing human population densities, coastal develop-
ment, harvesting of resources, and climate change have rapidly and globally altered
coastal marine habitats, and put the maintenance and functioning of rocky shore
seaweed communities at risk (e.g., Airoldi and Beck 2007; Wernberg et al. 2011;
Steneck et al. 2013).

2.4.3 Seagrass Meadows

In shallow sandy-bottom habitats of all continents (except Antarctica) seagrass
meadows form the highly productive counterpart to rocky shore seaweed communi-
ties (Fig. 2.6¢). Similar to seaweeds, seagrasses function as the foundation species
in highly diverse and productive communities composed of algae, invertebrates,
fish, turtles, marine birds and mammals (e.g., Heck and Wetstone 1977; Duarte and
Chiscano 1999; Beck et al. 2001). In contrast to seaweeds, seagrasses are vascular
flowering plants that reinvaded the marine realm and still hold attributes of their
terrestrial ancestors (Les et al. 1997). Specifically, they possess root systems that
bury into the soft sediment and form thick mats of rhizomes. The latter not only
deliver nutrients from the subsurface and function as holdfast to the plant, but also
essentially contribute to the stabilization of the otherwise mobile sandy sediment.
Moreover, above ground, seagrass shoots form densely vegetated meadows that can
cover large areas of seabed and dissipate wave energy and currents. Hence, seagrass
meadows increase the light availability in sandy-bottom habitats by decreasing the
turbidity, and they contribute to shoreline protection by reducing erosion (Fonseca
and Cahalan 1992). However, established seagrass meadows are conservative with
regard to their spreading or persistence in one location (Tardent 1993). This charac-
teristic makes them a steady but vulnerable habitat. Even small-scale environmental
changes (e.g., coastal construction, summer heat waves under proceeding global
climate change) may put seagrass meadows at risk of local extinction (Reusch et al.
2005; Orth et al. 2006).
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2.4.4 Estuaries (Including Mudflats, Salt Marshes
and Mangroves)

Estuaries rank among the youngest aquatic ecosystems in geological and evolution-
ary terms as many of them formed only at the end of the last ice age (about 6000—
10,000 years BP) when ice sheets retreated and continental shelves and river valleys
were flooded (e.g., Chesapeake Bay, USA). Estuaries represent the transition zone
between marine and freshwater (riverine) habitats. At the lower boundary, they fea-
ture a free connection to the sea where plumes of reduced salinity reach into the
open sea; at the upper boundary, they are mainly fresh water habitats with, however,
daily tidal influence. Benthic ecology in estuaries is driven by this continuum of salt
and freshwater mixing, which acts as a strong selection force in favor of organisms
that either are able to adjust the balance between the salt concentration of their body
fluid and the surrounding water (osmoregulators) or that show exceptionally high
tolerances to osmotic changes of their internal fluid concentrations (osmoconform-
ers). Benthic communities associated to estuaries include mudflat (Fig. 2.6d) and
saltmarsh communities in the temperate regions, and mangrove swamps in the trop-
ics (Fig. 2.6e).

In mudfiats, plant biomass and primary production are generally low. However,
high loads of organic material, originating from the terrestrial, marine and riverine
surrounding, support high secondary production (detritus-powered food web) of
infaunal invertebrate species such as crustaceans, mussels, and worms (Day et al.
1989). This makes estuarine mudflats a vital nursery and feeding ground for many
marine fish and (migratory) bird species (Fig. 2.6d). Temperate salt marshes are
dominated by grasses, reeds or rushes, whereas tropical mangrove swamps are dom-
inated by trees or woody shrubs. Both provide fertile habitat that supports biologi-
cally rich communities composed of aquatic and terrestrial creatures (Day et al.
1989). Their ecosystem services delivered to humankind extent beyond the provi-
sion of coastal protection, the fixation and sequestration of CO,, and the supply of
recruits to local fisheries (Robertson and Duke 1987; Able and Fahay 1998). The
dense and spongy root systems of marsh grasses and mangroves function as enor-
mous filter systems that keep riverine sediments, nutrients as well as pollutants from
being washed out to the sea by tidal currents (Bertness et al. 2014). Yet, particularly
mangrove forests rank among the most degraded habitat types on earth due to their
clearing, pollution and sedimentation in consequence of coastal development, agri-
culture, and aquaculture (Valiela et al. 2001).

2.4.5 Coral Reefs

Tropical coral reefs are the largest biogenic constructs ever built on this planet. Owing
to their exceptionally high biodiversity and productivity they are often described as
the marine counterpart to terrestrial tropical rainforests (Fig. 2.6f). Corals can be
found in all the world’s ocean basins. However, massive reef structures are restricted
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to the geographical zone between 25° north and south latitude. They are mainly made
up of the calcium carbonate skeletons of hermatypic corals (i.e., reef-building cor-
als), which require mean annual sea surface temperatures of about 23 °C and eupho-
tic waters of low turbidity (i.e., low productivity). It appears paradox that the most
productive and diverse of all benthic communities thrives in the nutrient deserts of the
tropical oceans. However, tight nutrient cycling within the coral reef system allows
for its sustenance and growth in spite of the oligotrophic environment. For instance,
many reef-building corals hold mutualistic symbioses with phototrophic dinofla-
gellates (zooxanthellae). The endosymbiotic algae receive waste products such as
nitrogenous compounds from the coral polyp. In return, the polyp is supplied with
up to 90% of the photosynthetic products (e.g., glucose) generated by the algae. This
mechanism on the very basis of the coral reef food web is critical to the settlement,
existence and productivity of reef-associated organisms across trophic levels, such
as ahermatypic corals, sponges, invertebrates, fish, and mammals (Hatcher 1988).
Compared to other coastal benthic communities, coral reefs possibly are the ones
most vulnerable to and most severely impacted by human activities. This is firstly
because they have been heavily exploited as an important source of income with
respect to fisheries, raw materials and tourism (Hoegh-Guldberg 1999; Sale 2008).
Secondly, they are highly sensitive to environmental changes induced by human
development, such as local seawater pollution and sedimentation, global climate
warming and ocean acidification (e.g., Hoegh-Guldberg 1999; Hughes et al. 2003;
Hoegh-Guldberg et al. 2007). Degradation in reef communities most clearly shows
in coral bleaching events, of which the most severe in history is currently being
observed at the northernmost 1000 kilometers of the Great Barrier Reef, Australia
(Cressey 2016). Coral bleaching describes a stress response of the coral polyp dur-
ing which it expels its zooxanthellae. As the endosymbiotic algae is giving the
coloring to the coral, the latter turns white during this process. Massive bleaching
events have been attributed to thermal stress and are predicted to increase under pro-
ceeding global warming and sea surface temperature anomalies (Hoegh-Guldberg
et al. 2007). Depending on the magnitude and duration of the stressful event, cor-
als can recover from bleaching, but often are subject to higher mortality, reduced
growth, less recruitment, and higher susceptibility to diseases (Hughes et al. 2010).

2.4.6 Deep Sea Vent and Seep Communities

Submarine hydrothermal vent and cold seep communities form the deepest known,
most remote and ecologically least explored communities on earth. Hydrothermal
vent communities (Fig. 2.6g) are typically associated to deep mountain ridges (e.g.,
the East Pacific Rise and the Mid-Atlantic Ridge) and to areas of the ocean basin
where magma wells up, new crust is being formed and seafloor tectonic plates
diverge. At hydrothermal vents hot magma and cold ocean water meet through fis-
sures in the newly formed basaltic rock, resulting in the release of hot water vapor,
methane, and other dissolved chemical compounds. In contrast to this, cold seeps
are commonly located along continental margins where methane, hydrogen sulfide,
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and oil seep out of sediments. On the basis of the food webs of hot vents and cold
seeps chemosynthetic bacteria convert carbon dioxide into sugars and thereby
locally sustain productive and diverse communities. Instead of solar energy (as used
by photosynthetic primary producers for the production of sugars), however, chemo-
autotrophs use the energy of hydrogen sulfide or methane for primary production
(Van Dover 2000). Hence, hydrothermal vent and cold seep communities are based
on natural gases. They primarily include worms, shrimps, mussels, and limpets.
Some first order consumers directly feed on microbial assemblages, some harbor
chemoautotrophic symbionts as a source for energy.

Owing to their relatively recent discovery in the 1970s (Ballard 1977) and
remoteness, the ecology of deep sea communities is far less understood than that of
other well-accessible benthic communities. However, general ecological features of
deep sea habitats, such as low temperature (except for hot vents) and low organic
energy flux, can be expected to yield communities characterized by low productiv-
ity, low rates of growth and reproduction, and slow colonization (Gage and Tyler
1991; Smith and Demopoulos 2003). All of these attributes make deep sea commu-
nities susceptible to disturbance and slow in recovery. To date, human activities like
bottom-fishing, oil and gas exploitation, and waste disposal are known to have del-
eterious effects on deep sea environment (e.g., Smith et al. 2008). Expected threats
to come are climate change and deep sea mining of mineral resources, methane-
hydrates, and manganese nodules (Smith et al. 2008).

2.5 Conclusion

In summary the global ocean may appear to be one homogenous living space, but in
practice dynamic biological, physical, and chemical processes create spatially and
temporally variable environmental conditions that influence marine life. The bioge-
ography of the oceans reflects this variability with species and communities existing
and performing in habitats that match their ecological niches. In the most general
sense one can subdivide the ocean into the pelagic and the benthic zone. In both
zones the availability of inorganic resources such as light and nutrients is vital to the
associated communities and food webs as most of them are based on photosynthetic
primary production (e.g., pelagic phytoplankton provides about 50% of global pri-
mary productivity). Within all marine communities the ecological organization and
functioning is driven by abiotic and biotic interactions, such as facilitation, competi-
tion for resources, and consumption. In the pelagic zone, communities are com-
monly described by means of their main components phytoplankton, zooplankton,
and nekton. Pelagic food webs are understood to be size-structured, meaning that
organisms belonging to a larger size-class feed upon those belonging to the respec-
tive smaller one. In the benthic zone, communities are commonly described by
means of foundation species that act as a habitat engineer and thereby facilitate or
restrict the abundance of other species or functional groups of the community.
Benthic communities are often named after their foundation species which vary
according to latitude, bottom substrate, and depth gradient.
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While the presented distinguishing features help to structure and understand the
complexity of life in the global ocean, one has to keep in mind that the vast marine
living space is ecologically interconnected by currents and active migratory behav-
ior of its inhabitants. Anthropogenic alteration of the marine environment can there-
fore have ecological consequences that reach beyond the species or community that
is directly affected by the activity. The latter implies that efforts to conserve and
sustainably manage marine ecosystems and their goods and services provided to
humankind need to envision strategies that go beyond marine communities and
across exclusive economic zones.
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Chapter 3
Marine Ecosystem Services

Markus Salomon and Henriette Dahms

Abstract Marine ecosystems deliver a number of goods and services, such as food,
recreation areas, raw materials or active substances for medicine, which are impor-
tant to fulfill basic needs and to support the well-being of humans. The concept of
ecosystem services is useful to get a better understanding of the benefits humans
obtain from marine ecosystems and to improve their communication. There have
been several attempts to refine ecosystem services categories in order to establish a
common classification system which could simplify the incorporation of ecosystem
services into everyday policy-decisions-making and economic accounting systems.
The concept of ecosystem services plays an important role in the evaluation of costs
and benefits that are associated with the protection of natural capital or ecosystems.
But the valuation of natural capital has limitations and pitfalls. Besides the mone-
tary value of marine ecosystem services there are also strong non-economic reasons
to protect marine biodiversity from threats from anthropogenic pressures and to
preserve it for current and future generations.

Keywords Marine ecosystem services ® Millennium Ecosystem Assessment ® The
Economics of Ecosystem and Biodiversity (TEEB) ¢ Carbon sequestration ® Fishing
resources ® Maritime tourism * Offshore oil and gas exploitation

3.1 Introduction

Oceans and seas are an important part of the ecosphere. They are closely interlinked
with the atmosphere and the global climate system. Oceans and seas deliver a num-
ber of different goods and services which are essential to provide basic needs and to
support livelihoods and the well-being of humans (Fig. 3.1). Benefits humans obtain
are for example food and recreation.
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Provisioning services
L, T

Sea food
Raw materials

Active agents (medecine, cosmetics etc.)

Ornamental ressources

Cultural services

Recreation and leisure
Tourism

Aesthetic appreciation and inspiration for
culture, art and design

Information for cognitive development

Regulating services

Climate regulation
Air purification
Waste treatment

Detoxification of substances

Protection of coasts from erosion

Habitat or supporting services

Habitats for species
Maintenance of genetic diversity
Nutrition cycling

Photosynthesis

Fig. 3.1 Important marine ecosystem services. Based on Rogers et al. (2014), TEEB (2010) and
Millennium Ecosystem Assessment Board (2005)

In the following we will illustrate different classification systems for ecosystems
services (Sect. 3.2), give a short overview of important goods and services provided
by marine ecosystems (Sect. 3.3) and deliver a critical appraisal of the valuation of
natural capital (Sect. 3.4).
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3.2 Categorization

The natural capital of oceans and seas can be divided into an abiotic and a biotic
component (EEA 2015). The abiotic component comprises, among other things,
raw materials, transportation ways, and energy. The biotic component directly sup-
ports livelihood of human beings. A part of the natural capital is renewable, and its
availability, such as fish for food, is often critical for people.

The benefits humans obtain from ecosystems are called ecosystem services. This
concept is not new, but it was popularized by the 2005 Millennium Ecosystem
Assessment (MA) which was initiated by the United Nations (Millennium
Ecosystem Assessment Board 2005). The MA divided ecosystem services into four
different categories:

1. provisioning services: goods and services with a clear monetary value such as
food and raw materials,

2. regulating services: for example regulation of climate and control of local rain

fall,

. cultural services: like recreation and leisure, aesthetic beauty or spiritual benefits,

4. supporting services: are not directly used by people but are essential for the eco-
systems, like photosynthesis, sediment formation or nutrient cycling and needed
to maintain other services.

W

Recently, there have been several attempts to refine ecosystem services catego-
ries in order to establish a common classification system (e.g. TEEB and CICES).
Still the systems differ in some details (United States Environmental Protection
Agency 2014).

In principle, the international initiative “The Economics of Ecosystem and
Biodiversity” (TEEB) follows a similar definition and classification of ecosystem
services compared to the MA approach and refined the MA definition in some
details (TEEB 2010). One difference is for example that “habitats for species” and
“maintenance of genetic diversity” are categorized as supporting services. TEEB’s
primary intention is to put the ecosystem services approach into practice by devel-
oping specific concepts and launching reports in which examples of valuation are
collected and elements of a biodiversity or ecosystem valuation framework are iden-
tified. The global TEEB reports inspired a number of studies around the world
which identify ways to integrate ecosystem services into national policies (UNEP
TEEB Office n.d.).

The Common International Classification of Ecosystem Services (CICES) from
2013 is another approach (Maes et al. 2014). CICES defines ecosystem services as
those services, which directly contribute to the well-being of human beings.
Therefore only the outputs or products from ecosystems people directly use are
integrated into the CICIES typology. Only biota and its interaction with abiotic
constituents (such as absorption of CO,) belongs to these benefits, not the abiotic
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output such as salt and gravel. And in contrast to the MA approach ecosystem
services are categorized into the following three instead of four categories: provi-
sioning services, regulation and maintenance services as well as cultural services.

The importance of ecosystem services was also emphasized by the establish-
ment of the “Intergovernmental Platform on Biodiversity and Ecosystem Services”
(IPBES) in 2012. Its task is to collect, summarize and evaluate information and
knowledge generated by different institutions for scientists and policy makers
(IPBES Secretariat 2016).

3.3 Important Goods and Services

The abiotic part of the natural capital of oceans and seas can play a role in support-
ing the livelihood of humans but is independent of the state of the marine ecosystem.
One example is the importance of seas and oceans for global merchandise trade,
since they provide the highways for maritime transport. The evolution of the global
trade system was highly dependent on the development of maritime shipping. About
90% of today’s global trade is done by sea (IMO 2012; Simcock, Chap. 6). But
maritime shipping is, with some minor exceptions, not threatened by the pollution
of seas and oceans.

Sediments from the seabed are also considered part of the abiotic constituent of
the marine capital. They are a relevant source for inert raw materials such as sand
and gravel which are needed for all kinds of construction work (Vogt et al., Chap.
10). To satisty the growing demand for energy, gas and oil are also extracted from
deposits under the seabed. Today, about 37% of oil and 28% of gas are produced
offshore and this share is increasing (Biicker et al. 2014; Patin, Chap. 8). At the
same time, there is a tendency that extraction activities are moving from shallow to
deeper waters. In addition, the sea floor of the continental shelf and the deep sea
accommodate a number of valuable metals, among them scarce metals such as ger-
manium and antimony. These metals can for instance be found in manganese nod-
ules, cobalt crusts and massive sulphides (Weaver et al., Chap. 11).

Another example for an abiotic natural capital is the oceans’ role in climate regu-
lation. The exchange of heat between water masses of the oceans and air is a funda-
mental process influencing the global climate system. The El-Nino phenomenon, an
oscillation of the ocean-atmosphere system in the tropical Pacific, is a well-known
example that demonstrates this interaction (Philander 1990; Hummels, Chap. 1).

A rather new use of the oceans with great potential in the future is the generation
of renewable energy such as offshore wind power and ocean energy (tidal currents,
wave energy etc.) (Liideke, Chap. 9).

Biotic marine capital is of special relevance for human well-being. It is, in
contrast to the abiotic component, renewable to some degree and even beyond its
direct use sensitive to anthropogenic activities. The most important function of seas
and oceans in this sense is the production of algae biomass, especially in form of
microscopically small species (phytoplankton), from nutrients and solar radiation
(Bollmann et al. 2010). The production of phytoplankton is the base of the marine
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food web, an essential source of food for zooplankton, which itself is the dominant
food source for small fish and numerous other organisms. Moreover, this process
also plays a crucial role for carbon sequestration. Not to forget that the formation of
energy sources such as oil and gas was based on this process. Furthermore, agglom-
erations of macroalgae such as sea grass meadows and kelp forests are vital habitats
and shelter from predation for juvenile fish, also commercial species.

Fish, crustaceans and mollusks captured from the sea are the most important
marine provisioning service. Fish is a highly valuable natural protein source and
provides essential nutrients, vitamins and omegy-3 fatty acids. Approximately 87%
of global fishery production stems from marine waters (Kraus and Diekmann, Chap.
4; Wilding et al., Chap. 5) (FAO 2014). Fisheries and mariculture are important
for food security and creates millions of jobs especially in coastal areas. Fish are
not only exploited for human consumption, but also for the use as feed for fish
farming. Beside fish, crustacean and mollusks, algae are also directly consumed
by humans. Marine macroalgae are also harvested for their ingredients. Alginate
is a well-known product derived from seaweed. Worldwide, around 25,000 tonnes
of alginate are extracted from kelps every year. They are used in bulking, gell-
ing and stabilizing processes in food, pharmaceutical and textile industries (Bixler
and Porse 2011; Smale et al. 2013). A rather new idea is to use marine algae as a
resource for biofuels.

Biological materials from the sea such as corals or seashells are also used for
ornaments and decoration. The utilization of natural products from the marine
environment for cosmetics, antifoulings or pharmaceuticals is a rather young
sector of maritime activities (Molinski et al. 2009). Due to the broad range of
environmental conditions to which a great number of marine organisms have
adapted, they are an interesting resource for bioactive substances such as drugs
for medicinal products. One example for this is the marine tunicate Ecteinascidia
turinata, which is a source of the anticancer agent trabectidin (European Marine
Board 2013).

The oceans’ most important regulation service is carbon sequestration. Oceans
are the dominant natural sink for anthropogenic carbon dioxide (CO,). They have
absorbed approximately one third of all anthropogenic CO,-emissions over the
industrial period (Khatiwala et al. 2012; Hillebrand et al., Chap. 18; Thor and
Dupont, Chap. 19). Seawater is also able to absorb other substances from the air
which stem predominantly from combustion processes, one example being mercury.
Marine microorganisms play a crucial role in decomposing and detoxifying haz-
ardous substances from oil spills or wastewater from land and sea based sources
(Koster, Chap. 16). In a similar way, biological processes and organisms help to treat
waste which is released into the sea or entered the sea via rivers (Rogers et al. 2014;
Werner and Stofen O’Brien, Chap. 23).

Another important regulating service provided by seas and oceans is the protec-
tion of coasts from erosion via sub- and intertidal vegetation such as seagrass, cor-
als, mussels, kelp beds and mangrove forests. As an example, seagrass meadows
play an essential role for the attenuation of waves, enhanced sedimentation and,
due to their ability to stabilize sediments, the prevention of erosion (Christianen
et al. 2013).
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A prominent example for cultural services is the esthetic beauty of the sea; this
includes the seascape and the marine life. Opportunities for recreation and leisure
such as swimming, scuba diving and relaxing at the beach, are a special benefit for
the mental and physical health of residents and tourists. This is especially relevant
for the tourism sector, which has become the predominant economic sector in many
coastal areas, providing jobs and income (Simcock, Chap. 17). Cultural services can
also be non-use values. One examples are whales, to which humans are attached
without having the possibility to experience their habitats. Furthermore, seas and
oceans contribute to education, research and learning. Marine research is quite vital
to improve our understanding on ecosystem functioning, origin of life and carbon
cycling in the context of climate change.

Supporting services are services which have no direct benefit for humans, which
is why they are excluded from the CICES classification system, but are essential for
maintaining the ecosystems themselves. One example is photosynthesis. This bio-
chemical process is the base for nearly all life in oceans and seas (see above). In a
similar way marine ecosystems are dependent on the cycling of nutrition.

3.4 Valuation of Marine Ecosystem Services

In many cases, cost-benefit analyses are requested before protection measures for
marine ecosystems will be established. The biggest challenge in this context is to
determine the value of the benefits of these measures, including non-monetary values.

An important intention of valuing ecosystem services is to deliver strong arguments
for the conservation of natural resources and the environment. Often, humans do not
take the complete value of ecosystems into account in their (economic) decision-making
processes. To estimate the “real” or more realistic value of ecosystem services can help
to improve the decision-making and improve the management of our natural resources.
According to Costanza et al. (2014) the value of ecosystem services is the relative con-
tribution of ecosystems to sustainable human well-being. In their opinion, all decisions
that lead to trade-offs contain valuation, either implicitly or explicitly.

Valuation of environment pretty much follows the concept of total economic
value (TEV) (Dziegielewska 2013; van Doorn et al. 2015). The TEV approach dis-
tinguishes between use and non-use values and also comprises indirect and non-
material values. Use values are differentiated in direct use values, such as fish
consumed by humans, and indirect uses, such as the function of ecosystems (e.g.
carbon sequestration). Non-use values are the existence value that people attach, for
instance, to marine creatures like whales without experiencing their habitat and the
bequest value. The latter one is the attributed value from ensuring that certain goods
and services will be preserved for future generations.

There exists a number of economic methods or techniques to valuate ecosystem
services (World Environment Center Europe e.V. 2014; DEFRA 2007). This is
rather simple for goods and services which are exchanged on a market and accord-
ingly have a market price. In absence of markets indirect techniques can deliver
approximate values. So called revealed preference approaches take into account
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other information on individual choices from existing complementary markets such
as travel cost, hedonic pricing and averting behavior. For non-use values, a stated
preference method can be used with the help of carefully structured surveys (choice
analyses). One of the shortcomings of stated preference techniques is that the
respondents are not always able to understand the total impact an ecosystem service
might have on their well-being (DEFRA 2007).

In recent years, an increasing number of research on the measuring and valuing
of ecosystem services has been published (Seppelt et al. 2011; EEA 2011). A very
early and prominent study on this issue is the one by Costanza et al. from 1997
(Costanza et al. 1997). In a follow-up, the authors estimated the global value of eco-
system services to be 145 trillion US dollars per annum (in 2007 US dollars) for the
year 2011. The share of marine ecosystem services was 40% (Costanza et al. 2014).

Rogers et al. (2014) recently investigated the ecosystem services of high-seas.
They identified 15 different types of ecosystem services. Due to insufficient scien-
tific information only a few of them could be accurately valued. An evaluation was
possible for fisheries and carbon storage, both important ecosystem services. The
estimated value of carbon storage by high-sea ecosystems ranged between 74 and
222 billion US dollars, the value of fisheries was estimated at 16 billion US dollars.
It has to be kept in mind that only a small share of fish (around 12% of total catch)
is caught in the high seas, the rest in coastal waters.

Although the concept of natural capital is well established, the idea to monetar-
ize natural goods and services is still controversial. One argument is the huge com-
plexity of correctly valuing ecosystem services. Some ecosystem services, such as
fish, have a market value. Others are public goods and do not have a market. To
define a value for services without any market is a special challenge. The dependen-
cies of different species on each other are often not known or poorly understood. A
typical prey-predator relation is normally simple to understand. But what, for exam-
ple, is the value of a Gammarus species (small crustacean) feeding on epiphytes that
are growing on kelps? These epiphyts might, under special circumstances, be a
threat to the algae, which themselves provide habitat and shelter for juvenile com-
mercial fish species.

Another argument against valuation is that natural capital is vital for the survival
of human beings and irreplaceable and so of infinite value (van Doorn et al. 2015).

Furthermore, from a more ecocentric point of view the main failure of the con-
cept is that it does not take into account the intrinsic value of an organism, species
or ecosystem. Intrinsic value is the value of something in and for itself, irrespective
of its utility for someone else, particularly human beings (Millennium Ecosystem
Assessment Board 2005).

3.5 Conclusions

Oceans and seas provide important ecosystem services. To maintain the marine eco-
systems is, therefore, essential for human beings. The degradation of the marine capi-
tal has already had and will have a direct impact on our well-being, especially in the
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long term. There are a number of indications that we do not use the natural capital in
a sustainable way (Chaps. 4 to 25 of this book). Accordingly, it is required to better
introduce the value of marine ecosystems in our decision-making processes and keep
its use within the ecosystem’s carrying capacity (see also EEA 2015). This is of spe-
cial importance for the biotic part of the seas’ natural capital which is, at least in parts,
renewable. These goods and services, which are essential to fulfill basic human needs,
also need to be protected from anthropogenic activities which have no intention to
make use of the marine resources such as landbased industries and agriculture.

The concept of ecosystem services is very helpful to make the value of ecosys-
tems or biodiversity visible and communicate it. It is important for us to improve
our understanding of the ways our daily life benefit and rely on intact ecosystems.
A common classification system for ecosystem services could simplify their incor-
poration into everyday decision-making processes and economic accounting sys-
tems. But the valuation of natural capital has its limitations and pitfalls. One reason
therefore is, that it is not possible to find a true market value for all benefits, espe-
cially indirect ones, and impossible for the ones which will be relevant in the future.
Finally, it has to keep in mind that there are not only important economic but also
societal, ethical and religious reasons to preserve the marine biodiversity for current
and future generations.
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Chapter 4
Impact of Fishing Activities on Marine Life

Gerd Kraus and Rabea Diekmann

Abstract Trends in global Fisheries indicate an overall decline in productivity of
world fishery resources and almost 30% of fish stocks world-wide are still over-
fished. In Europe the amount of sustainably harvested stocks strongly increased
over the last 10 years. Nonetheless, with a fast growing world population the pres-
sure on fish stocks will remain high. As fish stocks can unfurl high productivity only
in healthy marine ecosystems, it is extremely important to minimise the negative
impacts of fishing on target species and communities as well as benthic ecosystems
and habitats. First of all, fishing exerts mortality on target species and reduces their
natural abundance. When a fishery targets more than a single species in mixed fish-
eries, similar responses may be observed for all species in focus. Fishing can also
impact non-target as well as rare and sensitive species via unintended by-catch and
has indirect effects on ecosystems and habitats via food web interactions and physi-
cal damage degrading habitat quality. In this chapter, we provide a short overview
on the specific effects of fishing on target and by-catch species, communities as well
as benthos and benthic habitats.

Keywords Sustainable fisheries ¢ Fishing impacts ¢ Benthic ecosystems ¢ Non-
target species * Fisheries management

4.1 Status of Global and European Fisheries

According to FAO (2014) todays fisheries and aquaculture deliver more than 130
million tonnes of food to the seven billion people living on the planet making up
15% of their dietary protein. Aquatic production assures the livelihoods of 10-12%
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of the world’s population. In 2012 some 58.3 million people were engaged in the
primary sector of capture fisheries and aquaculture and fish remains among the most
traded food commodities worldwide representing 1% of world merchandise trade
in value terms.

Global marine capture production (fish and invertebrates) fluctuated around 80
million tonnes since the mid 1980s. Recent reconstructions of global marine fisher-
ies catches by Pauly and Zeller (2016) including catches by small scale artisanal
fisheries, recreational fishers and discards indicated that this number is considerably
lower than the true catches, which they estimated to have peaked at 130 million
metric tonnes in 1996. Both studies revealed a slow, but steady decline of global
catches since the peak in the mid 1990s, although FAO considers the situation a
continuation of a more or less stable 30 year period reported previously (FAO 2014,
Fig. 4.1 for marine fishes). As global fishing effort has increased by around 20% (in
kilowatt days) over this period (Anticamara et al. 2011) and the global fishing fleet-
contrary to the trend within Europe-has doubled (FAO 2010), there is strong indica-
tion for an overall decline in productivity of the world fishery resources.

The latest figures from FAO for 2012 suggest that 61% of the assessed stocks
world-wide were harvested sustainably at or close to maximum sustainable yield
levels (MSY, see Textbox 4.1), 28% were harvested unsustainably and 10% were
underutilised. Given that almost 40% of the stocks could produce more yield
because of non-optimal harvest, and a considerable portion of the catch is wasted
due to discarding and processing loss, there appears to be scope for growth in
yields, although the exact magnitude is difficult to estimate (Frid and Paramor
2012). But, as it is generally accepted that there are no major new fishing grounds
to be exploited (Godfray et al. 2010) and primary production in the oceans already
now constrains global fisheries catches (Chassot et al. 2010), the potential for
growth is limited. Frid and Paramor (2012) estimated the potential maximum global
yield to some 110 million tonnes per years, which is lower than the historic maxi-
mum catch of 130 million tonnes estimated by Pauly and Zeller (2016). As the
latest IPCC projections predict an overall decline in ocean productivity under cli-
mate change (IPCC, ARS), the conservative estimate of Frid and Paramor (2012)
might be even optimistic.
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With the predicted world population increase to more than nine billion people by
2050, and the limited potential to increase capture fish production, the relative
contribution of fisheries to global food security is set to decline. The overall pres-
sure on fish stocks will nonetheless remain high as the global food and protein
demand will continue to rise.

Textbox 4.1: Maximum Sustainable Yield (MSY)

Managing all fish stocks towards Maximum Sustainable Yield (MSY) is one
of the central goals of the European Common Fisheries Policy. MSY is, theo-
retically, the largest yield (catch) that can be taken from a specific fish stock
over an indefinite period under constant environmental conditions. A fishery
that is managed according to the MSY principle adjusts the fishing mortality
to a level that would lead on longer terms to a population size that is capable
of producing maximum sustainable yield. As carrying capacity and environ-
mental conditions in the ecosystem are not stable, thus affecting also the sta-
bility of the MSY biomass level, fisheries management adjusts fishing
mortality to MSY levels and uses biomass trigger points for management
action rather than setting fixed biomass MSY targets.
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Figure Maximum sustainable yield is reflected by the peak of the annual production curve
and can theoretically be obtained at a population size indicative of 0.5 times the carrying
capacity K of the ecosystem. r is the intrinsic rate of population increase.

In Europe, fishing fleets have been constantly reduced over the last two decades,
both, in terms of engine power and tonnage. As a consequence, large overcapacity
was eliminated and the overall fishing capacity is now much more in line with fish-
ing opportunities, thus reducing the incentive for illegal fishing operations and the
pressure on policy and management to overshoot the scientific advice on annual
fishing quotas. Looking at the status of Europe’s fish stocks, the decline in fleet
capacity has surely supported achieving the MSY management target as the per-
centage of stocks fished at MSY levels increased from 6% in 2004 to more than
50% of all fish stocks that underwent an analytical stock assessment in 2014
(European Commission 2015).
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But as Europe’s fisheries will be affected by the global developments outlined
above, it will be a huge challenge for fisheries management to achieve sustainability
targets, as already today management decisions are frequently driven by short term
thinking, e.g. to buffer against immediate economic hardships, rather than by a
long-term sustainability perspective. However, long-term sustainability is needed to
keep ecosystems healthy and achieve good environmental status, which in turn is
essential for commercially exploited fish stocks to unfurl high productivity and pro-
vide the high fishery yields needed for global food security.

4.2 Fishing Impacts

Already in the second half of the nineteenth century overfishing was high on the
political agenda, when North Sea countries started to discuss the impact of a rapidly
developing fishery on observed fluctuations in North Sea fish stocks (Smed and
Ramster 2002). At local scales the fishing impact on target species was well
acknowledged. However, at global scale fishery resources were considered an inex-
haustible resource until well into the twentieth century, when global catches stabi-
lised during the 1980s after a long period of steady increase (FAO 2014). Recognition
of fishing impacts beyond target species on communities and the marine environ-
ment has even taken longer (see Dayton et al. 1995 for a review) and has only
entered the political and societal debate, when scientists started developing imple-
mentation plans for a holistic ecosystem-based approach to fisheries management
late during the 1990s (e.g. Link et al. 2002; Murawski 2000).

Nowadays, it is commonly accepted that fishing impacts the marine environment
at various levels. These impacts are complex, often hard to measure and vary from
one fishery to the next. First of all, fishing exerts mortality on target species and
reduces their natural abundance. When a fishery targets more than a single species
in mixed fisheries, similar responses may be observed for all species in focus.
Fishing can also impact non-target as well as rare and sensitive species via unin-
tended by-catch and has indirect effects on ecosystems and habitats via food web
interactions and physical damage degrading habitat quality.

When poorly controlled, fisheries tend to develop excessive fishing capacity,
leading to overfishing. In this case, the consequences of fishing dominate over
the natural population or community development. The vulnerability of a species
to overfishing however depends on behaviour and its life history characteristics,
whereas the consequences for vulnerable species include intraspecific changes in
population structure, growth, reproduction and genetic structure, as well as commu-
nity effects on diversity, size-composition and trophic interactions (Jennings et al.
2001a). The amount of literature on the issue is massive and includes text books,
book chapters and review studies on fishing impacts on benthic ecosystems and
habitats (e.g. Jennings et al. 2001a; Jennings and Kaiser 1998; Kaiser and de Groot
2000), on sensitive and rare non-target species, such as elasmobranchs (e.g., Stevens
et al. 2000; Dulvy et al. 2003), marine mammals (e.g., Read et al. 2006; Northridge
1984), birds (e.g., Tasker et al. 2000) or turtles (Wallace et al. 2013). Most recently,
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fishery induced trophic cascades have been discussed in the context of ecosystem
regime-shifts (Terborgh and Estes 2010; Frank et al. 2005; Casini et al. 2008).

Here, we aim at providing a short overview on the specific effects of fishing on
target and by-catch species, communities as well as benthic habitats. This summary
covers a broad range of aspects, and as such cannot be comprehensive.

4.2.1 Impact of Fishing on Target Species

Estimating and projecting the impact of fishing on the population dynamics of tar-
get species is at the heart of traditional fishery science (Gulland 1977; Hilborn and
Walters 1992). Vulnerability of a species to fishing depends on fishing gear, behav-
iour and life history characteristics. A very obvious relationship exists between mesh
size of a net and the size of fish to be retained by the net. However, this simple rela-
tionship is strongly modified by morphometric characteristics of the target species
(a spiny crab will behave completely different from an eel like fish), gear type and
behaviour. Moreover, modern fishing gear takes advantage of behavioural aspects to
reduce by-catch of unwanted species or to increase the catching efficiency.

Shoaling is a common behaviour in marine fish species to avoid predation, to
increase foraging success, or for mating, but at the same time it increases efficiency of
fishing operations. Small pelagic fish forming dense shoals are caught in huge quanti-
ties in seine fisheries, whereas dispersed mesopelagic species do not allow for eco-
nomically viable fisheries (Jennings et al. 2001a). Several bottom-dwelling flatfishes
like turbot, groupers or anglerfish are also not shoaling, but allow profitable fisheries
due to their high commercial value despite generally low catch per unit effort.

Differences in life history characteristics define how well a species can resist to
or recover from fishing mortality and thus have an influence on the vulnerability of
a species to fishing mortality. Ecological theory suggests that long-lived, slow grow-
ing, late maturing, low fecund species would be more vulnerable to fishing com-
pared to short-lived, fast growing, early maturing and highly fecund species due to
their lower intrinsic rate of population growth (recovery potential). Consequently,
high fishing intensity would favour ecosystems dominated by the latter type of spe-
cies (Pauly et al. 1998). But also between populations of the same species and even
within a population intensive fishing favours components that have a tendency to
mature and reproduce early (Heino et al. 2002).

Observed dominant patterns in heavily fished populations are a strongly trun-
cated size structure, a biased sex composition, a changed genetic structure as well
as altered growth, maturity and spawning schedules, and sometimes lower relative
fecundity reducing the overall spawning potential of the population. Depending on
the vulnerability of a species to fishing, the severity of heritable and non-heritable
life history responses will vary and the effects are often not independent of each
other. For example, lower average size or age does affect timing and duration of
the spawning season in Baltic cod (Tomkiewicz et al. 2005). Smaller cod shed
fewer batches of eggs and appear later and leave the spawning grounds earlier com-
pared to large specimens. A stock dominated by small individuals will thus have a
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lower reproductive potential plus a narrower window of opportunity for successful
reproduction, which is a serious disadvantage in the frequently oxygen depleted
Baltic Sea (Kraus et al. 2002).

Selective fishing can also change the sex ratio, either because of sexual dimor-
phism or when a fishery tackles aggregations, where either males or females domi-
nate. Again Baltic cod is a good example, as the fishery tackles pre-spawning
aggregations on spawning grounds. As males stay longer on the spawning grounds
compared to females, they are exposed to higher fishing mortality over their life-
time, and consequently older age classes of Baltic cod are strongly dominated by
females (Kraus et al. 2002, 2012). Therefore, at low population sizes females may
struggle to find appropriate mating partners (Rowe et al. 2004). Also, relative fecun-
dity is size dependent in many marine fish species with larger females displaying a
higher number of eggs per unit of weight (Lambert et al. 2003, for a review see
Hixon et al. 2014). Size selective fishing on hermaphrodite fish species changing
sex at a specific size, can lead to local extinctions due to the complete removal of
females or males. Another impact on reproductive traits has recently been shown for
Northeast Arctic cod, where Opdal and Jgrgensen (2015) demonstrated that the
choice of spawning grounds was related to exploitation intensity.

Although life-history traits are plastic and vary in response to the environment,
there is growing evidence that exploitation causes evolutionary changes in fish popu-
lations. Many life history traits like age/size at maturation and growth are heritable
and will thus evolve in response to fishing (Heino et al. 2015). As fishing reduces pop-
ulation size, it may also reduce genetic variation, if there are not enough individuals
to maintain the full range of variability (Hauser et al. 2002; Lage and Kornfield 2006).
It is however difficult to differentiate between the effects of selective fishing on heri-
table traits and phenotypic plasticity. Sometimes phenotypic responses to fishing are
compensated by genetic shifts in the population, e.g. earlier age at first maturity or
increased fecundity at size compensating the loss of big, old, fecund females (Hidalgo
et al. 2014; Conover et al. 2005; Jgrgensen et al. 2007). Further, selection pressure
towards slow growing individuals in intensively fished populations can dampen the
positive effect of increased food availability on growth at low population sizes.

4.2.2 Discards and By-Catch of Non-Target Species

The probably still most comprehensive review of the by-catch and discard problem
in fisheries was carried out by Alverson et al. (1994). The authors reviewed more
than 800 scientific papers finally concluding that approximately 27 million metric
tonnes of catches were discarded annually in commercial fisheries with generally
low to very low survivability of the discarded specimens. Highest by-catch and
discard rates were observed for shrimp trawl fisheries, lowest for pelagic fisheries
targeting menhaden or clupeids. Figure 4.2 shows a traditional North Sea beam
trawl vessel targeting brown shrimp and its typical diverse catch. Fish and other
marine taxa are discarded because of regulatory (undersized fish, over quota catch,
conservation requirements) or market forces (not fit for human consumption). It
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Fig. 4.2 Left: A typical North Sea beam trawl vessel targeting brown shrimp Crangon crangon.
Right: The catch composition in the North Sea brown shrimp fishery is characterised by a compara-
tively large amount of by-catch of non-target species and undersized shrimp

even happens that in order to maximise the profit of a fishing trip marketable fish is
discarded, if more valuable catch comes in. Meanwhile this so called “high grading”
is illegal on most fishing grounds world-wide including European waters, but often
an effective control is missing.

Next to the ethical aspect and a waste of valuable protein, discarding adds an
additional source of mortality to either already heavily exploited populations or spe-
cies that are especially sensitive to additional mortality due to their longevity or low
reproductive rates. As discards are rarely reported to full extend, they are not ade-
quately accounted for in stock assessments adding uncertainty to estimates of popu-
lation sizes (Borges et al. 2005).

Fisheries bycatch is also a global threat to highly migratory, long-lived marine
taxa including turtles (Wallace et al. 2010, 2013), birds (Croxall et al. 2012; Lewison
et al. 2012), marine mammals (Read et al. 2006), and sharks (Dulvy et al. 2003). The
reason for their vulnerability resides not only in their longevity and low reproduction
rates, but also because many of these species inhabit large distribution areas spanning
across oceans and are thus touching various separately managed major fishing areas
(Wallace et al. 2013). Reduction of unintended by-catch has been recognised as a
major challenge for sustainable fisheries and non-governmental organisations and
society put an increasing pressure on fisheries management to find solutions. A short
outlook is provided in Sect. 4.3 “Conclusions for ecosystem friendly fisheries”.

4.2.3 Impact of Fishing on Communities

At community level, fishing alters the structure of food webs and by this affects
different aspects of biodiversity (Coll et al. 2016). High diversity supports eco-
system stability and resilience (Loreau and deMazancourt 2013), as it ensures
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that at any time there are species in the system that can react to altered condi-
tions, fulfil new roles, and keep up essential ecosystem services (Jennings et al.
2001a). Spatially, biodiversity is primarily governed by biogeographic factors, but
fishing modifies abundance of target species and thus influences dominance pat-
terns. Theoretically, fishing can lead to biological extinction of species. For the
marine realm this has not been described yet as economic extinction will occur first,
but extirpation, the local loss of a population, has been already observed (Dulvy
et al. 2003).

Typically, a heavily fished ecosystem undergoes a series of structural changes. At
first, the larger individuals of the target species will diminish with the intraspecific
consequences at population level described above. Larger specimens of other spe-
cies tend to be reduced as well and the overall proportion of large individuals in the
community will decline. Smaller species will tend to dominate. At global scale this
effect has been described by Pauly et al. (1998) as “fishing down marine food webs”.
The state of marine ecosystems can be e.g. assessed by analysing the slopes of size
spectra (Shin et al. 2005). Observed size spectra typically become steeper following
intense exploitation of fishery resources. For example, size spectrum analysis in the
North Sea indicated that the biomass of large fishes is around two orders of magni-
tude lower than expected in the absence of fisheries exploitation (Jennings and
Blanchard 2004), although recently the situation has started to improve again
(Engelhard et al. 2015).

Long-term consequences of high fishing intensity are persistent alterations of
community composition and size spectra. Competition for prey, when e.g. small
pelagic fish are targeted (e.g. Tasker et al. 2000), or the removal of top predators
from the system can induce trophic cascades (Casini et al. 2008; Frank et al. 2005;
Terborgh and Estes 2010). This can reduce the overall resilience of the ecosystem
against future natural or human-made perturbations (Llope et al. 2011), or induce
general reorganisations (Frank et al. 2005). In combination with other pressures
fisheries has thus the potential to cause ecological regime-shifts (Scheffer et al.
2001; Scheffer and Carpenter 2003; Mollmann et al. 2015), which are defined as
abrupt changes between contrasting persistent states (deYoung et al. 2008).

Although predation (fisheries removes predators and releases prey species from
predation pressure) is generally believed to be one of the most important processes
structuring marine ecosystems, empirical evidence of full top-down control in the
marine realm is relatively scarce and the exact role and contribution of intensive
fishing to community reorganisations and ecological regime shifts is still under
debate (Mollmann et al. 2015). One reason might be that marine ecosystems are
generally more connective compared to other aquatic and terrestrial ecosystems and
most predator-prey relationships appear to be less tightly coupled. Conversi et al.
(2015) argue that neither the concept of top-down nor bottom-up control is sufficient
to explain the nature of regime shifts. They propose leaving behind the false dichot-
omy between biotic versus physical drivers of ecological regime shifts and rather
focus on identifying mechanisms and combining processes that may cause the
regime shifts or affect the resilience of an ecosystem.
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4.2.4 Impacts of Fishing on Benthic Ecosystems and Habitats

Understanding fisheries effects on marine habitats and non-target species has been
a topic of research for decades (Bergman and Hup 1992; Buhl-Mortensen et al.
2016; Crowder et al. 2008; de Groot 1984; Kaiser 1998; Kaiser and de Groot 2000).
Generally, fisheries can have direct and indirect effects on benthic ecosystems.
Indirectly the removal of fish and/or benthic species has the potential to alter the
structure of the foodweb and thus ecosystem functioning. Direct impacts are usually
related to the physical disturbance of the seafloor, which can change the seabed,
remove organisms, cause inadvertent mortality or injury, and affect sediment bio-
chemistry (Auster et al. 1996; Churchill 1989; Jennings and Kaiser 1998; Riemann
and Hoffmann 1991; Schwinghamer et al. 1998; Thrush and Dayton 2002).
Overall, the degree and type of fisheries disturbance is dependent on a number of
interacting factors. These include environmental properties such as habitat stability
and the frequency of natural disturbance (Fig. 4.3), but also fishing characteristics,
more specifically gear type, scale, intensity and frequency of fishing (Jennings et al.
2001a). On the level of individual fishing operations the interaction with the sea-
floor is determined by the gear design. Generally, commercial fishing gears can be
divided into two different categories: Active gears, which are towed, and passive
gears, where the target species move into or to the device. The latter encompass fish
traps and pots as well as longlines, drift and set gill nets, and their impact on the
seafloor is supposed to be low. Most of the active gear types are towed either in
midwater, just above or in contact with the seafloor. From those the mobile bottom
contacting gears, mainly otter trawls, beam trawls and dredges, are supposed to
have the largest deteriorating effects on benthic ecosystems (Kaiser et al. 2006), and

Frequency of natural
disturbance

Frequency of fishing disturbance

Fig. 4.3 Conceptual model of the relative impact of fishing pressure to benthic communities. The
colour scale corresponds to the disturbance of benthic communities from lowest (white) to highest
disturbance (black). However, the relative impact of fishing is also dependent on the degree of
natural disturbance (y-axis). The latter corresponds often with sediment type and habitat stability,
i.e. the highest natural disturbance is usually expected on sandy substrates, the lowest on hard
substrate with e.g. boulders
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in the following will deserve closer attention. These gears are deployed on every
shelf sea around the world catching demersal fish and shellfish (Kaiser et al. 2000).
Typically they use heavy otter boards or shoes to open the net and keeping the
device close to the ground, and tickler chains, mats or groundropes to force the
target species into the net. Gear design, width, weight and trawling speed determine
e.g. the penetration depth and by this the footprint of fisheries on habitats (Eigaard
et al. 2016). Bottom trawling can scour or flatten the seabed, or create furrows or
scars (Churchill 1989; Schwinghamer et al. 1998). At the same time hydrodynamic
interactions with the seafloor can increase nutrient concentrations, oxygen con-
sumption and primary productivity (Riemann and Hoffmann 1991). The most obvi-
ous direct effect of dragging fishing gears over the seafloor is the removal of target
and non-target species, and the mortality or damage of bottom living animals
(Bergman and Hup 1992; Bergman and van Santbrink 2000). Consequently, a
decrease of benthos biomass, size and diversity was frequently observed. In empiri-
cal studies, comparing parameters of a site before and after bottom trawling or
between similar sites experiencing different levels of fishing effort, species-specific
effects on density were found (Kenchington et al. 2006; Pitcher et al. 2009). Reasons
for this can be first species morphology, which affects the vulnerability to trawling.
Hard-shelled or vermiform organisms are e.g. considered to have a higher chance of
survival than fragile species, by either escaping through the meshes or remaining
un- or only slightly damaged on the seafloor (Blanchard et al. 2004; de Juan et al.
2007). Secondly, the position on or in the sediment has an influence on the vulner-
ability. Bergman and Hup (1992) revealed that the vertical distribution of a species
in the sediment was an important factor determining survival. Even the size-
dependent depth preference of e.g. Echinocardium cordatum was crucial, because
densities of smaller individuals, which prefer upper sediment layers, decreased
more significantly than larger individuals. Finally, the feeding type can influence the
specific response to trawling. Numerous studies detected significant increases of
motile scavengers in recently trawled areas (Collie et al. 1997; Kaiser and Spencer
1994; Rumohr and Kujawski 2000; Sparks-McConkey and Watling 2001), which
were partly explained by the large amount of potential food due to discards in com-
bination with damaged organisms on the seafloor.

These cumulative effects of trawling result in a change in the structure of benthic
communities, largely favouring robust, opportunistic over fragile species and alter-
ing the age and thus size structure of populations. Consequently, a number of stud-
ies revealed functional trait shifts over gradients of trawling intensity (Jennings
et al. 2001b; Hiddink et al. 2006; Tillin et al. 2006). Functional and absolute diver-
sity is supposed to be higher in undisturbed areas, e.g. with more epifaunal seden-
tary suspension feeders or sessile polychaetes living in tubes (de Juan et al. 2007).
In the contrary opportunistic traits dominate in benthic communities in heavily
fished areas, i.e. recovery rates are high due to high fecundity, rapid growth, motil-
ity, or a scavenger feeding type. In the North Sea motorised bottom trawling has
started already more than 100 years ago (Fock et al. 2014) and as expected persis-
tent effects on benthic communities can be observed. As an example, in the early 20
century reef-like structures of the tube-building polychaete Sabellaria spinulosa
had been common in the Dutch and German Wadden Sea. Nowadays these structures
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had disappeared and Riesen and Reise (1982) attributed this to the intensive bottom
trawling in these areas. This indicates that small-scale experimental field studies
investigating the direct effects of fishing cannot answer all questions and can miss
important disturbance effects that occur at larger temporal or spatial scales. For this
long-term and large-scale studies are rather needed to comply with the scale of the
disturbance regime imposed by commercial fishing fleets (Kaiser et al. 2000).
Historical effort data can partly overcome this shortcoming (Frid et al. 2000), but
here the exact level of disturbance in the past is usually unknown and information
about abundance, composition and size of species before intensive fishing began is
sparse. Therefore, we still rely on comparative studies of areas exposed to different
intensities of fishing (Collie et al. 1997; van Denderen et al. 2015a). Only in very
recent years high resolution data of fishing effort had become available by using
either the Vessel Monitoring System for fishing vessels or AIS Marine Traffic (http://
www.marinetraffic.com), which enable us to give rather exact estimations of local
trawling intensity (Gerritsen et al. 2013; Hintzen et al. 2010; van Denderen et al.
2015b). Building on this in combination with a biological trait approach, Rijnsdorp
et al. (2016) now presented a framework for the quantitative assessment of trawling
impact on the seabed and benthic ecosystem. Still, extensive knowledge about the
distribution of benthic organisms and their recovery rates is necessary. Further, fish-
ing is not the only physical disturbance of the seafloor. Next to other anthropogenic
activities (such as aggregate extraction, dumping, cables, pipelines and windfarm
development), sheer stress from tides, waves and currents, and not the least the
activity of burrowing animals cause natural disturbance of varying intensity and
frequency. This background variability influences the relative impact of fishing on
benthic communities and habitats, assuming that impacts are lower where natural
disturbance is high (Fig. 4.3) (Collie et al. 2000; Jennings and Kaiser 1998; Kaiser
et al. 1998). This interaction between environmental and anthropogenic factors and
the lack of adequate control sites due to the long history of fishing still hampers
making general inferences regarding the significance and type of effects on a par-
ticular environment (Kenchington et al. 2001; Moritz et al. 2015; Szostek et al.
2016). Furthermore, even when significant impacts were revealed, results will per-
tain only to that gear or given substrate (Hughes et al. 2014). The number of studies
published on the impact of fishing on the seabed and or benthic ecosystems grows
steadily year-on-year (Buhl-Mortensen et al. 2016), but still our knowledge of how
bottom trawling affect the seabed and the related biota is rudimentary. Nevertheless,
it is well accepted that sensitive habitats, such as deep-sea ecosystems, cold water
corals and shallow coral reefs deserve special protection from fishing.

4.3 Conclusions for Ecosystem Friendly Fisheries

Ecosystem friendly fisheries need to combine conservation, social and classical
fisheries management objectives, e.g., maximising fishery yields or profits while
minimising ecosystem impacts. At first glance, it is not readily obvious how these
objectives could be reached at the same time, but the underlying mechanisms to
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achieve at least the conservation and classical fisheries management objectives are
to a large degree congruent. For example, the MSY target in fisheries management
requires fish stocks to unfurl long-term, high productivity, which can only be
achieved in healthy and productive ecosystems and requires these fish stocks to be
maintained at comparatively large stock levels. Similarly, the reduction of unin-
tended by-catch and discards reduces the post harvesting effort in fisheries and at
the same time addresses the conservation objective to minimise the ecosystem
impact of fishing. For these two aspects, i.e. achieving the MSY-target and reducing
by-catch and discards, fisheries and conservation objectives are not in contradiction
to each other and achieving these goals would contribute a lot to the ecological
sustainability of fisheries.

Managing fisheries towards the MSY goal is comparatively straightforward and
can be achieved within current TAC-based (“total allowable catch”) fisheries man-
agement frameworks, although there are a number of issues to be resolved in defin-
ing MSY-related biological reference points for management in a multi-species and
mixed fisheries context (Kempf 2010; Thorpe et al. 2015). More challenging is the
second aspect, i.e. reducing the unintended by-catch of non-target species and the
physical impact of fishing gears on benthic habitats. From the management perspec-
tive this aspect can be addressed in various ways. To name a few: Sensitive habitats
and their local communities benefit from closed areas; seasonal closures can prevent
catching undersized fish on their nursery or feeding grounds; gear restrictions and
modifications may increase the selectivity of a fishery in various ways; and financial
and other incentives can help to change the behaviour of fishermen towards more
sustainable fishing practises (Kraak et al. 2012).

Technical measures including gear restrictions and modifications will become
extremely important instruments in the toolbox of fisheries management in the
future and are underpinned by substantial advances in understanding target and non-
target species’ behaviour and the tremendous progress in marine and maritime tech-
nology. So-called smart-gears are one option that make use of avoidance or escape
behaviour to minimise unintended catch. In separator trawls, e.g., the upward swim-
ming target species are guided by bars into the net belly, while other by-caught
species moving downward can escape through a large escape window in the bottom
panel of the net (Fig. 4.4). Pulse trawls, where typically tickler chains are replaced
with a series of electrical drag wires, send electrical pulses, which stun or shock
target fish or shrimp out of the ground and into the net resulting in reduced physical
disturbance of the seafloor, lower discard rates and fuel costs. However, it is still
ambiguous in how far non-target marine organisms not retained in the net are
affected by the electrical fields. In hook and line fisheries, understanding of foraging
behaviour helps to attract target species or avoid catching the wrong species by the
choice of bait. Technical solutions like a special circular hook shape prevent sea-
birds from being by-caught. Most recent gear technology innovations, though not
yet commercially implemented, include using optic-acoustic sensors and image
analyses software for species identification in combination with multi-opening-
closing nets to separate wanted from unwanted catch.
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Fig. 4.4 Separator trawl in action. The net is equipped with guiding bars and a downward looking
escape window in the net tunnel. Downward movement is a typical escape behaviour of several fish
species (Photo © by Daniel Stepputtis, Thiinen-Institute)

All in all, these new technical developments and the improved scientific under-
standing of animal behaviour can help to achieve the transition towards sustainabil-
ity in fisheries (see also Chap. 33 by Serdy, this book). At the same time, there is a
trade-off, as technological progress can greatly increase the efficiency of a fishery.
It is therefore a major task of future fisheries management to balance technologi-
cal innovations to improve selective fishing and uncontrolled increases in catching
efficiency.
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Chapter 5
Mariculture

Thomas A. Wilding, Kenneth D. Black, Steven Benjamins, and Iona Campbell

Abstract Mariculture is the cultivation of marine species for human-benefit.
Mariculture is a rapidly growing sector and is making an increasingly important
contribution to global supplies of high-quality food. Mariculture can be divided into
high- and low-input categories depending on the extent to which feed and medicines
are a core part of the operation. Examples of high- and low-input mariculture opera-
tions include the cultivation of salmon and mussels respectively. Mariculture has a
number of impacts on the marine environment. These impacts include the spread of
non-native species, genetic modification of sympatrics, negative-interaction with
predators, local-scale organic enrichment and habitat modification, effects of che-
motheraputants on non-target organisms and the transfer of parasites/disease to
native stocks. Some impacts of mariculture are relatively well understood, at least
in some locations, but research is very much ongoing as new mariculture challenges,
demands and opportunities arise. Regulation of mariculture varies widely between
nations and there remain questions about the spatial extent, and nature, of unaccept-
able changes attributable to mariculture and how to incorporate mariculture into
marine spatial planning.

Keywords Food ¢ Salmon ¢ Mussels ¢ Farming ¢ Impacts ¢ On-native-species ®
Marine spatial competition * Biofuels

5.1 Introduction

Mariculture is the cultivation of fish, or other marine life, for food or other useful prod-
ucts for human-benefit. Mariculture occurs in the sea, or on land with seawater pumped
ashore. Organisms suitable for mariculture can be divided into four main categories:
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finfish, crustacea, molluscs and others. Mariculture is a rapidly growing sector with the
primary drivers being the decline of wild-caught fish/shellfish in the face of growing
demand for both basic protein and high-quality/luxury food items (FAO 2014a).

Global mariculture production reached ~25 million tonnes in 2012 equating
~40% of total aquaculture production (excluding marine algae) (FAO 2014a).
Mariculture occurs on all continents (excluding Antarctica) with Asia (particularly
China) being the main (81% of total) production centre. Global mariculture produc-
tion increased, approximately linearly, over the period 1990-2012, at a rate of 2.4
million tonnes per year and, in 2014, was worth approximately $53B (FAO 2016).
In 2012 the estimated number of jobs (direct and indirect) associated with aquacul-
ture (both freshwater and marine) was ~36 million (FAO 2014b). Given that mari-
culture makes up ~40% of total aquaculture production (2012) (FAO 2014a) this
suggests that ~14 million jobs are currently dependent on mariculture.

In terms of environmental impacts associated with mariculture, a useful categori-
sation is to divide the sector into high- and low-input operations. High-input mari-
culture includes the culture of predatory finfish (e.g. salmon) where feed is a major
input and where predator/parasite control incurs a considerable cost. This contrasts
with low-input mariculture where the feedstock is obtained from the water column
and which includes filter-feeding species including bivalves such as mussels. High-
input mariculture operations are usually ‘intensive’ in terms of the biomass sup-
ported per unit of water volume but this can also apply to low-input operations (e.g.
suspended mollusc culture).

Low-input mariculture is generally perceived as being a more benign method of food
production because waste generation is generally less and because there are fewer, if
any, environmental issues in feed-stock sourcing. However, both high- and low-input
mariculture inevitably cause changes in the receiving environment and these changes
occur at a range of temporal and spatial scales that are linked to the production method,
the scale of the mariculture operation and the nature of the receiving environment.

The impact of mariculture is a broad, diverse and multidisciplinary subject.
Impacts occur at local- to regional-scales (Tett et al. 2011) to those that are distant
and indirect e.g. from sourcing feedstocks (Naylor et al. 2009). Mariculture impacts
affect various stakeholders (farmers, other-space users and consumers) in differ-
ent ways (Alexander et al. 2016). These aspects have been extensively reviewed:
within a ‘driver-pressure- status-impact-response’ framework mariculture impacts
are described by Tett (2008) whilst the environmental impacts of bivalve maricul-
ture is broadly reviewed in Kaiser et al. (1998) and, more recently, Keeley et al.
(2009). The present work provides a synthesis of the subject and aims to bring it up
to date. Our main focus in this overview is on Atlantic salmon (Salmo salar) and
we limit our primary focus to those impacts occurring within the host water body.
Comparisons are made to other species (particularly the blue mussel, Mytilus edulis)
to provide a context and explore where differences and similarities occur and we
briefly consider integrated mariculture and marine-biofuels. Our context is mainly
Scottish but we draw on experience from a range of environments and locations. For
the purposes of this review, the assumed culture condition for salmon is sea-based
nets (Fig. 5.1) and, for mussels, suspended line culture (Fig. 5.2) (Wilding 2012).
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Fig. 5.1 Example of salmon farm, Isle of Skye, Scotland, UK. Note the feed barge (centre, left)
connected to the individual nets by feed-tubes along which feed is blown. Feeding is controlled
automatically or by remote-control. Photo by T. Wilding

Fig. 5.2 Example of a mussel-farm, Loch Leven, Scotland. Individual mussel lines are supported
underneath the black floats. This is a relatively small-scale operation within the Scottish context.
Photo by T. Wilding
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5.2 Mariculture and the Receiving Environment

The environmental impacts associated with any mariculture operation are
fundamentally linked to the receiving environment. Siting mariculture operations
is, inevitably, a compromise between the operators, other stakeholders and the envi-
ronment. For salmon and mussels, operators need storm-sheltered waters to limit
infrastructure and access costs. However, they also require exposure to reasonable,
but not extreme, water-flow to ensure adequate ventilation (waste product removal,
oxygen supply) and, in the case of filter-feeding crops, food delivery whilst limiting
infrastructure costs (e.g. moorings). Mariculture operations require the water to be
of sufficient depth to sustain nets/droppers of a viable size but not so deep as to make
anchoring a problem (Kapetsky et al. 2013). In addition, farms need to be located
where the water meets microbial and chemical-contamination criteria and is of a
suitable temperature and salinity range. These requirements limit the space in which
mariculture operations are currently technologically and economically viable and,
as such, they compete with other maritime sectors (e.g. ports, shipping, amenity;
Kapetsky et al. 2013). At the smallest scale, mariculture operations are artisanal and
have no substantive impact outside their immediate vicinity. Modern operations are,
generally, larger as companies seek scale-efficiencies and as markets grow. Modern
salmon farms can hold well in excess of 10,000 tonnes at maximum biomass and
modern mussel farms aim to produce ~10,000 tonnes per year (e.g. http://www.
offshoreshellfish.com/) along ~1000 km of mussel line (Plew et al. 2005). As a con-
sequence of this space competition and for environmental reasons (see Sect. 5.2.4)
there is increasing interest in developing the technology/materials to enable the
sector to occupy more exposed (dispersive) sites (Kapetsky et al. 2013). Currently,
however, in order to meet environmental criteria, in Norway, Scotland, Chile and
New Zealand, mariculture sites tend to be located in flooded glacial valleys (e.g. sea
lochs and fjords) whilst in Spain mussel culture occurs in rias (flooded river valleys).
Mariculture can impact the environment in a number of ways. Here, these
impacts are divided into six categories with salmon farming being implicated in all
six and mussel farming being more environmentally benign (Table 5.1). Issues sur-
rounding feedstock sourcing are not considered here (see Naylor et al. 2009).

Table 5.1 Relative importance of impacts from salmon and mussel farming

Issue Salmon Mussels
Introduction/spread of non-native species 3 3
Genetic modification of sympatrics 3 2
Interaction with predators 3 1
Eutrophication, organic enrichment and habitat modification 3 2
Chemotheraputants and non-target organisms 3 NA
Parasite transfer to wild stock 3 0

Scoring: 0—no meaningful impact; |—impact of the environment on the sector, 2—some impact
from the sector on the environment (or vice-versa) but not perceived as a high priority, 3—a high
degree of perceived threat from the sector on one or more aspects of the environment. NA not
appropriate/relevant
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5.2.1 |Introduction of Non-Native Species

The spread of non-native species is considered a major threat to our seas and, by
2008, mariculture was implicated in the introduction of 130 non-indigenous spe-
cies (41% of the total number) of which ~70 were considered harmful (Molnar
et al. 2008) (Kuhlenkamp and Kind, Chap. 25). Mariculture is implicated in non-
native species introductions via three main routes: Route 1. Escape of non-native
mariculture species which become feral (Cook et al. 2008). Feral mariculture spe-
cies include the Pacific oyster (Crassostrea gigas) which now dominates certain
intertidal areas (e.g. around ile de Ré, France, personal observations) and where
the impact is a reduction in amenity use alongside a reduction in growth of non-
feral cultured oysters (Dutertre et al. 2010) because of direct competition. The
naturalisation and spread of mariculture species beyond their intended range may
be attributable to climate change (Callaway et al. 2012). Route 2. Where non-
native species (including pathogens) associated with the mariculture species, or
infrastructure, are spread via the movement of mariculture-stock between farm-
ing operations (Cook et al. 2008) and Route 3. Via habitat provision—mariculture
infrastructure (e.g. buoys, nets, ropes) provide an ideal habitat for some non-native
species (Ashton et al. 2007). Careful management of mariculture is required to stop
its involvement in the spread of non-native species (Cook et al. 2008) and reduce
the economic losses it is suffering as a consequence of them (Aldred and Clare
2014; Cook et al. 2008).

5.2.2 Genetic Modification of Sympatrics

The loss of stock from sea-based mariculture operations, to the broader environ-
ment, is inevitable. Stock losses can occur following damage of the supporting
infrastructure (e.g. nets and supporting ropes) and this can occur as a consequence
of storm, predators and even deliberate sabotage (Jackson et al. 2015). In the case of
salmon, escapees tend to return to their natural life-cycle and, depending on their
size, migrate into rivers. Most farmed fish, particularly salmon, are bred to optimise
their farm-based performance. There is concern that successful interbreeding of
wild-fish and escapees will modify the wild-fish gene pool and, ultimately, decrease
the fitness of wild-fish population (Bourret et al. 2011; Jonsson and Jonsson 2006).

For mussels (e.g. Mytilus edulis) the seed-stock is frequently sourced locally,
from wild populations. Even where local sourcing occurs wild-stock genetic modi-
fication, from the reproductive efforts of the stock in culture, can still occur although
the impact is likely to be less severe. For example, in Scotland (UK), M. edulis
culture has been linked to the increase in prevalence of closely related M. trossulus
(and hybrids) which has caused the industry to close in some locations (Michalek
et al. 2016). The seed-stocks for non-native species, for example the Pacific oyster
Crassostrea gigas in Europe, are generally produced in specialist hatcheries and
this enables genetic selection to be undertaken. Where a non-native species is being
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cultured the concept of genetic modification of sympatrics does not apply but
introduced mariculture species can hybridise with closely related wild-counterparts
with unknown consequences (Xiang 2007).

5.2.3 Control of Predators—Acoustic Pollution

Maricultured species are often stocked in very high densities relative to the sur-
rounding environment and are typically kept in confined spaces where escape
options are limited. As a consequence mariculture sites often attract the attention
of a range of predators, including marine mammals and seabirds. Such foraging
opportunities may result in local changes in predator abundance and distribution
as animals aim to exploit a novel food resource (Kirk et al. 2007; Zydelis et al.
2009). Main predators of farmed-salmon are seals and, for mussels, a variety of
duck species. The economic losses attributable to predation can be considerable
(Kirk et al. 2007; Nelson et al. 2006; Piroddi et al. 2011; Sepulveda and Oliva
2005). Reducing the impact of predators can take the form of preventing access,
deterrence or lethal removal (e.g. shooting; Coram et al. 2014). Non-lethal methods
are more societally acceptable methods of predator control and, in Scotland (UK),
have included changes in infrastructure design to allow greater tensioning of the
net, increasing the size of pens and reducing fish densities (Northridge et al. 2013)
all of which reduce vulnerability to seal attacks. However, seal predation is still a
major problem within the Scottish industry and there has been growing recourse to
acoustic deterrents (Lepper et al. 2004). Acoustic deterrents aim to either elicit a
perceived threat in the predator (which then hopefully avoids the source) or causes
confusion or, if sufficiently loud, pain in the predator (Schakner and Blumstein
2013). Although such sounds can result in short-term aversion among predators the
long-term efficacy of these devices is unclear, with strong potential for habituation
and association of sound with an easily accessible food resource (the ‘dinner-bell’
effect; Anderson and Hawkins 1978; Jefferson and Curry 1996). Widespread use
of acoustic deterrents results in considerable acoustic pollution of the surrounding
environment and has been shown to lead to disturbance and habitat exclusion for
several other marine mammal species (e.g. harbour porpoise; Brandt et al. 2013;
Morton and Symonds 2002; Olesiuk et al. 2002). The effects of acoustic deter-
rents on other non-target species, including vocalising fish such as cod, are largely
unknown (Goetz and Janik 2013).

Predation of cultured mussels by ducks is a major issue facing the industry. In
Canada and Scotland, chasing the birds, using boats, was routinely used but this
type of intervention has considerable costs, is only a short-term solution and, in
Scotland at least, is now illegal. Acoustic deterrents have been used (Ross et al.
2001) and proven effective, but they too constitute noise-pollution with unknown
ecological consequences (see above). The feeding opportunities afforded by mussel-
lines has resulted in the enhancement of some bird populations (Zydelis et al. 2009)
but whether this should be perceived as a positive impact is not clear. Bird predators
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dislodge large volumes of mussels during their foraging and those not consumed
fall to the seabed with subsequent impacts (see Sect. 6.6). Whilst sea-mammals do
become entangled in fishing gear and drown (Northridge et al. 2010) there is cur-
rently very little evidence of mammal or bird entanglement with mariculture struc-
tures (Young 2015) though if/when the industry moves offshore (Kapetsky et al.
2013) this potential should be re-evaluated.

5.2.4 Salmon-Farming, Eutrophication and Organic
Enrichment

High-input mariculture (e.g. fish-farming) requires intensive feeding of fish that are
held in relatively high densities. High-input mariculture results in high-levels of
waste (fish-faeces and excretory products) entering the environment. One Norwegian
study determined that approximately 400, 51 and 9.5 tonnes of carbon, nitrogen and
phosphorous respectively were released into the environment for every 1000 tonnes
of fish produced (Wang et al. 2012). The impact of these nutrients differs according
to the receiving environment. Whilst fish-farm impacts might be difficult to detect if
the production site is sufficiently dispersive, most fish- and mussel-farms are, at
least, associated with a degree of nutrient and organic enrichment occurring in their
immediate vicinity.

Elevated levels of inorganic nutrients (mainly nitrates and phosphates) in marine
systems have long been implicated in eutrophication and the subsequent adverse
consequences such as harmful algal blooms (Hallegraeff 1993) (van Beusekom,
Chap. 22) which can devastate mariculture (Matsuyama and Shumway 2009).
Whilst eutrophication, and its resultant problems, are not linked to fish-farming
itself, there is considerable interest in combining seaweed and fish mariculture in
‘integrated multi-trophic aquaculture’ in order to capitalise on the enhanced growth
of macroalgae around fish-farms (see Sect. 7.1).

Much of the organic enrichment attributable to fish-farming arises because fish-
faeces sink and accumulate on the seabed. Where a new farm is established, the
sediment underlying the farm will be altered and will attain a new equilibrium state
that reflects the extent of organic enrichment (related to the scale and nature of the
mariculture operation) and the environmental conditions prevalent at the site, par-
ticularly current exposure which disperses the organic material (Black et al. 2009;
Black 1994). The impact of organic material on muddy-sediment macrofaunal
assemblages is relatively well understood (Black 1998; Pearson and Rosenberg
1978; Pearson and Black 2001; Pearson and Stanley 1979; Wu 1995). The input of
faecal material increases microbial oxygen demand and results in the depletion of a
series of terminal electron receptors (in respiration) in the order oxygen, manga-
nese, nitrates, iron oxides, sulphates and, ultimately, carbon dioxide (Schulz 2000).
The reduction of sulphate generates hydrogen sulphide which is highly toxic to a
majority of benthic infauna and, typically, such sites are characterised by a super-
abundance of sulphide tolerant species such as the polychaete Capitella capitata
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(Pearson and Rosenberg 1978). Such sediments are considered ‘highly impacted’
but, at more extreme levels of organic enrichment, where oxygen is absent even at
the sediment’s surface, the sulphide-oxidising bacteria Beggiatoa sp. dominates at
the expense of tolerant polychaetes and the sediment’s assimilative capacity, in
terms of carbon-cycling, is diminished. This is because anaerobic processes are
slower than aerobic metabolism but also because extirpated bioturbating organisms
would otherwise provide an additional stimulus to carbon degradation (Heilskov
and Holmer 2001).

In Scotland, the regulation of fish-farms, from an environmental perspective, has
been largely dependent on the modelled benthic footprint based on thresholds
related to the macrobenthic infaunal indices (e.g. infaunal trophic index, ITI) set
with the objective of maintaining bioturbation function (Cromey et al. 2002a, b).
The determination of metrics such as the ITI relies on manual sorting and identifica-
tion of specimens collecting around the farm using a benthic grab (e.g. Wilding and
Nickell 2013) and is time consuming and expensive (approx. £1M per year across
the Scottish industry) and requires considerable taxonomic expertise. Recent devel-
opments in metabarcoding, using next generation sequencing technologies, have
been applied to fish-farm monitoring and look very encouraging (Pawlowski et al.
2014; Lejzerowicz et al. 2015). Metabarcoding is the identification of organisms
(e.g. those retained in a grab) by means of extracting multispecies DNA from the
sampled sediment and identifying those species present based on sequencing diag-
nostic genes (to give a ‘molecular taxonomy’). DNA metabarcoding can be com-
pleted within a week of sampling using current technology. The development of this
approach will reduce industry costs and, very importantly, allow near-real-time ben-
thic condition assessments allowing better regulation and maximisation of site bio-
mass potential.

The consequences of fish-farming on megabenthic organisms, including those
requiring a hard-substratum, is much less well researched than for macrobenthos
because, historically, most farms were located over mud and because megabenthic/
hard-substratum communities are harder to monitor (Wilding et al. 2012). Given the
push towards locating mariculture over more dispersive sites (see Chap. 6) this con-
stitutes an increasingly important data gap. Research in Scotland has demonstrated
that moderate organic enrichment may have beneficial effects (in terms of food
provision, either directly or indirectly) to megabenthos but only up-to a distance-to-
farm threshold which is site specific (Wilding et al. 2012).

5.2.5 Salmon-Farming, Chemotheraputants and Non-Target
Organisms

One of the major problems affecting salmonid culture in areas hosting native salmo-
nids is infection with lice. Lice are crustacean ectoparasites that, in high densities,
cause serious skin-lesions which both weaken the host fish and makes it more sus-
ceptible to disease. The high densities of farmed salmon and their long-term
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presence at a given site make salmon farms very susceptible to lice infestations.
There are two main issues related to lice and the perceived importance of these dif-
fers between countries: (1) concern that farm-lice infestations transfer to wild-
stocks (Costello 2006, 2009) and (2) that chemical-based lice-control methods have
negative impacts on non-target organisms. The farmed-lice contagion issue is par-
ticularly prevalent in Norway (Torrissen et al. 2013) where fish lice numbers, on
farmed fish, are closely monitoring and where control is required where lice exceed
certain thresholds (Liu and Bjelland 2014). Similar regulations are also in place in
Scotland (SSPO 2015) but there is little information in the public domain regarding
enforcement and aggregated lice data which are available evidences occasions
where lice levels are greatly in excess of targets in Norway.

In order to reduce the impact of lice on farmed salmon a number of treatment
methodologies (chemical and biological) have been developed. Chemical controls
can be classified into two types: infeed and bath (Burridge et al. 2010). Infeed treat-
ments, such as emamectin benzoate (EMB), are delivered by treating feed-pellets
which are fed to the fish in the normal way, usually over a period of week. EMB
enters the fishes’ tissue and is taken up by feeding lice which, if the dose is sufficient,
are killed. EMB is eliminated by the fish, over an extensive period (at least 200 days)
following treatment. EMB is insoluble and particle affinitive and accumulates on the
seabed with faecal material. Other chemotheraputants, such as the pyrethroids and
organophosphates, are applied topically in ‘bath’ treatments which occur within the
nets which are temporally enclosed by a tarpaulin. Following treatment, the tarpaulin
is released and the ‘bath’ contents and fish are released back into the fish-cage and the
treatment disperses into the receiving water body and is rapidly highly diluted. The
environmental impacts of bath treatments on, for example pelagic zooplankton are,
consequently, likely to be hard to detect (Willis et al. 2005) even though high sensi-
tivity in crustacean zooplankton has been reported for some lice-treatment chemicals
(Fiori 2012). As with most chemical treatments, continued use is associated with
the development of resistance in the target organism (Burridge et al. 2010) and the
need for an increased dose to be effective. This effect has been observed in Scotland
(where EMB use doubled over the period 2003—2012) and elsewhere for many years
in relation to EMB (Lees et al. 2008) and other chemicals (e.g. hydrogen peroxide;
Burridge et al. 2010; Treasurer et al. 2000). Burridge et al. (2010) noted EMB was
associated with premature moulting in Homarus americanus but it was considered
that wider-scale impacts were unlikely. However, Waddy et al. (2010) demonstrated
that chronic EMB exposure, to levels much lower that the ‘no observable effect level’
were very damaging to lobsters. Monitoring work in Scotland has shown EMB to
be present at much higher concentrations, and at much greater distances, than pre-
dicted by models, and at levels above the environmental quality standard (Berkeley
et al. n.d.). The effect of the increased use of EMB, in response to the development
of resistance and withdrawal of other chemicals, and its far-field transport, on non-
target crustacea, remains poorly understood. Fish-farms also use a plethora of other
chemicals in their routine operation. These chemicals include various biocides, anti-
biotics (Halling-Sgrensen et al. 1998), and various copper-based anti-fouling chemi-
cals (Fitridge et al. 2012) among others (Burridge et al. 2010; Tett 2008).
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Biological control of lice offers considerable potential in the face of increased
resistance to chemical control and increasing concern about the environmental con-
sequences of chemicals on non-target organisms. Biological control of lice can be
achieved using ‘cleaner-fish’. In the NE Atlantic (Scotland and Norway) cleaner fish
are predominantly of the Labridae (wrasse) family. In Scotland and Norway wrasse
were, initially, sourced from the wild and, as demand grew, this resulted in overfish-
ing (Darwall et al. 1992; Torrissen et al. 2013). Where wrasse are bred specifically
as cleaner-fish (Torrissen et al. 2013) their escape may pose similar environmental
issues as those of escaped salmon in terms of genetic modification of native stocks.
Cleaner-fish such as wrasse have very specific requirements in order to thrive and
these must be met by the farmer if lice control is to be successful. Wrasse, for
example, require shelters to protect them from bird predators (wrasse are inactive
during darkness and vulnerable to predation at this time) and the salmon them-
selves. They are also vulnerable to extremes of temperature and salinity and require
supplementary food where the lice are insufficiently abundant. There are also issues
in matching the size of the wrasse and farmed fish, and the wrasse needs to be fed
and trained not to take the farmed-fishes’ feed (Treasurer 2013). There remains an
issue of supply as, at the recommended ~4% stocking density, 1.4 and 10 million
wrasse will be required for the Scottish and Norwegian industries respectively
(Treasurer 2013). Providing a reliable supply of cleaner-fish, and maintaining them
in a healthy state whilst co-residing with salmon, is an active area of research
(Treasurer and Feledi 2014).

5.2.6 Mussel-Farming, Plankton Alteration and Benthic
Habitat Alteration

Mussels have an impressive filtration capacity and, where available, filter more par-
ticles than they ingest. The excess filtered material is mucus-wrapped and ejected as
pseudo-faeces (Newell 2004). Ejected faecal and pseudofaecal material (collec-
tively ‘biodeposits’) sinks and accumulates on the seabed to an extent dependent on
site characteristics. The accumulated biodeposits constitute organic enrichment
(Newell 2004) and the impacts are similar to those occurring around high-input fish-
farms (see Sect. 6.4) but are generally less severe (Wilding 2012). The filtration
capacity of mussels is such that their culture in high densities can make meaningful
and large-scale changes in planktonic assemblages in the host water body (Grant
et al. 2007, 2008; Jiang and Gibbs 2005) and, consequently, changes in light pene-
tration through the water column. Changes in light penetration potentially affect
both micro-and macro-phytobenthos (Newell 2004). The redistribution of organic
matter by the introduction of mussel farms also has the potential to effect nutrient
cycling in the host water body and promote denitrification/nutrient extraction where
used carefully (Hughes et al. 2005; Stadmark and Conley 2011).

The culture of bivalves, including mussels, inevitably results in losses of stock to
the seabed. This can be because of storms, overstocking, bird-predation or the direct
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dumping of unwanted stock. Detached mussels attract benthic predators/scavengers
including crabs and starfish. In Scotland starfish were estimated to be ten times
more abundant than at background levels in close proximity to mussel lines (Wilding
and Nickell 2013) and this effect has been associated with increased reproductive
success in starfish with unknown consequences (Inglis and Gust 2003). Empty
shells, in various states of degradation (shell-hash) typifies production sites, can be
several cm thick with >20 kg/m being recorded in some locations (Wilding and
Nickell 2013). Shell hash is associated with varying quantities of trapped organic
particles (including biodeposits) and, consequently, enhanced macrobenthic popu-
lations (Hartstein and Rowden 2004; Wilding and Nickell 2013).

5.3 Management Requirements

The local scale (100-500 m) impacts of salmon and mussel mariculture operations
are relatively well understood (with some notable exceptions, e.g. the effects of
chronic chemotheraputant use), reflecting the relative ease of detecting meaningful
change over this spatial scale within a realistic sampling programme. Much less
well understood are the larger-scale (ecosystem) consequences of mariculture
(Holmer et al. 2008) though there is evidence of long-lasting, bay-scale impacts
(Pohle et al. 2001). Within the Scottish context, other important industries that share
space with mariculture sites are other mariculture operations (other fish-farms, mus-
sel/oyster farms), commercial fishing, commercial shipping and amenity access
(e.g. tourist yachting). In any management of impact from multiple sources there
should be an allocation of pressures (e.g. nutrient release) through a planning pro-
cess (Tett et al. 2011). However, within Scotland, the total environmental assimila-
tive capacity is assessed and consents are given, on a first-come-first-served basis,
until the threshold is reached. Mariculture operates within a system of ongoing
change (e.g. natural trends and those attributable to large-scale anthropogenic
sources such as climate change). For these reasons, larger-scale impacts are harder
to detect and, importantly, harder to attribute to any one site or industry. Under these
circumstances, large-scale (e.g. sea-loch or region) models can be useful and have
been applied to predictively quantify salmon mariculture impacts in restricted
exchange environments (Tett et al. 2011). In an assessment of the global-scale (life-
cycle) assessment of salmon farming Pelletier and Tyedmers (2007) showed consid-
erable regional differences in material/energy costs per unit of production and that
the feed-stock source was the principal factor determining overall cost.

The degree of regulation of mariculture operations generally reflects the environ-
mental regulatory culture in the host nation (Holmer et al. 2008) (Taylor and Wollff,
Chap. 34). In Scotland, regulations regards the maximum biomass permitted at any
given farm site is currently a major factor limiting the growth of the Scottish salmon-
farming industry and is reducing its international competitiveness. However, at the
time of writing fish-farm regulation is changing through the adoption of the
‘Depositional Zone Regulation’ (DZR) in line with the European Union’s Water
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Framework Directive (Tett 2008). As a consequence of this change the regulator
will specify a descriptive maximum biomass for a given site, and allow increases
above this level where these are demonstrably sustainable.

5.3.1 Improving Sustainable Management

One method of enhancing the sustainability of mariculture operations might include
the adoption of Integrated Multi-trophic Aquaculture (IMTA; Chopin et al. 2001).
IMTA is built on the principle of waste recycling, where wastes from higher trophic
species (e.g. salmon) are captured by extractive species (e.g. mussels, macroalgae),
which assimilate it into more valuable products (Chopin et al. 2001; Reid et al.
2009; Wang et al. 2012). Co-cultivation of high- and low-input mariculture species
within the same water body has been practised on a large-scale in China since the
1980s. The largest of these sites is Sannggou Bay in the Shandong province of
China in the Yellow Sea, which spans >100 km? and produces >240,000 t of seafood
from >30 species (Fang et al. 2016). Within this water body fish in cages are grown
with bivalves (scallops and clams), seaweeds (Saccharina and Gracillaria spp.),
abalone and sea cucumbers. Evidence from this area has demonstrated reduced
impacts through reduced waste accumulation and increased growth where species
are integrated (Fang et al. 2016). This has also been reflected in European and North
American IMTA systems, which have shown that kelp grown on long-lines adjacent
to salmon in net pens have increased growth (Wang et al. 2014) but whether this can
mitigate against the nutrient output from farms remains uncertain (Jansen et al.
2015). The extent of the real economic and environmental benefits of IMTA remains
to be proven.

An alternative situation that could benefit from (non-integrated) multi-trophic
aquaculture occurs in highly diluted systems where cultivated species (e.g. salmon
and mussels) are considered within the larger water-body in the context of regional
environmental carrying capacity (Hughes and Black 2016). This solution may not
only be more productive in reducing the environmental impact of marine aquaculture
expansion, but will help diversify the system away from reliance on monocultures.

5.3.2 Macroalgae and Biofuels

With the global drive to find a sustainable source of biofuel, attention has turned
to macroalgae cultivation to provide an alternative feedstock (Ahmad et al. 2011;
Borines et al. 2011; Bruton et al. 2009; Hughes et al. 2012). Macroaglae cultiva-
tion in Europe is currently driven by both the need for fossil fuel alternatives, and
the production of high value extracts used in the food and pharmaceutical sectors.
Currently, first generation biofuels are derived from starch, sugar, animal fats and
vegetable oils and compete with global food production for the already limited
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agricultural resources. Biofuels produced from non-food crops have developed into
a second generation fuel sector, from feedstocks such as waste vegetable oil and
grasses. Although second generation biofuels don’t directly compete with crop pro-
duction for food, they still compete for arable land and water resources. As a result,
third generation of biofuels derived from algae, primarily microalgae have become
preferable as they provide fuel in much greater quantities than both first and sec-
ond generation biofuels (Ahmad et al. 2011; Singh et al. 2011). One of the major
restrictions of biofuel production from microalgae is their requirement for large
volumes of water and fertilisers, although techniques could be improved for cost-
effective production. Mariculture of macroalgae offers an alternative to microalgae
(Kraan 2013), as they are currently cultivated in the oceans they do not compete
for land, they do not require freshwater and are naturally fertilised by the nutri-
ents available in the water column. Cultivation of macroalgae on a scale required
for biofuel production has proven technically and economically difficult (Hughes
et al. 2012; Kraan 2013). If macroalgae cultivation is to expand across Europe, it is
important to understand the potential negative impacts this may have on the envi-
ronment, before extensive production is established. Potential impacts will likely
be a result of changes in the environment which are induced by hanging long-lines
of macroalgae. These changes are largely comparable to long line shellfish culture,
such as reduced flow, increased shading and organic enrichment from tissue loss.
However, in contrast with shellfish cultivation which remove Particulate Organic
Matter (POM) and release pseudofeaces into the water column, macroalgae will
cause localised removal of dissolved inorganic nutrients and will exude some of
those nutrients back into the water column.

Optimising seaweed culture is active research area and is being piloted in several
parts of the world. Should this industry develop outside its traditional Asian setting,
several significant environmental and economic challenges are likely to remain
despite the relatively benign nature of farming. In common with the enormous
changes to the landscape, habitats and biodiversity that have accompanied the wide
establishment of grassland as animal fodder in terrestrial systems, the adoption of
large scale macroalgal culture will necessarily cause changes to benthic and pelagic
marine ecosystems. Marine spatial planning at the scale of seaboards is a significant
challenge to policy formulation (Ounanian et al. 2012) although it is possible that
synergies between competing users can be found to optimise resource use (Lacroix
and Pioch 2011).

5.4 Outlook

The sea overs massive potential as a location for food production and mariculture
will become an increasingly important sector providing food and energy to an
expanding human population. Intensive mariculture (e.g. salmon) offers consider-
able potential to produce high-quality ‘luxury’ food for wealthy consumers but, in
common with all intensive farming methods, will frequently interact negatively
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with the receiving environment. Whilst larger-scale, less-intensive crops, such as
mussels and macroalgae offer considerable potential for low-input, lower-cost mari-
culture, their physical size means that they have considerable scope for negatively
interacting with other users of the sea. Optimising the balance between the needs of
societies” consumers whilst maintaining environmental ecosystems upon which
they depend is a key challenge facing policy makers and regulators.
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Chapter 6
Shipping

Alan Simcock

Abstract Shipping has been an important part of the world economy for at least
4000 years. With the advent of steamships in the nineteenth century, international
trade blossomed. Recent developments, particularly in containerization, have
increased the economic significance of shipping. As ships have increased in size,
and the amount of trade that they carry has increased, the risks to the environment
have likewise increased. These risks involve pollution from oil, hazardous and nox-
ious substances, sewage, garbage, antifouling treatments, noise and wrecks. Over
the past 40 years, increasing efforts have been made to manage these risks. These
have been successful in respect of ship losses and oil pollution, but other areas
remain of concern.

Keywords Cargo ¢ Ferry ¢ Garbage ¢ Hazardous « HNS ¢« MARPOL ¢ Noise °
Noxious ¢ Oil * Passenger ¢ Pollution; Sewage ¢ Shipping * Vessel

6.1 Structure and State of the Shipping Sector

6.1.1 Structure of Shipping

Shipping has been fundamental to large parts of the world’s economy for at least
4000 years: the Bronze Age largely relied on long-distance imports of tin to achieve
its successes in introducing metal tools. From the fifteenth century CE, the develop-
ment of trade routes across the Atlantic, Indian and Pacific Oceans transformed the
world. The introduction of steamships in the nineteenth century CE produced an
increase of several orders of magnitude in world trade. Because of the importance of
shipping to the global economy, the United Nations has created a specialised agency,
the International Maritime Organization (IMO) to consider the issues that it raises.
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In the last 60 years, the introduction of standardized containers has transformed
general cargo shipping, which previously had to be loaded package by package with
relatively long times to turn ships around and high labour costs. The convenience of
being able to handle practically all forms of general cargo in this way is a major fac-
tor in producing the massive expansion of long-distance maritime transport. For a
long time (1990-2005), growth in containerized cargo transport was on average 3.4
times the growth in world GDP (UNCTAD 2014). At the same time, carriage of bulk
cargoes has increased with the demand for fuel, ores and grain (UNCTAD 2015).

An imbalance in cargo movements between developed and developing countries
existed until recently: cargo volumes loaded in the ports of developing countries far
exceeded the volumes of goods unloaded. This reflected the difference in volume of
exports from developing countries (dominated by raw materials) and their imports
(substantially finished goods). Over the past four decades, this has changed, unloadings
in the ports of developing countries have steadily climbed, reaching parity with load-
ings in 2013, driven by the fast-growing import demand in developing regions, fuelled
by their industrialization and rapidly rising consumer demand (UNCTAD 2015).

Long-distance cargo capacity is largely traded on a global market, which is
focused on certain cities with well-established local shipbroking networks, such as
Athens (Piraeus) in Greece; Hong Kong and Shanghai in China; London in the
United Kingdom and New York in the United States. This market covers both ships
operated principally by those who own them, and ships whose owners generally
expect to charter them out to other firms to operate. Ships can easily switch between
these categories, depending on the levels of supply and demand in the market.

Overall, the pattern has been one of bigger ships offered by fewer companies.
Although, in general, the level of service for cargo carriage by regular sailings, as
shown by the UNCTAD Liner Shipping Connectivity Index, has improved over the
past decade, the result of concentrating cargo in bigger vessels owned by bigger
companies has been to reduce the level of competition (UNCTAD 2015). It seems
probable that there will be further concentration through collaboration in the sched-
uling of sailings and allocation of cargo to sailings. (SCD 2014; Lloyds List 2014).

As a result of the growth in passenger air transport over the past half century,
passenger traffic is now largely confined to short-distance ferries and cruise ships.
Maritime ferry traffic has been transformed by the introduction of sea-going “roll-
on/roll-off” (RO/RO) ferries for road vehicles from the 1940s and 1950s. For short
sea crossings, this has had as great an effect as the introduction of container traffic
for longer sea voyages. For passenger traffic, the use of RO/RO ferries for coaches
has expanded the market substantially (Wergeland 2012).

There is a marked divergence between the State of registration and the nationali-
ties of the owners of the vessels employed in maritime trade. Well over half of the
global gross tonnage! of merchant vessels over 100 gross tonnage is registered with
States which have “open registers” (which usually have less stringent requirements on
the nationality and pay of crews): Panama (22% of the global total), Liberia (12%),

'“Gross tonnage” is a measure of the “moulded volume of all enclosed spaces of the ship”
(International Convention on the Tonnage Measurement of Ships, 1969, and is calculated from the
volume of the ship multiplied by a reduction factor which increases with the size of the ship.
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the Marshall Islands (9%) and Hong Kong (China) (8%) account for over half of the
total global gross tonnage. In contrast, the five States whose nationals own or control
over half of the ships of over 1000 gross tonnage are Greece (15% of the global total),
Japan (14%), China (12%), Germany (8%) and the Republic of Korea (5%). Since
international agreements on shipping usually require acceptance by States with a
specified proportion of the world’s ships on their registers, there is thus a mismatch
between formal responsibility and economic interests (Simcock et al. 2017).

6.1.2 Scale of Shipping

Long-distance cargo transport by sea is now crucial to the global economy. As
Fig. 6.1 shows, over the past quarter-century, transport of this kind have substan-
tially more than doubled in quantity carried: the index of world seaborne trade has
increased by about 233% over that period, compared with an increase of about
150% in world Gross Domestic Product (UNCTAD 2015).

Sea transport also carries much freight on shorter routes. In Europe, in 1999 43% of
the total freight tonne-miles within Europe (including both international and national
traffic) were estimated to be carried on short-sea journeys, and efforts are in hand to
increase this. The “America’s Marine Highway Program” in the USA has a similar
goal. Both these aim to reduce road congestion and air pollution (EC 1999; MARAD
2014; USMA 2014). Elsewhere, containerization is leading to rapid growth in short-
sea coastal freight movements: for example, in Brazil, the volume of containers carried
in coastwise traffic grew by 3,050% between 1999 and 2008 (Dias 2009).
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Fig. 6.1 International seaborne trade for selected years 1980-2014. Note: The “five major bulks”
are iron ore, grain, coal, bauxite/alumina and phosphate rock. Source: UNCTAD (2015)
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Passenger carriage on cruise ships has grown rapidly and steadily: in 1990, there
were around 3.8 million cruise journeys by individuals; in 2013, there were 21.6
million (CMW 2014).

6.1.3 Regional Spread

The different main trades have substantially different patterns and distribution of sail-
ings: the container routes are concentrated in the East/West belt around the southern
part of the northern hemisphere and are very regular in their sailings, while both the
five main bulk dry cargoes (iron ore, coal, grain, bauxite/alumina and phosphate rock)
and the oil and gas trade are focused on the sources of these cargoes. Their sailings
are also affected by changes in the market prices for these commodities. The mineral
cargoes, in particular, have strong emphases on routes from Africa, South America,
Australia and Indonesia to eastern Asia (Kaluza et al. 2010). Significant changes in
maritime traffic routes could result from developments in extracting hydrocarbons
from the earth: the growth of the shale gas industry of the United States of America,
for example, is leading to major falls in United States imports, and growth of United
States exports, with consequent changes in trade routes (EPA 2014a). Figure 6.2
shows the overall concentration of shipping routes in January 2016, based on satellite
observations of signals from ships’ Automatic Identification Systems (AIS).

Global warming is creating the possibility of shipping routes from the Far East
to Europe and eastern North America (at least in summer) around the north coasts
of Eurasia and North America. More ships are using these routes, because of the
substantial cost savings (up to 35%), but the risks from lack of navigational aids and
other support are substantial (Laulajainen 2009; COMNAP 2005; TRB 2012).

For non-cargo shipping, ferries are very much concentrated in the Caribbean
(11% of world ferry passengers), the Mediterranean (21%) and South-East Asia
(44%) (Wergeland 2012). For passenger shipping on cruises, the main areas are the

Fig. 6.2 World shipping routes, January 2016. Source: European Space Agency (2016)
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Caribbean (34% of the market in 2013), the Mediterranean (22%) and the Baltic and
northern Europe (11%). Over half the passengers were from the USA, and another
quarter from Europe (CLIA 2014).

6.1.4 Economic Aspects

The economic significance of shipping can be seen from the relationship between
international cargo traffic and the growth of the world economy (see Sect. 6.1.2).
The economics of shipping itself, however, are more problematical. The long period
of rapid growth encouraged massive investment in increasing the size of the global
fleet. The 2008 financial crisis reduced demand, but new ships continued to be deliv-
ered. The resulting overcapacity and consequent severe competition meant that
many shipping lines became unprofitable. Economic recovery is slowing restoring
equilibrium, but further economic uncertainty may lead to shortages of shipping
capacity in a few years’ time (UNCTAD 2015).

6.2 Impacts of Shipping on the Marine Environment

6.2.1 Introduction

The impacts of shipping on the marine environment can be divided into the cata-
strophic and the chronic. Catastrophic impacts on the marine environment result
from disasters involving the ship, and may lead to its total loss: for example, colli-
sions, fires, foundering and wrecks. Chronic impacts are those that result from the
day-to-day operation of ships, without calling into question the ship’s integrity or
continued functioning (Donaldson 1994).

6.2.2 0il

Oil spills from shipping have a wide range of impacts. Catastrophic discharges of
large amounts of hydrocarbons will produce large oil slicks with consequentially
massive impacts. Smaller slicks will have lesser impacts, but may be equally serious
if they are repeated frequently. Many smaller slicks result from chronic discharges.
The impacts of both catastrophic and chronic discharges range from covering sea-
birds with oil (which can lead to death), through killing and tainting fish and shell-
fish and making the stock of fish farms unusable to covering beaches and rocky
shores with oil (which can adversely affect tourism). In specific cases, problems can
be caused for industries that rely on an intake of seawater (such as marine salt pro-
duction, desalinization plants and coastal power stations) and coastal installations
(such as marinas, ports and harbours) (ITOPF 2015).
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In summarising general experience with oil spills, the study on the environmental
impact of the spill of 85,000 tonnes of crude oil in the 1993 Braer catastrophe (Ritchie
and O’Sullivan 1994) drew attention to three important features of major oil spills:

(a) There is an initial, very serious impact, usually with extensive mortality of sea-
birds, marine mammals, fish and benthic biota and coastal pollution;

(b) In many circumstances, however, marine ecosystems will recover relatively
quickly from oil spills: crude oil loses most of its toxicity within a few days of
being spilled at sea, mortality of marine biota declines rapidly thereafter, sub-
lethal effects are of limited long-term significance and marine ecosystems
recover well where there are nearby sources of replacement biota;

(c) Nevertheless, the local circumstances of an oil spill will be very significant.
Rocky shores will be worse affected than sandy coasts. The impact on seabirds,
marine mammals and sessile biota will also obviously be worse if the spill
occurs in areas where they are present in large numbers at the season when the
spill occurs—the location of breeding and nursery areas and migration routes
and other regular concentrations being particularly important.

The ambient temperature is one of the local circumstances that are most signifi-
cant for the duration of the impact and the timing of recovery. In warmer areas, the
bacteria that break down hydrocarbons are more active, and the effects will disap-
pear more quickly. In spite of the size (about one million tonnes) of the discharges
(not including the airborne deposits from the burning of a further 67 million tonnes),
the effect on the coasts of Kuwait and Saudi Arabia of the discharges from oil wells
during the Gulf War in 1991 was largely disappearing within 18 months. These
coasts had largely recovered within 5 years. However, oil appears to have persisted
in salt marshes and at lower depths in the lower sediments as a result of their anaero-
bic condition (Readman et al. 1992; Jones et al. 1994; Otsuki et al. 1998; Barth
2001). In colder areas, on the other hand, bacterial activity is much lower, and the
effects of oil spills persist much longer. The impact of the Exxon Valdez disaster in
Alaska, in which 35,000 tonnes of oil were spilt in 1989, was still measurable
20 years later (Kendall et al. 2001; EVOSTC 2010).

The risks of environmental damage from oil transport by sea are clearly linked to
the amount transported. That amount, in terms of quantities carried and the dis-
tances covered, grew rapidly after the Second World War to a peak of about 10,000
billion tonne-miles immediately before the 1974 increases in oil prices. Those
increases produced a drop in the amount of transport over the next decade of about
50%. Since about 1985, however, the amount of oil transport by sea has risen con-
tinuously (with a brief remission after the 2008 financial crisis) to reach 10,000
billion tonne-miles again by 2014 (ITOPF 2015).

The risks from this transport have, however, substantial reduced over the same
period: the number of incidents resulting in spills of more than 7 tonnes has fallen
from a peak of over 100 in 1974 to less than 5 in 2014. As well as the number of
incidents, there has been a massive reduction in the amount of oil involved: the
estimated amounts of oil spilled worldwide in spills of more than 7 tonnes has fallen
from an average of around 300,000 tonnes a year in the 1970s to around 3000 tonnes
a year in recent years (ITOPF 2015).
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Nevertheless, a significant problem remains, especially near major shipping
routes. A study has shown that even low levels of oil fouling in Magellanic penguins
(Spheniscus magellanicus) appear to be sufficient to interfere with reproduction
(Fowler et al. 1995). One way in which the extent of the remaining problem can be
seen is from observations on shorelines of the proportion of the dead seabirds found
there which have been contaminated by oil. Diving seabirds are very sensitive to oil
pollution: once such a bird is polluted with oil, it is likely to die from hypothermia
and/or inability to forage. In the MARPOL North-Western Europe Special Area
(see Sect. 6.6.2 below), about 40% of the common guillemots (Uria aalge) found
dead on beaches near the major shipping routes in the southern North Sea were con-
taminated with oil, compared with about 4% around the Orkney Islands (OSPAR
2010). Similar reports have been made about the oiling of seabirds in other areas
with high levels of shipping: in the MARPOL Southern South Africa Waters Special
Area, studies note that, on the basis of the proportion of the population that has
been affected, the African penguin is considered to have suffered more from oiling
than any other seabird species globally (Wolfaardt et al. 2009; Garcia-Borboroglu
et al. 2013). In the Straits of Malacca, there is a serious problem with illegal dis-
charges of oil: during the five-year period from 2000 to 2005, there were 144 cases
of oil spills into the sea; of this number, 108 cases were due to illegal discharges
from ships (BOBLME Malaysia 2011). In the waters around south-eastern South
America, used both by coastwise local shipping and large vessels travelling between
the Atlantic and Pacific Oceans, a study showed that between 1980 and 1994 some
22,000 adult and some 20,000 juvenile Magellanic penguins were being killed each
year by oil from discharges from ships passing through the foraging areas for their
colonies on the coast (Gandini et al. 1994). Some reports suggest that the solution
adopted in 1997 of requiring coastal shipping to follow routes further out to sea may
have reduced this problem: over the years 2001-2007, the number of oiled penguins
observed annually was around 100 (Argentina 1998; Boersma 2008). Further north,
on the Atlantic coast of Canada, there are also reports of substantial numbers of
seabirds being killed by oil. A conservative estimate is put at 300,000 birds a year,
with appreciable effects on the populations of species commonly suffering this fate
(Canada 2011).

6.2.3 Hazardous and Noxious Substances and Other Cargoes
Capable of Causing Harm

Oil is not the only ship’s cargo capable of causing damage. Much depends on the
quantities involved—Iarge quantities of nearly any cargo can have an adverse
impact, at least on the local environment. The international rules (see Sect. 6.6.2
below) require precautions against damage from a wide range of other cargoes. The
impacts will, of course, depend on the nature of the cargo. The harmful impact of
most of the relatively inert substances carried in bulk (coal, ore, grain) is most likely
to be the smothering of the seabed and coastline. Some chemical cargoes, however,
will be inherently harmful.
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Data on marine pollution incidents involving hazardous and noxious substances
are scarce (FSI 2012). A 2010 study looking at 312 reported incidents of this kind
between 1965 and 2009, mainly in the North Atlantic, concluded that reports had
become much more frequent since about 2000, with the advent of the internet. It found
that about 33% of the cases involved bad weather or structural damage, 30% collision
or grounding, 11% fire or explosion and only 6% failures in loading or unloading.
Only about half the cases involved discharges into the sea. The three most common
substances involved were iron ore, sulphuric acid and caustic soda (Cedre 2010).

The increased use of containers means that a substantial amount of hazardous or
noxious substances is being carried in containers. In 2011 a group of container own-
ers set up a voluntary system to report incidents involving containers, such as fires
and spillages, with a view to analysing the data to see if any patterns emerged which
could be useful for risk reduction. The Container Notification Information System
now covers about 60% of all container slot capacity. Data on the number of inci-
dents have not yet been published, but the published conclusions on incidents caus-
ing, or likely to cause, injury or loss of life, damage to ships and other assets and
environmental damage show that for 2015 52% of the reported incidents resulted
from leakage, 30% involved containers where the contents had been mis-declared
and 26% involved hazardous or noxious cargos. No particular global pattern of
loading ports emerged from the incidents (CINS 2014).

Containers lost overboard are another source of potential pollution from hazard-
ous and noxious substances. Some estimates have suggested that the numbers of such
containers could be in the thousands annually. However, the World Shipping Council,
based on a survey to which 70% of the global container shipping capacity responded,
estimated in 2011 that about 350 containers are lost overboard each year, excluding
mass losses of 50 or more containers as a result of a major ship disaster. If those
mass losses are included, the number of containers lost rises to about 650 a year out
of about 100 million carried annually (WSC 2011). On the other hand, it must be
remembered that even one container lost overboard can have a lasting and widespread
effect on the marine environment: a container holding 28,800 plastic yellow ducks,
red beavers, blue turtles and green frogs was lost in 1992 in the middle of the Pacific.
The toys have been washed up not only all around the Pacific, but also as far away
as the Hebrides in the United Kingdom in 2003 (Ebbesmeyer and Scigliano 2009).

6.2.4 Sewage

The problems from the discharge of sewage (in the narrow sense of human and ani-
mal urine and fecal waste) from ships are the same as those for similar discharges
from land (for which see Chap. 16). Basically, the problems are the introduction of
nutrients into the sea, and the introduction of waterborne pathogens. These are issues
of particular importance for coastal waters. Away from land, the oceans are capable
of assimilating and dealing with raw sewage through natural bacterial action.
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6.2.5 Garbage

There is no doubt that a substantial part of the marine debris considered in Chap. 23
originates from ships. The damage to the environment from this marine debris is
described in that chapter. This debris is constituted by waste from the normal opera-
tions of the ship that is thrown overboard. All the serious (and not entirely under-
stood) consequences of marine debris described in that chapter therefore apply to
this chronic form of discharge from ships. Because of the large numbers of passen-
gers that they carry, cruise ships generate a high proportion of the garbage gener-
ated at sea—in 1995, the United States National Research Council estimated that
cruise ships produced 24% of the solid waste generated on board ships, although
they represented only 1% of the world fleet (NRC 1995). Because of the scale of the
challenge, most large cruise ships now incinerate on board each day a high propor-
tion of the waste that they generate (75-85% of garbage is generally incinerated on
board on large ships (EPA 2008)).

6.2.6 Air Pollution

Since the replacement of sail by steam and then diesel, ships have been making
emissions to the air. By the early 1990s it was becoming apparent that, in some
parts of the world, emissions of nitrogen oxides (NO,) and sulphur oxides (SOj)
from ships were becoming a serious element in air pollution for coastal States with
heavy shipping traffic in their coastal waters (OSPAR 2000). Even short-term expo-
sure to NO, produces adverse respiratory effects, including airway inflammation, in
healthy people and increased respiratory symptoms in people with asthma. It also
reduces resistance to respiratory infections (Knelson and Lee 1977; Lee 1980; EPA
2014b). Airborne NO, is also a substantial source of nitrogen inputs into coastal
waters, and can thus contribute to excessive levels of nutrients (OSPAR 2010: see
also Chap. 22). Exposure to SO, likewise weakens resistance to respiratory infec-
tions, and is linked to higher rates of mortality in humans. It is also a contributor
(with land-based emissions) to acid rain, which can harm forests and fresh waters
(Rall 1974; Greaver et al. 2012).

SO, emissions from ships have been worsening for decades, as a result of the
increasing restrictions on the levels of sulphur in hydrocarbon fuels used on land:
as restrictions have reduced the extent to which fuel oils with higher sulphur con-
tent can be used on land, so such fuel oils have become more attractive for use at
sea, because there were no restrictions and the reduced demand on land lowered
the price.

NO; and SO,, together with volatile organic compounds (VOCs), can also react
in sunlight to produce smog, which affects many major cities: for coastal cities,
emissions from ships can contribute to this problem (EPA 2014c).
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In addition, shipping was seen as a further source of chlorofluorocarbons and
other substances which were contributing to the depletion of the ozone layer, and
thus increasing ultraviolet radiation on the earth’s surface (GESAMP 2001).

Estimates in 1997 of total global NO, emissions from shipping suggested that
they were equivalent to 42% of such emissions in North America and 74% of those
in European OECD countries, and that total global SO, emissions from shipping
were equivalent to 35% of such emissions in North America and 53% of such emis-
sions in European OECD countries. The global emissions of both NO, and SO,
were concentrated in the northern hemisphere (Corbett and Fischbeck 1997).
Emissions from shipping have therefore been seen as a significant contributory
source of air pollution in many parts of the world.

The burning of fossil fuel by ships is also a significant component of the world’s
emissions of “greenhouse gases”’—especially carbon dioxide (CO,). An IMO study
concluded that international shipping emitted 885 million tonnes of CO, in 2007—
2.8% of the global emissions of CO,. Emissions fell to 796 million tonnes by 2012
with the drop in shipping as a result of the economic crisis, but are likely to recover
(IMO 2014a).

6.2.7 Anti-Fouling Treatments

Ships have always been at risk of marine organisms (such as barnacles) taking
up residence on their hulls. This increases the resistance of the hull in its passage
through water, and thus slows its speed and increases the fuel requirement. With fuel
being around half the operating cost of a vessel, this can be a significant extra cost.
Historically, the response involved taking the ship out of water and scraping the hull.
Because of the inconvenience and cost of this, various treatments developed, mostly
involving the application copper sheeting or copper-based paints. In the 1960s,
organic compounds of tin were developed, which were shown to be very effective
when applied as paints to ships’ hulls, with the tin compounds leaching into the water.
The most effective was tributyl tin (TBT) (Santillo et al. 2001). By the late 1970s
they were commonly used on commercial and recreational craft from developed
countries. In the late 1970s and early 1980s, oyster (Crassostrea gigas) harvests in
Arcachon Bay, France, failed. Subsequent research identified that TBT was the cause.
At the same time, research in the United Kingdom showed that TBT was an endo-
crine disruptor in a marine whelk species (Nucella lapillus) causing masculinisation
(imposex) in females and widespread population decline (Gibbs and Bryan 1986).

6.2.8 Wrecks

The seabed is littered with the remains of shipwrecks, some dating as far back as the
second millennium BCE. The main impact on the marine environment comes from
more recent wrecks, since the introduction of fuel oil as the source of the motive
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force. Such more recent wrecks will usually contain bunkers, which will eventually
leak, and become a new source of oil pollution of the sea. Likewise, cargoes may
present dangers of pollution from oil or hazardous substances. There are a number
of other problems: first, and depending on its location, a wreck may constitute a
hazard to navigation. Secondly, substantial costs are likely to be involved in the
location, marking and removal of hazardous wrecks.

6.2.9 Invasive Species

Invasive non-native species are a major and growing cause of biodiversity loss. They
can cause health problems, damage infrastructure and facilities, disrupt capture fish-
eries and aquaculture and destroy habitats and ecosystems. In some cases, the trans-
port by shipping is clear. For example, in 1991 and 1992, the bacterium that causes
cholera (Vibrio cholerae) was found in ballast water from five cargo ships in ports
in the United States along the Gulf of Mexico (McCarthy and Khambaty 1994). In
other cases, it can be inferred. These problems are further discussed in Chap. 25.

6.2.10 Noise

The marine environment is subject to a wide array of human-made noise from activ-
ities such as commercial shipping, oil and gas exploration and the use of various
types of sonar. This human activity is an important component of oceanic back-
ground noise and can dominate in coastal waters and shallow seas. Long-term mea-
surements of ocean ambient sound indicate that low frequency anthropogenic noise
has been increased, primarily due to commercial shipping, both as a result of
increases in the amount of shipping and as a result of developments in vessel design
(particularly of propellers), which have not prioritised noise reduction. Shipping
noise is centred in the 20 to 200 Hz frequency band. Noise at these low frequencies
propagates efficiently in the sea, and can therefore affect marine biota over long
distances. Baleen whales use the same frequency band for some of their communi-
cation signals. A variety of other marine animals are known to be affected by anthro-
pogenic noise in the ocean. Negative impacts for least 55 marine species (cetaceans,
fish, marine turtles and invertebrates) have been reported in scientific studies. The
effects can range from mild behavioural responses to complete avoidance of the
affected area. A 1993 study concluded that “low-frequency noise levels increased
by more than 10 dB in many parts of the world between 1950 and 1975,” corre-
sponding to about 0.55 dB per year. A 2002 study indicated an increase of approxi-
mately 10 dB over 33 years (about 0.3 dB per year). Subsequent measurements up
to 2007 confirmed this but suggest that, in some places at least, the subsequent rate
of increase has slowed or stopped. It is generally agreed that anthropogenic noise
can be an important stressor for marine life and is widely regarded as a global issue
that needs addressing (NRC 2003; Tyack 2008; Andrew et al. 2011; UNEP 2012).
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6.3 Cumulative Effects

As demonstrated in Fig. 6.2, shipping affects the marine environment around the
world. As discussed in the sections on the impacts of shipping on the marine envi-
ronment, there is no doubt that shipping noise and oil pollution from ships’ activi-
ties affect a broad spectrum of the marine environment. Marine garbage also
contributes significantly to the global problems of marine debris. Leaving aside the
impact of major marine catastrophes, however, it is extremely difficult to measure
the extent to which these various impacts are contributing to the worldwide adverse
impacts of human activities on the marine environment. The individual impact of
any one ship is marginal, but the collective impact of concentrated shipping lanes
can be significant (see the discussion of the impact of oil pollution on the common
guillemot in Sect. 6.2.2).

6.4 Costs of Environmental Degradation

Because the events from shipping that cause environmental degradation are scattered
across the whole globe, it is a major problem to ascertain the environmental damage
that they have caused and to evaluate it. In one area, however, it is possible to begin to
see the scale of the damage that can be caused by catastrophic shipping events. After
the 1967 Torrey Canyon disaster, many States sought to make it easier for those suf-
fering economic damage to obtain reparation. The 1969 International Convention on
Civil Liability for Oil Pollution Damage and the 1971 International Convention on
the Establishment of an International Fund for Compensation for Oil Pollution aimed
to achieve this. These Conventions were revised in 1992 and the revisions came into
force in 1996. By October 2016, 114 States (representing 95% of the world’s merchant
fleet) were parties to both the 1992 Conventions, and 24 States have become parties
to a supplementary protocol providing for additional compensation if the damage
exceeds the limits of the 1992 Convention. The economic effect of the Conventions is
basically to transfer the economic consequences of an oil spill from the coastal State
to the States in which undertakings receive cargoes of oil. This is done either through
the insurance costs which the cargo carriers have to incur and include in the costs
of the voyages or (to the extent that the damage exceeds the amount insured and the
coastal State participates in the funds) through the contributions paid to the funds by
those that receive oil cargoes and are located in the States parties.

The damage that can be compensated under these arrangements extends to: prop-
erty damage, costs of clean-up operations at sea and on shore, economic losses by
fishermen or those engaged in mariculture, economic losses in the tourism sector
and costs for reinstatement of the environment. From 1972 up to the end of 2013,
the Funds had dealt with 149 incidents. The largest amounts of compensation paid
out were for the Erika (off the coast of France—€128 million) and the Prestige (off
the coast of Spain—€122 million) (IOPCF 2014).
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6.5 International Agreements and Management
Requirements

As the foregoing demonstrates, shipping can impact on the environment in many
ways. The fundamental feature of all environmental impacts of shipping is that
much international shipping is mobile over great distances—that is its whole point.
Much shipping activity will therefore traverse many jurisdictions and much will
also be in areas beyond all national jurisdiction. Even within national jurisdictions,
moreover, ships have the rights of innocent passage, with limited circumstances in
which the coastal jurisdictions can intervene. While ships are always subject to the
jurisdiction of their flag State, practical considerations limit the extent to which
such jurisdiction can be applied when the ship is away from the flag State’s ports.

In codifying the abilities of States to control the impact of shipping on the envi-
ronment, the United Nations Convention on the Law of the Sea (UNCLOS 1982)
places great emphasis on the establishment of global standards by the appropriate
international organization—in practice, the IMO. Through the IMO, and with its
support, a whole range of international conventions and other regulations and stan-
dards have been established, covering most of the forms of environmental impact
from shipping.

For most of the major threats to the ocean from shipping, the International
Convention on the Prevention of Pollution from Ships (adopted in 1973, adapted in
1978 to facilitate its entry into force, and known as MARPOL 1973/78) provides the
technical specifications for preventing and reducing the threats. It entered into force
for the provisions relating to oil and noxious liquids in bulk in 1983. Under the
IMO, a further range of international instruments have been developed since then,
some in the form of annexes to MARPOL, others in the form of free-standing instru-
ments. These are discussed below.

However, it is not only international conventions specifically focused on the
environment that are relevant to managing the impact of shipping on the environ-
ment. The Convention on the International Regulations for Preventing Collisions at
Sea (COLREG 1972, as amended), the International Convention on Safety of Life
at Sea (SOLAS 1974 as amended),. and the International Convention on Standards
of Training, Certification and Watchkeeping for Seafarers (STCW 1978 as amended)
are also of the highest significance, since it is through these conventions and their
supporting guidelines and standards that so much progress has been made in reduc-
ing maritime catastrophes, and with them their impact on the environment. By
ensuring the safe construction of vessels and their safe operation by means of
requiring construction standards, safe navigation methods, and the proper training
and deployment of the crew, these conventions have played a major role. At the
same time, the IMO has agreed a wide range of traffic management schemes, to help
prevent collisions and to protect particularly sensitive sea areas (PSSAs) (IMO
20164, b). Over the long term, losses of ships have fallen from about 1 in 100 ships
in 1912 to about 1 in 670 ships in 2009, in spite of a 200% increase in the size of the
global fleet (Allianz 2012).
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6.6 Regulation

The starting point for the effective sustainable environmental management of
shipping thus has to be the international rules that have been adopted.

6.6.1 Oil

The problem of pollution from oil was the starting point of MARPOL, and the rules
to prevent it are in its Annex I. The Annex covers the construction of oil tankers,
their operation, what discharges of oily water are permitted, the equipment that
must be used and the record-keeping required about any discharges. These require-
ments have been strengthened over time. In particular, it required the phasing out of
single-hulled oil tankers by, at the latest, 2015.

MARPOL Annex I not only prohibits any discharge into the sea of oil or oily
mixtures from any ships in the waters around Antarctica, but also provides for the
designation of Special Areas, in which more stringent limits on the discharge of oily
water apply. As a counterpart to the designation of Special Areas, coastal States in a
Special Area must be parties to MARPOL and must provide appropriate reception
facilities for oily waste. An important feature of Special Areas is that the maximum
permitted level of oil in water discharged is 15 parts per million. In a number of
States, the legal system considers that any visible slick on the sea surface must have
been caused by a discharge above this level (for examples, see NSN 2012). Special
Areas have been designated, and are in force, in the Mediterranean Sea, the Baltic
Sea, the Black Sea, the “Gulfs Area”,? the Antarctic Area (south of 60°S), North-
West European Waters and Southern South African waters. Three further areas have
been designated, but are not yet in force because the coastal States have not all noti-
fied IMO that adequate reception facilities are in place: the Red Sea, the Gulf of
Aden and the Oman area of the Arabian Sea (IMO 2016c¢).

International agreements are also in place to provide compensation for damage
from oil spills (see Sect. 6.4 above).

6.6.2 Hazardous and Noxious Cargoes

MARPOL covers the risk of pollution from hazardous and noxious cargoes through
measures including through requiring compliance with the International Maritime
Solid Bulk Cargoes Code, the International Maritime Dangerous Goods Code, the
International Code for the Safe Carriage of Grain in Bulk and the International Code
for the Construction and Equipment of Ships carrying Dangerous Chemicals in
Bulk (IMO 2016d).

2The “Gulfs Area” is the sea area between the Arabian Peninsula and the mainland of Asia.
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Efforts to set up an international agreement to deal with compensation for
liability and damage from hazardous and noxious ships’ cargoes were started as
long ago as 1984. A convention was agreed in 1996 but, despite further efforts, no
scheme is yet in force to provide international support where a hazardous or noxious
cargo causes economic damage (IMO 2016e).

6.6.3 Sewage

Through Annex IV, MARPOL also prohibits the discharge of sewage into the sea
within a specified distance of the nearest land, unless ships have in operation an
approved sewage treatment plant (IMO 2016f). This distance is three nautical miles
where the sewage is given prior primary treatment and 12 nautical miles if untreated.

Because of the problems of eutrophication, amendments to MARPOL in 2011
introduced the Baltic Sea as a special area under Annex I'V and added new discharge
requirements for passenger ships while in a special area. In effect, when adequate
reception facilities are in place, passenger ships capable of carrying more than 12
passengers may only discharge sewage if nitrogen and phosphorus have been
removed to specified standards (MEPC 2012).

“Grey water” (that is, waste water from baths, showers, sinks, laundries and
kitchens) is not covered by MARPOL Annex IV. Some States (for example, the
United States in respect of Alaska) have introduced controls over the discharge of
sewage and grey water from larger passenger ships putting into their ports because
the local conditions (in Alaska, particularly the water temperature) make the break-
down of any contaminants it may contain quite slow (EPA 2014a). Furthermore,
some States, particularly small island developing States, have difficulties in manag-
ing sewage discharged ashore from cruise ships and from the large numbers of such
ships visiting their ports. These challenges for small island developing States are
discussed further in Chap. 17.

6.6.4 Garbage

Through Annex V, MARPOL seeks to eliminate and reduce the amount of garbage
being discharged into the sea from ships. Although the Annex is not a compulsory
part of the requirements of MARPOL, 15 States, with combined merchant fleets
constituting no less than 50% of the gross tonnage of the world’s merchant ship-
ping, became parties to enable its entry into force on 31 December 1988. Experience
showed that the requirements in the original version of Annex V were not adequately
preventing ships’ garbage from polluting the sea. United Nations General Assembly
resolution 60/30 invited IMO to review the Annex. This was done and a revised ver-
sion entered into force in 2013. Alongside this, IMO adopted guidelines to promote
effective implementation. The revised Annex V prohibits generally the discharge
of all garbage into the sea, with exceptions related to food waste, cargo residues,
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cleaning agents and additives and animal carcasses. It also provides for Special
Areas where the exceptions are much more restricted. The Special Areas comprise
the Mediterranean Sea, the Baltic Sea, the Black Sea, the Red Sea, the “Gulfs” area,
the North Sea, the Antarctic area (south of 60°S) and the Wider Caribbean Region
(including the Gulf of Mexico and the Caribbean Sea) (IMO 2016g).

Providing adequate waste reception facilities in ports and ensuring that those
facilities are used is important. The greatest effort to promote use of waste-reception
facilities has been in Europe, by requiring ships to deliver garbage on shore before
leaving port, and removing any economic incentive to avoid doing so. Under this
approach, with a few exceptions, all ships are required to deliver their garbage to the
port waste-reception facility before leaving port, and the cost of such facilities is to
be recovered from ships using the ports, with all ships (again with some exceptions)
contributing substantially towards the cost of those facilities (EU 2000). This sub-
stantially removes any economic advantage from not using them. This has resulted
in a significant (about 50%) increase between 2005 and 2008 in the amount of gar-
bage delivered on shore in European Union ports (EMSA 2010).

6.6.5 Air Pollution

In 1997 a new annex to MARPOL (Annex VI) was adopted to limit the main air pol-
lutants contained in ships’ exhausts, including NO, and SO. It also prohibits delib-
erate emissions of ozone-depleting substances and regulates shipboard incineration
and emissions of VOCs from tankers. Following its entry into force in 2005, it was
revised in 2008 to reduce progressively up to 2020 (or, in the light of a review, 2025)
global emissions of NOy, SO, and particulate matter, and to introduce emission con-
trol areas (ECAs) to reduce emissions of those air pollutants further in designated
sea areas (IMO 2016h). These requirements can be achieved either by using bunkers
with lower sulphur content (which may have higher prices) or by installing exhaust
scrubbers. Some shipping companies have announced fuel surcharges to meet extra
costs which they attribute to the new requirements, but these are proving difficult to
maintain in the face of over-capacity (Container Management 2016).

In 2011, action under Annex VI of MARPOL was extended to address the emis-
sion of “greenhouse gases” (particularly CO,) from ships. The new requirements,
effective from the start of 2013, make the Energy Efficiency Design Index (EEDI)
mandatory for new ships, and the Ship Energy Efficiency Management Plan
(SEEMP) is made a requirement for all ships (IMO 2016i).

6.6.6 Antifouling Treatments

Bans on TBT on boats less than 25 m long first started in the 1980s. In 1990, the IMO
recommended that Governments should eliminate the use of antifouling paints contain-
ing TBT. This resolution was intended as a temporary restriction until the IMO could
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implement a more far-reaching measure. The International Convention on the Control
of Harmful Anti-fouling Systems on Ships was adopted in 2001. This prohibited the
use of organotin compounds as biocides in anti-fouling paints. This Convention came
into force in 2008, and has been ratified by 69 States, representing 84.41% of the gross
tonnage of the world’s merchant fleet IMO 2016j). There are many enforcement prob-
lems with this Convention. There is also a legacy problem in that dry docks and port
berths may have deposits of old anti- fouling paint in the sediments on their bottoms.
As and when this sediment has to be removed, disposal into the sea will be a problem,
since it may remobilise the TBT remains (Bray and Langston 2007).

6.6.7 Wrecks

The Nairobi International Convention on the Removal of Wrecks, 2007, aims to
resolve the issues related to wrecks. It sets out rules on how to determine whether a
wreck presents a hazard, makes the owner of the ship liable for costs of removal and
marking (subject to the rules on limits for liability for marine damage) and requires
compulsory insurance to cover such costs for ships registered in, or other ships
entering or leaving, States parties to the Convention. The Convention entered into
force in 2015. So far there are 30 contracting States, representing 60% of the gross
tonnage of the world’s merchant fleet IMO 2016k).

6.7 Response

When there is a maritime catastrophe, especially one that affects a coastline, there
is usually a need to take action to clean up the resulting mess. Since the wreck of the
Torrey Canyon on the Seven Stones off Cornwall in the United Kingdom in 1967, a
wide range of response techniques has developed.

6.7.1 Oil

Local circumstances will determine the appropriate response to an oil spill. In rela-
tively calm water, it is often appropriate to contain an oil spill with floating booms
and use skimmers to retrieve as much oil as possible. With such equipment, it is
possible to recover a large proportion of the spill—two-thirds of the 934 tonnes spilt
from the Fu Shan Hai in the Baltic in 2003 were recovered (HELCOM 2010). The
other major approach is the use of chemical dispersants. Opinion is divided on the
appropriateness of using them: some States regard them as appropriate in many
cases, depending on the meteorological circumstances, the local environment and
the nature of the oil spill; other States regard them as unacceptable (for examples,
see the different opinions in BONN 2014).
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Effective response to oil spills requires a good deal of organization and equipment.
The international framework for this is provided by the 1990 International Convention
on Oil Pollution Preparedness, Response and Co-operation (OPRC Convention).
This entered into force in 1995, and 109 States are now parties. The IMO plays
an important role in coordination and in providing training (IMO 20161). Coastal
States have to bear the capital cost of establishing adequate response capability, but
may be able to recover operational costs if and when that capacity is deployed to
deal with an oil spill. Developing countries can have difficulties in mobilising the
resources for investment in the necessary facilities (Moller et al. 2003).

6.7.2 Hazardous Substances

Following on from the International Convention on Oil Pollution Preparedness,
Response and Cooperation (OPRC), a protocol dealing with preparedness and
response to incidents involving hazardous and noxious substances was adopted in
2000. This follows the same model as the OPRC Convention. It came into force in
2007, but so far only 37 States have become parties (IMO 2016m).

6.8 Enforcement

The best forms of regulation are of no effect without adequate enforcement.
UNCLOS gives flag States, port States and coastal States a range of powers to
enforce internationally agreed rules and standards.

Flag States have the primary responsibility for ensuring that the ships on their
registers comply with the requirements of international rules and standards. There
has been wide concern that, in many cases, this responsibility has not been properly
discharged. The IMO has therefore got agreement to amend the most significant
international conventions to set up an audit scheme for member States. With effect
from 2016, this scheme aims to determine the extent to which States give full and
complete effect to their obligations and responsibilities under these instruments
(IMO 2016n).

Port States are entitled to make sure that ships voluntarily entering their ports are
complying with a range of requirements under the IMO conventions. These require-
ments relate largely to equipment and records, but can be significant for some
environmental questions—for example, whether the controls on oil discharges are
recorded as being properly applied. Ports are often competing with their neighbours.
This makes it economically important for the port-States to be certain that their
enforcement actions are not disadvantaging the competitive positions of their ports.
Port-State inspection is, therefore, carried out in many regions in accordance with
memorandums of understanding between the States of the region. Memorandums
of understanding (MoU) have been set up covering most ocean regions: Europe and
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the north Atlantic (Paris MoU—27 States); Asia and the Pacific (Tokyo MoU—
19 States and territories); Latin America (Acuerdo de Vifia del Mar—15 States);
Caribbean (Caribbean MoU—14 States and territories); West and Central Africa
(Abuja MoU—14 States); the Black Sea region (Black Sea MoU—6 States); the
Mediterranean (Mediterranean MoU—10 States); the Indian Ocean (Indian Ocean
MoU—17 States); and the Riyadh MoU (part of the Persian Gulf—6 States). These
port-State inspection organizations publish details of the results of their inspections,
which can have economic significance for ship operators, since cargo consignors
tend not to want to use shipping lines which have a poor performance.

Coastal States have limited powers to control the activities of ships exercising
their rights of innocent passage. Nevertheless, surveillance by coastal States can
play a significant role in improving enforcement. This is particularly so in the case
of oil discharges, especially in Special Areas (see Sect. 6.6.1 above). Any visible oil
slick in a Special Area represents, for many legal systems, a breach of the applicable
rules. Aerial surveillance can thus link a ship to a slick that it is causing and report
the vessel to its destination port for enforcement action. Aerial surveillance can be
greatly assisted by satellite imagery, which can enable the aerial surveillance to be
focused on areas where problems appear to be emerging. This form of surveillance
appears to have played a significant role in the reduction in the numbers of oil slicks,
for example in the North Sea and adjacent waters (BONN 2013, 2014).

6.9 Conclusions

Shipping is a vital component of the world economy. As the world economy has
become increasingly globalized, the role of shipping has become more important.
The economic crisis of 2008 produced some reductions in the levels of shipping, but
those have recovered and growth has resumed, though not at quite the previous rate.
Shipping has provided means for many States rich in primary resources to export
those resources, and for many States that are developing their economies to export
their products. Gradually, the balance of the tonnage of goods loaded in developed
and in developing countries is becoming more equal. Increasing human wealth will
therefore continue to be a driver in increasing the scale of shipping that is needed.

The pressures that shipping imposes on the environment are significant and
widespread. In total they contribute substantially to the cumulative pressures that
humans are imposing on the rest of the marine environment, and that are affecting
the harvest from the sea and the maintenance of biodiversity. Over the past 40 years,
global rules and standards have been developed to regulate most of these. Steps are
now being taken to make the enforcement of these rules and standards more uniform
throughout the world. However, there is still a significant number of States and ter-
ritories that have not been able to become parties to the various international con-
ventions and agreements that embody these rules and standards. Furthermore,
enforcement of these rules and standards is patchy, though steps are now being
taken that may improve such enforcement.
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Chapter 7
Impacts of Coastal Developments
on Ecosystems

Christian Winter

Abstract In this chapter a brief overview of direct and indirect human impact to
coastal systems is given. The concept of coastal morphodynamics as relevant driv-
ers of coastal ecosystems is explained and the interactions of important processes in
different spatio-temporal scales are introduced. In several examples it is shown how
coastal developments act as perturbations to the dynamic equilibria of natural coastal
environments. Important uncertainties in system understanding are identified and
their relevance for the interpretation of model predictions is stressed out. Numerical
models serve as common tools for coastal development impact assessment, and the
more and more user friendly design of modelling systems will increase their use in the
future. This calls for an increased awareness and very careful interpretation of model
results considering model applicability and model prediction skills. Management
should thus follow an adaptive approach, which involves learning and monitoring of
the evolution of coastal systems. This also involves regular re-assessments of past
predictions and the identification of needs for model development.

Keywords Model skill  Dynamic equilibrium ¢ Validation * Coastal engineering ®
Adaptive management

7.1 Introduction

Coastal zones are most dynamic environments in which various land and sea
processes interact. A large variety of coastal landforms exist with their geomor-
phology depending on the geological setting, their Holocene sedimentological
evolution, their exposure to natural forcing conditions, and history of anthropo-
genic influence (Short 1999; Winter and Bartholoma 2006; Masselink et al. 2011).
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Many coastlines are not in a natural state but highly impacted by human use as
coastal areas are attractive to people for several reasons. This leads to an ever
increasing concentration of global population and developments in the coastal
realm (Creel 2003; Small and Nicholls 2003; Goudarzi 2006). Furthermore it is
obvious that the majority of the global population is dependent on services pro-
vided at and by the land-sea interface. Human uses of coastal zones include settle-
ment (United Nations 2014; Pelling and Blackburn 2014), traffic (Finkl 2012;
Davenport and Davenport 2006), trade and transport (Yap and Lam 2013; Meinesz
etal. 1991), water supply and sewage (Finkl and Charlier 2003; Turner et al. 1998),
recreation (Hall 2001; Wong 1998; Gossling 2003), food (Pomeroy and Berkes
1997; Barg 1992; Arkema et al. 2015), and energy (Alvarez Silva et al. 2016;
Henderson et al. 2003; Antonio 2010).

Commonly at coastal environments a high variability of meteorological and
hydrodynamic conditions influence the local natural geomorphology and must be
taken into account in the design of coastal developments: Winds, waves, wind driven
currents and tides are the main forcing agents which may super-impose and partly
reveal certain periodicity. In addition extreme events like floods, storms, and tsuna-
mis are experienced (Nicholls 2004; Nicholls et al. 2007; MClnnes et al. 2003;
Herrling and Winter 2014; Adger et al. 2005). Under increasing human population,
economy, and expected increase of forcing conditions as a result of climate change
the vulnerable coastal zones are under high pressure. It is the task of coastal man-
agement to derive measures to secure value and functions of the coastal zones.
However, past experience has shown that local engineering solutions may be not
sustainable, or may even have negative effects at the site or elsewhere (Pilkey and
Dixon 1996). Management thus must aim at a sustainable development of coastal
zones based on detailed knowledge of different involved systems, their interaction,
the underlying processes and their response to external forcing (Pawlukiewicz et al.
2007; Gaydos et al. 2008).

In the coastal zone different systems of prominent role may be identified, each
defined by interactions, relations, and interdependencies of their associated forc-
ings, processes and characteristics:

e Ecosystems involve inter-dependent organisms, such as plants and animals
within a coastal habitat that are linked together through nutrient cycles and
energy flow and are influenced by chemical and physical conditions of their envi-
ronment (e.g. Alongi 1998).

* Geo-physical systems involve the dynamics of acting forces on structures, fluids,
sand and other materials. The main entities of these systems encompass driving
hydrodynamic processes, resulting transports, and their geomorphological
effects on habitat conditions (Barbier et al. 2011).

* Socio-economic systems encompass demographic and economic characteristics
of a wide variety of coastal management issues as e.g. urbanisation, environmen-
tal protection, coastal constructions, recreation, exploitation of natural resources,
etc. Most often socio-economic considerations drive human impact to coastal
geo-physical and ecosystems (Costanza et al. 1997; Barbier et al. 2011).
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In the following the different physical forcing mechanisms between coastal
systems and the concept of a dynamic equilibrium between coastal systems are
explained. Morphodynamics processes may be seen as the main physical forcing
mechanism of ecosystems. Although process interactions generally are understood
in an empirical sense, the prediction of coastal morphodynamics is difficult because
of lacks in fundamental process knowledge, the non-linearity of process interactions
and uncertainty in future forcing conditions.

7.2 Dynamic Equilibrium of Coastal Systems

Generally systems are characterised by their parts and composition, their drivers,
processes and output, and their inter-connectivity. The various parts of a system and
also the different systems by themselves have functional as well as structural rela-
tionships between each other. At the coast physical systems involve the dynamic
characteristics of the geomorphology and the transport of energy and matter. They
are described by variables like water depth, velocity, wave height, shear stress, vis-
cosity, concentration, sediment particle size, etc. The composition of these variables
results in the transport of material and changes in morphology (Roelvink 2006;
Kosters and Winter 2014). Also biological and micro-biological processes can influ-
ence transport conditions and must be taken into account in the geo-physical context
(Ahmerkamp et al. 2015; Malarkey et al. 2015).

Wind and the movement of coastal waters (mainly driven by winds, short waves
and tides) induce the transport of sediments (erosion, transport, deposition) and thus
drive the evolution of the sea bed. In turn currents and transport patterns are influ-
enced by the coastal morphology. Commonly cited is the work of Wright and Thom
(1977) who termed this ‘mutual adjustment of fluid dynamics and topography
involving sediment transport’” as morphodynamics. De Vriend (1991) understands
the term morphodynamics more generally as the ‘dynamic behaviour of alluvial
boundaries’. This dynamic behaviour is the result of the feedback loop of hydrody-
namics, sediment transport and resulting bed evolution driven by time variant or
stationary boundary conditions. These driving boundary conditions may also be
artificial like construction activities, removal or dispersal of sediments, or others.

Coastal processes occur and interact in a large bandwidth of spatio-temporal scales.
Cowell and Thom (1994) classified time scales at which coastal processes operate:
Instantaneous time scales involve the evolution of systems during a single cycle of
the forces that drive morphological change (waves, tides) from few seconds to many
days or weeks. Event time scales are concerned with coastal evolution as a response
to forcing processes operating across time spans ranging from that of an individual
event, through to seasonal variation from a few days to many years. Engineering time
scales describe coastal evolution under natural forcing and its response to human
impact from few months to decades. Geological or geomorphological time scales
operate over decades to millennia and cover the evolution in response to mean trends
in the forcing conditions like coastline retreat as a result of sea level rise.
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As the natural forcing conditions continuously vary in time, no steady state or
static equilibrium of any coastal system can be expected. A system is in a dynamic
equilibrium in certain spatiotemporal scales, if no trends are observed and system
behaviour can be related to the forcing conditions. This holds for coastal systems
like embayed beaches, i.e. beaches in between rigid headlands which do not
exchange sediments with neighbouring coastal cells (Reniers et al. 2004; Blossier
et al. 2016; Daly et al. 2014, 2015). Dependent on the period and magnitude of
change in boundary conditions and the overall system stability the system may
reveal immediate reaction, or remain in a dynamic equilibrium.

7.3 Uncertainties in Process Knowledge and Implications
to Coastal Modelling

The dynamics of ecosystems, habitats and morphodynamics in coastal environ-
ments are complex and many processes and their coupling are still not fully under-
stood. Thus their future evolution and the reaction of the system to human impact
cannot be predicted correctly. This holds for all systems, also for fluid dynamics
like flow and wave motion, which can be derived from first principles and thus
theoretically be calculated by computer simulations. However, limitations in
computational power and uncertainties in the initial and boundary conditions can
only be overcome by parameterisations and simplifications and thereby reduce
the theoretically possible direct simulation to an approximation. This especially
holds for nearshore wave processes (Peregrine 1983; Robertson et al. 2013). The
stability of the fluid-bed interface, i.e. the interaction of water and the sand is a
two-phase problem, which as yet has no known deterministic solution. Sediment
transport calculations thus are based on empirical formulations, i.e. extrapolation
of observed system behaviour to other environments (Van Rijn 2007). Uncertainty
in process knowledge is high especially for interactions between microbial, bio-
logical and physical processes at the sea bed. Anyway, based on theoretical and
empirical considerations, a wide range of modelling approaches have been formu-
lated to relate, interpolate, extrapolate and interpret measured data and to simulate
system states. These models comprise conceptual, empirical, data-driven stability
concepts and numerical process-based approaches. Several empirical relationships
have been formulated for the description of boundary-layer properties of the fluid
and bed, critical stages of erosion and deposition, sediment transport on the bed
and in suspension which typically scales with the fluid motion to some power, and
the formation of bedforms of various sizes. If these are embedded in a system of
computational modules for the calculation of fluid motions and bed evolution, the
simulation of morphodynamics is possible (Roelvink 2011). However, it must be
always considered, that by definition, any empirical relationship is only valid for
the system under consideration and the range of observations it is based upon. The
application of the same to other environments and other boundary conditions thus
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introduces uncertainty and requires thorough evaluation of model skill based on
field data (Winter 2007). Results of numerical models nowadays are a common base
of decision support in environmental impact studies, and the development towards
easier application of modelling systems will increase their use in the future. This
calls for an increased awareness and very careful interpretation of model results
considering model suitability and applicability (verification) and model prediction
skills (validation). The prediction of the reaction of ecosystems to physical forcing
still is of limited validity (Folmer et al. 2016).

7.4 Coastal Developments and Their Impact
to Coastal Systems

Most of the global coasts are directly or indirectly influenced by coastal develop-
ments of different kind. In the following exemplary coastal development schemes
are described. Direct impacts on ecosystems by tourists, constructions, pollution,
introduction of invasive species are differentiated from indirect impacts on coastal
ecosystems which comprise changes in habitat conditions by shifts in hydrody-
namic and transport conditions: Enhanced hydraulic energy commonly leads to the
export of fine particles, thus a coarsening of sediments or even sediment loss, with
corresponding changes to habitats. In contrast a reduction in hydraulic energy may
lead to deposition of fine sediments (silts, clays) and higher turbidity with other
effects on coastal ecosystems.

Coastal environments are amongst the most attractive locations for living and
tourism. Tourism is the largest and fastest growing economic sector in the world.
Accommodation, infrastructure and traffic locally increase and recreational activi-
ties themselves have major impact to the coastal systems (Simcock, Chap. 17).
Traffic, pollution, waste, and water needs increase with major impacts to local infra-
structure and ecosystem habitats. The increasing popularity of cruise ships ampli-
fies tourism related impact to coastal systems (Hall 2001; Gossling 2003; Davenport
and Davenport 2006).

Nourishments are frequently applied to avoid coastal erosion of island or main-
land beaches by replacement of sand or gravel deficits. Typically sand is brought to
the backshore, onto the beach, or into foreshore areas to replace eroded material.
The material may be liquefied offshore and pumped to the site, or brought by trans-
port barges or trucks to the beach. Also sand may be deposited in the foreshore for
a distribution by natural forcing conditions. Nourishments are commonly accepted
as comparatively natural or soft coastal engineering scheme. This holds if the sand
that is introduced to the system and the slope corresponds to the natural system,
and enough time is available for the re-establishment of habitats. As commonly the
cause for coastal erosion is not eliminated, the success of beach nourishment is only
temporary, and frequent re-nourishments are needed. Physical impacts may include
burial of bottom habitats, increased sedimentation, changes in bathymetry and
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elevated turbidity levels. At the beaches indigenous biota can be affected directly,
or by loss of prey as infauna communities may not survive nourishments and need
time for recovery. Also nesting, breeding, and nursing species are disturbed directly
by operations. In the burrow source areas benthic assemblages are removed directly
and local habitats are destroyed by removal of bed material (CBNP 1995; Dean
2002; Hanson et al. 2002; Stive et al. 2013).

Seawalls are local hard engineering coastal defence structures which are built
along coastlines to resist high water levels and waves. Seawalls may be designed
in different shapes (vertical, curved, revetments) and materials (boulders, concrete,
steel piling). Well-designed seawalls are durable and effective to protect the coast-
line against flooding. The structures however are static and thus impede any natural
evolution of the shoreline and cross-shore sediment exchange. In contrast to natu-
ral sloping beaches which form and deform according to the local wave climate,
seawalls may even enhance erosive trends by reflection of wave energy. Changes
in local wave climate, sediment transport and morphology can have negative effects
on local (shoreline and foreshore) and downdrift habitats and ecosystems. A recent
study reports that in environments in the vicinity of seawalls supported 23% lower
biodiversity and 45% fewer organisms than natural shorelines (Gittman et al. 2016).
Dependent on design sea walls may or not withstand extreme events like tsuna-
mis, storm surges, and enhanced sea level rise (Mendelsohn 2000; Nicholls and
Cazenave 2010).

Following an approach of dynamic equilibrium of enclosed coastal cells, groynes
are rigid structures which are built at river banks and coastlines perpendicular or at
low angles to the main flow or wave action. Groynes can be constructed from stones,
concrete, blocks, wood, or steel, and may be partly permeable. In their function the
alongshore flow and sediment transport is interrupted. At river banks groynes (or
spur dikes) are built to force the main flow and transport energy into the central part
of the river, which shall hinder sedimentation; thereby reducing costs for mainte-
nance of the design depth. At open coasts groynes are set-up as countermeasures for
coastline erosion: The wave action is dissipated and alongshore transported sedi-
ment is trapped in between or upwind of the groynes. If well designed according to
type or he transport regime groynes can successfully avoid local coastal erosion.
However the interruption of the longshore drift of sediment can cause enhanced
erosion downdrift of the structures (Nicholls and Cazenave 2010).

To allow access to and maneuvererabilty of ports and navigational safety in fair-
ways deepening by dredging is another common coastal engineering measure.
Excavating of bed material is usually carried out by dredging vessels of which dif-
ferent types may be differentiated (grab, suction, bucket, water injection). Capital
dredging is carried out for reaching a new state or design depth, whereas mainte-
nance dredging maintains design depths; e.g. by dredging the crests of large sub-
aqueous dunes which protrude into the design water depth. Immediate environmental
impacts of dredging operations include increased turbidity, release of pollutants into
the water column at the extraction and dumping sites (Vogt, Chap. 10). Dredging
changes the morphology and thus the physical properties of the channel, mainly by
reducing hydraulic roughness to the downstream freshwater flow, or the incoming
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tidal currents. Changes in transport regime can follow from river deepening, thus
influencing transport of salinity, sediments, or other conservative substances thereby
influencing ecosystems along the river and coasts line, up to severe regime shifts.
The estuary of the Ems in Germany is a prominent example of a now hyperturbid
environment, which is assumed to have changed from a healthy ebb dominant state
to a flood dominant type as a reaction to a reduction of hydraulic roughness by
dredging. The import of mud to the estuary leads to an increase in turbidity, and loss
of biota because of light and oxygen reduction (De Jonge 1992; Krebs and Weilbeer
2008; Winterwerp et al. 2013).

Ports are locations of prominent impact to coastal morphology, transport and
ecosystems. Typically major capital and maintenance dredging operations must be
carried out frequently to ensure navigable water depths and safe ship traffic. Harbour
basins may suffer from enhanced deposition of fine sediments (siltation) as here the
natural flow energy is reduced. On the other hand hard quay walls and local deepen-
ing may enhance flow speed. Ecosystem impact is expected in several aspects for
river and coastal waters as e.g. change in transport of sediments, and density, pollu-
tion, and introduction of invasive species. For the environment also air quality and
noise pollution by ship exhaust, and cargo transport traffic must be considered
(Darbra et al. 2005). For the port of Rotterdam an exemplary study has detailed
environmental impact by exhaust emissions, noise, ballast water, sewage and gar-
bage, dust, antifouling, and feeder traffic, and how these are managed in the frame-
work of global, European, and local environmental initiatives (OECD 2010).

7.5 Conclusion

Natural coasts are dynamic environments of constant change, and are continuously
shaped by driving forces of different time and length scales. Coastal ecosystems
have adapted to the diversity of habitats in various climatic, hydrodynamic, and
sedimentary conditions. With growing human activities at global coasts pressures
on coastal ecosystems increase. Direct impact of coastal developments are manifold
and comprises threats like constructions, pollution, traffic, overfishing, etc. Indirect
effects on ecosystems are connected to the immediate or delayed reaction of coasts
to the fixation of coastlines by engineering measures. Shore protection schemes
prevent erosion or floodings, structures allow for traffic, shipping, and safety but
also do not allow the coast to develop and form adapted natural shapes and habitats.
Dredging of waterways changes the hydrodynamic characteristics of tidal channels
and estuaries, thereby changing habitat conditions. Long term changes in sea level
and increased storminess are expected to have an increased effect if the natural
response from beaches and coastal systems is impeded (Ranasinghe 2016).
Limited system understanding, predominately of the interaction between physi-
cal and ecosystems makes the prediction of local and far field effects of coastal
developments difficult. Management thus should always follow an adaptive
approach, which is driven by the aim for an in-depth understanding of natural
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processes, and involves learning and monitoring of the evolution of coastal systems.
This also involves regular re-assessments of past predictions in order to identify
model shortcomings and define needs for necessary model development.
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Chapter 8
Offshore Oil and Gas Production
and Transportation

Stanislav Patin

Abstract An analysis of sources and factors of environmental risk at the various
phases of the offshore oil and gas industry (OOG]I) is presented. Practically all oper-
ations of the OOGI are shown to be accompanied by physical, chemical and biologi-
cal disturbances in marine ecosystems. The level of impacts, their scale as well as
negative ecological effects vary widely depending on local situations and condi-
tions. Environmental impacts of drilling operations as well as platform and pipeline
construction in the sea usually result in local and reversible disturbances in the
water columns and benthic communities. The most significant sources and factors
of ecological risk associated with the OOGI’s activities include accidental oil spills
in the coastal zone, operations with tanker ballast waters resulting in introduction of
alien species, discharge of produced waters and seismic exploration. Such impacts
could produce not only disturbances to local biota but could also lead to ecological
catastrophes at a regional level. The most serious economic losses of fisheries result
from the restrictions imposed on fishing and mariculture following oil spills in
coastal areas.

Keywords Offshore oil and gas industry * Ecological risk * Marine ecosystems
* Environmental impact ¢ Seismic surveys * Drilling operations ¢ Produced water
e Tanker oil transportation ¢ Offshore pipeline transportation ¢ Ballast water °
Invasion of alien species ¢ Oil spills * Impact on fisheries

8.1 Introduction

About 50 years ago, oil and gas production in many regions started moving from
land toward the oceans, gradually involving new marine areas. The offshore oil and
gas industry (OOGI) has rapidly turned into one of the leading branches of the
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world economy. At present, the OOGI is developing on the shelf of about 100 coun-
tries providing nearly 30% of total hydrocarbon production.

There is a number of reasons to suggest an increase in the offshore hydrocarbon
production as well as expansion of the OOGI onto new marine areas in the twenty-
first century. First of all we have to note the depletion of many oil and gas fields on
land and, second, point to the huge hydrocarbon potential of sedimentary marine
deposits. According to known estimates, total geological resources of the World
Ocean may exceed 500 billion tons of hydrocarbons and amount to 60-70% of the
world reserve. As the scale and geography of the offshore geological exploration
expands, these estimates are likely to increase substantially. Thus hydrocarbon
potential of the oceans seems to be sufficient to cover the energy needs of humanity
in the twenty-first century. In the foreseeable future the energy demand is expected
to increase about 2% per year, with oil and natural gas continuing to be the domi-
nant sources of energy.

The most important trends and challenges of the future OOGI’s growth include:

* moving of exploration and production activities into the deepwater areas of the
oceans;

* increasing interest in the hydrocarbon resources of the Arctic seas, where—as
estimated—more than 30% of the world’s undiscovered natural gas reserves and
13% of its undiscovered oil reserves are located (Gautier et al. 2009);

* development of new efficient and environmentally friendly technologies, includ-
ing, for example, compact sub-sea production systems directly on the seabed;

* changes in strategy and geography of the OOGI due to global climate anomalies
and ocean warming.

Since the very beginning, the environmental issues of the offshore hydrocarbon pro-
duction and transportation have been attracting increased attention as compared to some
on-land human activities. The list of publications devoted to the environmental impact
of the OOGI (especially oil pollution) is unprecedentedly wide and includes thousands
of published works. Nevertheless, many aspects of this complex problem remain in the
focus of public concern and discussion at the national and international levels.

From an ecological point of view, it is essential to note that virtually everywhere
on the continental shelf, hydrocarbon fields coincide or overlap with the areas of
high biological productivity and traditional fishing. In addition, oil platforms,
pipelines and other objects of the OOGI infrastructure are built into the marine
environment and thus are exposed to all natural elements and impacts (storms, ice
field, etc.). On the other hand, the industry itself inevitably impacts marine ecosys-
tems and thus should be subjected to appropriate measures of environmental pro-
tection and regulation. The reason is quite evident: the hydrocarbon extraction is
finite, while the biological resources are self-renewable and therefore priceless.

This review is devoted to analysis of sources, factors and effects of environmen-
tal impact associated with the OOGI activity. The review is based on numerous
published works, including recent summary reports (NAS 2003; UNEP 2006;
GESAMP 2007; AMAP 2010; IPIECA 2010; OSPAR 2010; RCN 2012) as well as
author’s publications (Patin 1999, 2001, 2004, 2008).
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8.2 General Characteristics of Impacts

Table 8.1 and Fig. 8.1 clearly illustrate that practically all phases of the OOGI activ-
ity are accompanied by a number of inevitable impacts on the marine environment.

As old hydrocarbon resources become gradually depleted and new ones start
being developed within large fields, the oil production moves to new locations. As a
result, the sequence of phases shown in Table 8.1 for an individual location becomes
unrecognizable against the background of all other offshore activities in the region.
This lead to the situation that just after 10 years of exploitation of a large offshore
oil and gas basin, we can see newly installed platforms and pipelines along with
abandoned structures, oil tankers along with seismic survey vessels and so on. Thus,
local and point impacts become interwoven and combined into vast areas of envi-
ronmental disturbances. Their nature and intensity may vary widely depending on

the combination of a great number of natural and human impacts.
Environmental impacts of the OOGI are very complex by their nature. They result
in physical, chemical and biological disturbances in the water column, on the bottom

Table 8.1 Environmental impact at the main phases of the offshore oil and gas industry

Phase

Activity

Type and factor of impact

Geophysical exploration

Seismic surveys

Hydroacoustic anomalies,
mortality and behavioural changes
of marine organisms, interference
with fisheries and other sea users

Drilling exploration

Rig emplacement, exploratory
drilling, well testing

Seabed disturbances, discharges
of drilling and other wastes,
increasing water turbidity,
atmospheric emissions, accidents

Field commissioning

Platform installation,
pipelaying operations; seafloor
excavation; vessel traffic;
offshore/onshore support
facilities construction

Seabed disturbances, increasing
water turbidity, construction and
commissioning discharges,
interference with fishing;
pollution from support vessels

Production

Drilling and other production
operations, maintenance and
other activities

Discharge of drilling wastes and
produced water, increasing water
turbidity, accidental oil spills and
atmospheric emissions,
interference with fishing and other
sea uses, physical disturbances of
benthic communities

Oil transportation by
tankers

Operational atmospheric
emissions and discharges of oil
wastes, impact on marine biota,
oil spills

Decommissioning and
abandonment of offshore
installations

Platform/structure removal,
plugging, abandonment, use of
bulk explosive charges

Operational discharges, impact on
biota during blasting operations,
seabed and water column
disturbances
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Fig. 8.1 Conceptual scheme of characteristic biological effects and environmental hazards of oil

spills in the sea

and, to some extent, in the atmosphere. The assessments of such impacts and their
consequences are provided below. They are based on the previously published meth-
odology with a set of ecological and eco-toxicological criteria to rank the degree of
environmental risk, including both the likelihood of a particular exposure and sever-
ity of its potential effects (spatial and temporal scope, reversibility, etc.) (Patin 2004).

8.3 Seismic Surveys

Seismic exploration is the first phase of any offshore oil and gas development. The
tracks of seismic surveys could cover entire regions.
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The mechanisms and manifestations of biological effects of seismic impulses on
living organisms can vary widely—from effects on primary behavioral reactions
(e.g., scattering fish school) to physical tissue damage and, ultimately, to organism
death. The nature and degree of these effects depend on many factors, including the
type and configuration of seismic source, the depth of the sea, the species of
impacted biota, etc. Of course, the distance between the seismic source and the
“target” plays a crucial role.

Zooplankton and fish at early stages of their development (larvae, fry and eggs)
are particularly vulnerable to physical damage. Their mortality in the zone of direct
seismic impact (up to 5 m from the source) could reach 1% of the local population
abundance. Low-frequency seismic impulses can easily travel through seawater
mass and exceed the acoustic background level at the distance of dozens of kilome-
ters from the source. Many species of marine mammals and fish are capable of sens-
ing and responding to these signals at rather large distance. For example, observations
in the Barents Sea revealed changes in the schooling behavior of pelagic fish at the
distance up to 50 km from the seismic survey area (Karlsen et al. 2004; Dalen 2007).

Compared to fish, marine mammals (cetaceans in particular) are more sensitive to
sound impacts and may respond to low-frequency seismic waves at a distance of more
than 100 km from the sound source (IWC 2006; IFAW 2008). The most likely biologi-
cal consequences of such impacts include disturbance of communication and behav-
ioral changes such as migration of marine organisms, especially whales. In combination
with other sources of human impact, seismic explorations could produce cumulative
effects in marine ecosystems and populations. An example of such situation is a seri-
ous threat to the small population of gray whales on the Sakhalin shelf that has arisen
due to seismic surveys and other OOGI’s operations. Special mitigation measures had
to be implemented for protection of this endangered species (IUCN 2008).

As the first approximation, and in accordance with the adopted methodology
(Patin 2004), potential ecological effects of seismic exploration in the sea can be
assessed as moderate and reversible, while the scope of the impact—as local and/or
sub-regional and short-term.

It should be noted that low-frequency sound signals can be detected at a distance
of over 3000 miles (!) from the source of their generation by airguns (Nieukirk et al.
2004). The biological effects of such phenomenon are still poorly investigated. In
spite of gaps in our knowledge, “acoustic pollution” (including seismic surveys) is
considered today a serious ecological threat in the sea at the regional and global
levels (IFAW 2008) (Boebel, Chap. 24).

8.4 Field Commissioning

Activities at the field commissioning phase include installation of offshore plat-
forms, laying of submarine pipelines, construction of oil terminals, dredging and
other operations. At present, there are more than 150,000 km of subsea pipelines
and over 8000 offshore facilities installed on the marine shelves world-wide.
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The principle factors of environmental risk of such activities are associated with
extraction, replacement and resuspension of huge amount of bottom sediments. At
the regional level this extraction could amount to millions of tons. For example, lay-
ing only 1 km pipeline is accompanied by the resuspension of about 5000 m?* of
bottom sediments. The total area of direct impact on bottom habitats in the North
Sea due to construction of platforms and other OOGI’s infrastructure exceeds
20,000 km? (OSPAR 2010).

The results of these activities inevitably lead to serious disturbances in benthic
communities. They occur as a result of:

* physical elimination of benthos in the zone of construction and installation
activities;

* mortality of organisms (especially epifauna) beneath the redeposited sediments;

» changes in structure and functions of benthic communities in the damaged bot-
tom habitats.

The recovery time for bottom sediments and communities after field commis-
sioning depends on numerous factors and ranges from several months to several
years (sometimes over 10 years). Accordingly, ecological impact assessments vary
widely—from point, short-term, reversible and insignificant to local, temporary,
slightly reversible and moderate.

8.5 Drilling Operations

Well drilling and drilling waste removal are among the most common types of the
OOGT’s activity. The estimated annual scope of these operations at the regional
level amounts to hundreds of drilled deep wells and hundreds of thousands of tons
of discharged wastes. Drilling wastes include drilling fluids (muds) and drill cut-
tings (mineral particles generated by drilling). There are three main types of drilling
fluids: oil-based fluids (OBF), water-based fluids (WBF) and synthetic-based fluids
(SBF). At the end of the last century, most countries imposed a ban on the discharge
of the OBF and associated cuttings into the sea. There has been a widespread shift
to new technologies of drilling operations with using low toxic WBF and SBF. Some
countries implemented a total ban on the disposal of any operational wastes from
the offshore platforms (“zero discharge”). However, most countries and regions
continue the practice of discharging the WBF and drill cuttings. The volume of such
discharges usually amounts to over 1000 m? of drilling fluids per a deep well and
several times smaller amount of associated cuttings.

Published data demonstrate that environmental impact of the WBF and accom-
panied cuttings discharged into the open sea is usually limited by short-term, revers-
ible and local changes in plankton and benthos. These effects are mainly caused by
the presence of suspended mineral material in drilling wastes. They can be inter-
preted as an acute stress in the form of temporary disturbances in behavioral, feed-
ing, respiratory and other functions of marine organisms and their distribution.
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These effects are similar to those biological changes that occur in the sea as a result
of resuspension of bottom sediments during storms and field commissioning opera-
tions (see above). The scope of distribution of drilling wastes around platforms is
typically limited by few hundred meters from the discharge point. At the same time,
numerous well drillings and multiple discharges in the regions of long-term hydro-
carbon development can lead to environmental disturbances in bottom habitats and
benthos within the vast areas—up to several kilometers from drilling platforms.

8.6 Production Activity

In addition to drilling wastes, the production activity involves yet another, rather
specific kind of waste—produced waters extracted along with the hydrocarbons.
Quantitatively, these waters by far exceed all other types of the OOGI’s wastes.
Depending on situations, the amounts of produced waters vary extremely widely—
from 10 m? per day for a single well to over 10,000 m? per day for platforms with
numerous productive wells.

A common practice of handling produced waters involves their primary treatment
(mainly separation from oil) and subsequent disposal at the sea. Other options
involve water reinjection into the wells. This method, however, has not found wide
application because of the large volumes of produced water, especially at the last
phase of production activity. According to known estimates (IAOGP 2013), over 700
million tons of produced waters are discharged annually into the marine environment
world-wide.

Chemical composition of produced waters is characterized by high miner-
alization (up to 300 g/l) and presence of numerous toxic substances (usually in
low concentration), including dispersed oil, monocyclic and polycyclic aromatic
hydrocarbons (PAH), alkylphenols, heavy metals, natural radionuclides (mainly
radium-226), organic matter, and other trace components.

Field observations and model-based calculations show that the fate of produced
waters discharged into the open sea is similar to the WBF distribution. According
to different estimates, they are diluted by a factor of hundreds in direct proximity
to the point of discharge and by 10°-10° at distances over 100 m from platforms.
As a result of this dilution, the actual concentration of produced waters and their
components in seawater decreases to levels at which harmful effects are virtually
nil or cannot be detected. The most evident ecological disturbances around produc-
tive platforms are usually observed in bottom habitats and benthic communities
due to sedimentation of mineral fraction of drilling wastes and produced waters.
Sometimes the decrease in abundance of the most vulnerable benthic species (espe-
cially small forms of crustaceans) could be detected at the distance up to 10 km
from platforms.

Generally, the typical impact from production activity should be evaluated as local
or sub-regional and chronic, whereas ecological effects can be ranged from reversible
and slight in the seawater to irreversible and moderate in the bottom sediments.
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Extreme negative assessments primarily relate to situations of long-term disposal of
oil-containing drilling wastes and produced waters.

It should be recognized that some issues of long-term effect of produced waters
discharged into the sea remain open. This applies, in particular, to the possibility of
cumulative harmful effects and vulnerability of marine ecosystems in the Arctic
(RCN 2012), as well as to the scope of bird mortality due to the oil slicks around the
productive platforms (Fraser et al. 2006). It is important to emphasize that ecologi-
cal risk of any waste disposal into the sea will ultimately depend not only on the
amount and composition of the discharges but on location and natural conditions in
the area of the disposal (coastal zone, open water, currents, season, etc.).

8.7 Tanker Transportation

Oil tanker fleet currently amounts to over 7000 large tankers of different types,
which transport about three billion tons of oil and oil products annually (GESAMP
2007). Transportation routes cover the main areas of the oceans.

Major environmental impacts associated with the routine (accident-free) oil
tanker transportation include:

e acoustic, mechanical and light effects on marine mammals, birds and fish;

* 0il contamination due to operational and illegal discharges;

e emission of aerosols, volatile organic compounds and other contaminants into
the atmosphere followed by their precipitation on the sea surface;

* “biological pollution” as a result of ballast water operations.

Most of these impacts are typical for all large vessels at the sea. Their effects are
usually localized and reversible. But taken together, they can pose a serious and still
poorly understood cumulative threat to marine organisms and ecosystems.

In the context of this review, one should pay special attention to operations with
tanker ballast waters, which are one of the major cause of “biological pollution”, i.e.
invasion of alien species. In the first approximation, the annual discharge of ballast
waters from the oil tankers into the world’s oceans amounts to about three billion
tons, while the annual world-wide “transportation” of marine biota in ballast waters
is estimated to include up to 10,000 species (Raaymakers 2003).

Sometimes harmful bio-invasions lead to ecological disasters at the regional
level. One of them occurred in the Black Sea in the 1980s after introduction of
Mnemiopsis leidyi with ballast waters. This jellyfish is, at first glance, a harmless
creature; however it is a very active predator that feeds on zooplankton organisms,
including fish eggs and fish larvae. Its biomass in the sea reached ten billion tons
and resulted in a dramatic transformation of the entire ecosystem, leading to the
drop in fish stock and collapse of commercial fisheries in the region. Later this
disastrous invasion spread to the Sea of Azov and the Caspian Sea.

Given the high intensity of the current and projected oil tanker traffic, there is a
reason for a serious concern about the ecological risk of such events in many
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marine regions. Globally, the transfers of ballast waters carrying invasive species
are perhaps the biggest environmental challenge facing the shipping industry
(especially oil tanker transportation) this century (IPIECA 2010) (Kuhlenkamp
and Kind, Chap. 25).

8.8 Transportation by Pipelines

Worldwide, the total length of seabed pipelines for pumping hydrocarbons now
exceeds 150,000 km. Environmental impacts during normal (accident-free) func-
tioning of underwater pipelines are usually associated with:

e acoustic, thermal and electromagnetic effects on the bottom fauna;

» changes in topography and bottom structure due to the physical presence of the
pipes laid on the sea bottom without burial,

* obstacles to movement and migration of mobile benthic forms, especially
invertebrates;

» changes in the composition of benthic communities in the area of the pipeline
due to biofouling and reef effect.

Data show that the above factors have a low and localized impacts on the marine
environment and biota. At the same time, some issues within the framework of this
problem are still poorly understood. This applies, in particular, to the possibility of
interference with movement and reproduction of some benthic organisms because
large diameter pipelines (over 50-100 cm) could be a barrier to their long-range
migration. In general, ecological effects of the offshore pipeline transportation can
be assessed as slight and reversible (slightly reversible), while a scope of impact as
sub-regional (regional) and chronic.

8.9 Decommissioning

Sooner or later (usually after 30-50 years) hydrocarbon reserves within any oil and
gas field are exhausted, and then a number of environmental, technical and eco-
nomic problems arise. As a rule, these problems remain in the shadow at the early
phases of oil and gas projects. We are talking about the fate of disused offshore
platforms, underwater pipelines and other facilities of the OOGI’s infrastructure.
Left at the bottom and under water, they are inevitably exposed to destruction and
spreading over large areas, thus threatening marine navigation, fishing and other
offshore activities. On the other hand, decommissioning of abandoned facilities
involves enormous technical and economic difficulties similar sometimes to the
challenges of their installation. Besides, such operations present a very powerful
source of harmful impacts on the marine environment, especially due to the use of
the explosives.
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Over the past several decades, a number of different uses for decommissioned oil
and gas platforms has been proposed as alternatives to their complete removal.
Among these options, the use of platforms as artificial reefs is especially interesting.
Currently, rigs-to-reefs technology has been successfully implemented in some
regions, especially in the Gulf of Mexico, where over 200 decommissioned plat-
forms have been converted to artificial reefs (Kaiser and Pulsipher 2005). The
results of ecological monitoring around platforms suggest that they not only provide
a habitat for fish and other commercial organisms, but also contribute to their repro-
duction. This phenomenon, as well as an increase in the total biomass around off-
shore platforms and pipelines can be considered as an evidence of positive impacts
of the OOGI on marine ecosystems.

8.10 Oil Spills

Despite a clear decline in the frequency and volume of oil spills in the sea during the
recent decades, they still continue to be inevitable events at all phases of the off-
shore oil and gas development and pose one of the most serious threats to marine
ecosystems. By now, a wealth of statistical data on accidental oil spills and oil enter-
ing the sea has been accumulated in many countries and regions. Data from one
recently published international summary are presented in Table 8.2.

Analysis of presented data and other corresponding materials (e.g., IPIECA
2003; NAS 2003; UNEP 2006; GESAMP 2007; ITOPF 2010; OSPAR 2010) pro-
vides the basis for the following conclusions:

* Contrary to the wide-spread opinion, accidental oil spills do not appear to
be a major source of oil contamination of the marine environment. They are
responsible for about 20% of total anthropogenic input of oil in the World
Ocean.

* Most accidental oil losses (about 80%) usually result from spills during oil tanker
transportation.

Table 8.2 Worldwide estimates of oil entering the marine environment®

Annual release (tons)
Sources of oil input in the sea Total Accidental spills
Ships (including tankers) 457,000 163,000
Offshore exploration (drilling) and 20,000 600
production
Coastal facilities 115,000 2400
Small craft activities 53,000 No data
Natural seeps 600,000 -
Unknown (unidentified) sources 200 No data
Total 1,245,200 166,000

“Based on the data covered the 1968—1997 period (GESAMP 2007)
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e Small and quickly eliminated oil spills as well as operational and illegal dis-
charges are the most common sources of long-term oil contamination in areas of
intense offshore oil production and transportation.

* Particularly large spills releasing thousands tons of oil occur at the rate of zero to
several incidents per year.

* Any direct correlation between the amount of spilled oil and the degree of eco-
logical risk does not exist.

 Finally, all effects depend on the type and properties of released oil, current natu-
ral situation and specific circumstances of the accident.

The analysis of the worldwide statistics for 19902000 (Patin 2008) allowed to esti-
mate that on average a “typical” oil spill releases the following amount of oil per year:

e 100 kg of oil from each productive platform,
e 20 kg of oil from every kilometer of a subsea pipeline and
* 14,000 kg of oil from each oil tanker in action.

In first approximation, the total loss of oil during all operations of the OOGI
amounts to about 30 tons per million tons (3 x 1072%) produced and/or transported oil.

Over the last decades, there has been a clear trend to a significant reduction in the
volume of large oil spills during all operations of the OOGI, including the tanker
transportation. However, the dramatic events in the Gulf of Mexico in 2010 clearly
demonstrated that the likelihood of oil disasters continues to be the sword of
Damocles which is still hanging over the seas.

The conceptual scheme of developing biological effects and consequences of an
oil spill under acute and chronic stresses is presented in Fig. 8.2. Depending on
numerous specific parameters of an oil spill, a wide range of effects may occur both
in the water column and bottom sediments—from behavioral responses of organ-
isms at the initial phases of the spill up to the long-term population disturbances
under chronic impact in the coastal zone.

One of the key eco-toxicological characteristics of oil in the sea is the dualism of
its biological impact. From one hand, oil includes a combination of dissolved
(mainly light aromatic) hydrocarbons and thus it is able to damage physiological
and biochemical systems in living organisms. From the other hand, crude oil is a
viscous substrate and thus can cause a purely physical damage by covering protec-
tive surface layers of an organism. This is especially true in relation to marine birds
and mammals which are the most vulnerable species and first victims of oil spills.
For example, as a result of the accident with the tanker Exxon Valdez in 1989 off the
coast of Alaska over 250,000 seabirds were killed (NAS 2003).

From an ecological point of view, there are two main types of oil spills. One of them
includes spills that begin and end in the open water, without contact with the shoreline
and bottom. Their effects tend to be temporary, local and easily reversible in the form
of acute stress. No significant harmful changes or mortality in plankton and nekton
(including fish) could be observed due to low oil concentrations in the water column.

The other and the most dangerous type of spills involves situations when oil finds
its way into coastal waters and results in long-term ecological consequences. Most
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Fig. 8.2 Conceptual scheme of characteristic biological effects and environmental hazards of oil
spills in the sea (Patin 2004)

often, these two scenarios (pelagic and coastal spills) develop simultaneously,
which is especially likely when an accidental spill occurs close to the shore.
Numerous observations in different parts of the world indicate that oil persistence
and, consequently, its adverse ecological impact sharply increase from open rocky
shores to sheltered wetland (marshes, mangroves), gravel and pebble coasts.
Accordingly, the time of recovery of coastline ecology may vary widely—from
months to several years, sometimes over 10 years (Patin 2008). The most serious
harmful effects are observed in the coastal benthic communities in the form of pro-
longed and stable changes in their abundance and species composition.

In addition to accidental spills, there are two other sources of oil input in the sea
that are considered to pose a serious environmental threat. These sources include



8 Offshore Oil and Gas Production and Transportation 161

operational oil releases and illegal oil discharges, particularly from tankers. These
so called “small spills” are responsible for long-term oil contamination of large
areas, e.g. European Seas (UNEP 2006).

8.11 Impact on Fisheries

In general, we should consider two main groups of threats from the OOGI
activities:

e environmental impact on marine living resources and commercial organisms;
e economic losses, including hindrance to fishing activities.

Until recently, there has been presented no direct evidence of any detectable
influence of the OOGTI’s activities on the abundance and stock of commercial spe-
cies at the regional level. Most known estimates (summarized by Patin 2008) indi-
cate that mortality of commercial species, even in the most pessimistic scenarios
(catastrophic oil spills), usually do not exceed hundreds/thousands tons of biomass
and cannot be reliably distinguished against the background of high variability of
populations due to environmental changes, natural mortality, and fishing (Fig. 8.3).
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1 2 3 4 5

Fig. 8.3 Relative impact of different types of human activities (including oil spills) on commercial
fish resources (Patin 2004). /, total stock (biomass) of commercial species; 2, extraction by fisher-
ies; 3, incidental and discarded catches; 4, maximum possible loss from pollution; 5, maximum
possible losses due to all offshore oil and gas activities, including oil spills. TDP threshold of dis-
turbing population. Dotted lines reflect variability of total stock and catch by fisheries
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The above conclusion does not mean that the OOGI does not cause any damage
to fisheries and mariculture (the cultivation of captive species). Actual economic
losses usually occur as a result of:

e temporary restrictions on fishing and mariculture activities after oil spills;

e decrease in value of seafood due to oil contamination of caught and cultivated
species;

e limiting the access to fishing grounds and physical interference with trawling
operations around platforms, pipelines and other offshore facilities.

The most serious economic losses result from the restrictions (bans, closures)
imposed on fishing and mariculture following oil spills in coastal areas. The exact
nature and extent of such losses may vary widely depending on a combination of
diverse factors, such as the oil spill amount, season, weather situation, etc. In some
cases, for example after the catastrophic accidents with tanker Exxon Valdez (1989),
tanker Prestige (2002) and platform Deepwater Horizon (2010) economic losses for
fisheries and maricultural sector reached billions of dollars.

Nonetheless, the experience of many coastal countries indicates that “peaceful
coexistence” of the OOGI and fisheries is possible. The balance of interests of these
two offshore industries can be achieved both through national measures and on the
basis of a number of international conventions and regulations (Patin 2001; IPIECA
2003; WWF-Norway 2009; ExxonMobil 2015).

8.12 Conclusions

As described above, the OOGI’s activities are accompanied by inevitable envi-
ronmental impacts, which cause physical, chemical and biological disturbances
in the sea. The scope and severity of these impacts as well as their ecological
effects vary considerably depending on specific local conditions and situations.
Impacts from drilling and production operations, platform construction, pipeline
installations and other activities to create offshore infrastructure usually result
in local and reversible environmental changes in the water column and benthic
communities. The seismic explorations cover extensive sea areas but biological
effects of this large-scale activity are not well investigated and further research is
required.

The major sources of environmental risk from the OOGI’s activities include acci-
dental oil spills in the coastal zone and invasion of alien species due to operations
with tanker ballast waters. These impacts can lead to regional ecological catastro-
phes with huge economic and fisheries losses. The main threat to fisheries from oil
spills is associated with temporary restrictions on fishing and oil contamination of
commercial species.

Considering the OOGI as a whole, it should be taken into account that this indus-
try is only a fragment in the complex network of human activities in the marine
environment along with commercial fishing, shipping, disposal and dumping of
wastes, extraction of sand and gravel and many others. In many areas (primarily in
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coastal zones) the cumulative effect of these activities poses a serious long-term
threat to marine ecosystems and living resources and therefore should be the focus
of appropriate environmental regulation and management.

Numerous scientific investigations have provided the basis for a wide range of
national and international measures, approaches and tools that have been imple-
mented in relation to the OOGI. The most common of them include:

e imposing restrictions (norms, standards, criteria, permits, bans) on waste han-
dling and disposal into the sea at all stages and operations of the OOGI;

* implementing environmental monitoring of the marine environment in the
regions of oil and gas production and transportation;

 utilizing methodologies (i.e. environmental impact assessment and risk manage-
ment), which help estimate and mitigate loss of biodiversity and natural resources
during the offshore oil and gas activities;

* introducing measures to protect vulnerable environment (e.g. by designation of
particularly sensitive sea areas, petroleum-free zones and marine protected areas
or via coastal environmental vulnerability mapping);

* implementing oil spill contingency planning.

The proper implementation and further development of such measures should be
the most important steps in protecting the marine environment during the offshore
oil and gas activities in the twenty-first century (Jessen, Chap. 36).
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Chapter 9
Exploitation of Offshore Wind Energy

Jens Liideke

Abstract Offshore wind energy will substantially contribute to future energy
generation. However, the use of wind energy in marine areas has implications for
marine ecosystems. The results of more than a decade of ecological research con-
cerning offshore wind farms in Germany and abroad have revealed potential nega-
tive impacts of offshore wind farms, particularly with regards to seabirds, migrating
terrestrial birds, and marine mammals such as harbor porpoises, especially by noise
effects during installation of the turbines. Depending on the location of the wind
farm, effects on bat populations are also possible. Impact on fish and benthic species
are probably less relevant. There are even examples of positive (local) effects on
marine biodiversity, for example, due to the introduction of a new hard substrate
into ecosystems or the exclusion of fishing from the area of the offshore wind farm.
For an overall assessment of the impacts of offshore wind, the effects still have to be
investigated on a cumulative and international level over the long term.

A number of measures are necessary to achieve environmentally sound develop-
ment of the use of offshore wind energy. Marine spatial planning is important for
guiding human activities in the marine environment, such as the use of offshore
wind energy. Marine protected areas are of high relevance for protecting sensitive
habitats and species. State-of-the-art mitigation measures against underwater noise
are required to avoid hazards to whales. Finally, marine compensation measures can
help to counterbalance adverse impacts of offshore wind farms.
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9.1 Development of Offshore Wind Energy

Offshore wind energy has many advantages over onshore wind production, most
prominently in terms of the higher wind speed offshore: the wind speed in the
first offshore wind farms (OWFs) has averaged 10 m/s in recent years, whereas, at
onshore locations, the average is often not much higher than 6-8 m/s. Moreover,
the wind blows much more regularly offshore (offshore more than 4000 full load
hours; onshore only 1300-2000 full load hours, depending on the location of the
turbines). OWF can supply electricity at almost every hour of the day and any time
of the year. Production is highly predictable, with almost no need for backup capac-
ity from conventional energy producers or greater storage volume. In Germany,
OWFs are mostly located far off shore, where they do not create acceptance prob-
lems among nearby residents (no “Not in My Back Yard” phenomenon). In other
countries, OWFs are sometimes built near the shore and therefore can produce
conflicts, e.g., with the tourism sector. Offshore wind industries may also create
conflicts with fishermen because commercial fishing is prohibited inside the area
of OWFs. Nevertheless, the conflicts connected to OWFs are inferior compared
with the problems onshore that wind energy regularly has to face, especially with
nearby residents.

In Europe, in pioneer countries, such as the UK, Denmark and Germany, off-
shore wind energy is now becoming increasingly important for energy transition
away from fossil fuels towards renewable energy resources. The first OWFs world-
wide were built in Denmark in 1991. In 2016, the capacity of offshore wind energy
passed 10,000 MW (UK 6000 MW, Germany 3000 MW, and Denmark 1200 MW).
More than 3000 turbines are currently installed and grid-connected in more than 80
OWFs in 11 European countries (see Fig. 9.1). This capacity provides sufficient
electricity supply to about ten million households in Europe. The European
Commission considers offshore wind energy “the energy of the future.” Wind
energy is supposed to ensure European energy safety and transition to a low carbon
economy. The goal for offshore wind in Europe is over 40,000 MW by 2020 (see
Table 9.1) and about 150,000 MW in the long run.
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Fig. 9.1 Offshore Wind Projects in selected European Waters (4C Offshore 2016)
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Table 9.1 Aims and required marine area for OFW in Europe (Source: adapted from the EU COM
2016, Seaenergy 2020)

Minimum area for offshore Share for offshore wind
2020 Target wind farms (=10 MW per farms of total EEZ of each

Country (MW) km?2) (km?2) country (%)
Belgium 2000 200 5.56
Denmark 1339 140 0.13
Estonia 250 25 0.07
Finland 900 90 0.17

France 6000 600 0.18
Germany 10,000 1000 3.50
Greece 1500 150 0.00
Ireland 550 55 0.01

Italy 680 7 0.00

Latvia 180 18 0.06
Lithuania 100 10 0.16
Netherlands 5978 600 1.02

Poland 500 50 0.15
Portugal 75 7.5 0.00

Spain 3000 300 0.04
Sweden 182 18 0.05

UK 18,000 3300 0.43

Total ~50,000 ~ 6500 km? ? 0.68

The predicted minimum area necessary to achieve the 2020 target is based upon a reference density
for offshore wind farms of 10 MW/km? (Seaenergy 2020)

Germany’s energy approach—the FEnergiewende—aims to fundamentally

restructure the country’s energy supply with 80% of electricity renewable by 2050.
Offshore wind will play an important role, with the German government having
established plans for using 6500 MW offshore wind energy by 2020 and 15,000 MW
by 2030 (Federal Ministry for Economic Affairs and Energy 2015).

As required by Article 4 of Directive 2009/28/EC on the promotion of the use of
energy from renewable sources (Renewables Directive), EU Member States have
defined their legally binding 2020 target for the share of renewable energy in their
respective National Renewable Energy Action Plans. The 17 European Coastal
States of the North Sea, Baltic Sea, Mediterranean Sea, and Atlantic Coast have
announced quantitative objectives for offshore renewable energies by 2020. In order
to achieve the goals of the National Renewable Energy Action Plans (EU COM
2016), substantial geographical areas of the Exclusive Economic Zone (EEZ) will
be occupied (Table 9.1).

Non-European countries have also started developing OWFs. For example,
China already built its first OWF in 2010 and South Korea is preparing to build its
first OWF. India is currently working on the legal and policy frameworks to
formulate its entrance into the offshore market. There are also plans for OWF in the
U.S., although offshore wind is yet in the early stage of development: America’s
first OWF has been under construction since 2015 and several other projects will be
implemented in the next several years (Kota et al. 2015).
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9.2 Environmental Impacts of OWF

In the 1990s, prior to the use of offshore wind energy, there was almost no data
regarding its potential environmental impacts. Thus, ecological research on the
development of OWFs took the highest priority from the outset. Indeed, this is why
the Federal Ministry of Environment in Germany provided more than 50 million
euros of funding for research. The first German offshore test field—Alpha Ventus—
which was completed in the North Sea in 2010, therefore sought to resolve technical
and environmental uncertainties. The impact of OWFs on the marine environment
has been intensively investigated, as have ways to reduce this impact (Otto et al.
2014). Knowledge concerning the effects of OWFs on the marine environment has
been considerably advanced by data gathered in Germany over recent decades.
Since the German body of research is comprehensive and unique, this chapter
focuses on its research outcomes, evaluated, however, in the context of numerous
studies from other countries (Liideke 2015).

From the outset, environmental problems presented a major obstacle for the
approval of OWFs in Germany, as well as other European countries. One focus of
the German research was to compare actual construction and operational effects on
the marine environment with the (theoretical) forecasts. Investigations in Germany
followed the Before-After-Control-Impact (BACI) design, with comparative inves-
tigations in the area of the OWFs (especially in the first OWF Alpha Ventus) and in
selected reference areas without turbines, before and during the construction period,
as well as in the first years of operation of the wind farm (Beiersdorf 2014).

9.2.1 Impacts of OWFs on Benthos

The impacts of OWFs on benthos (communities of organisms that live in, on or
nearby the seabed) are exceptional because they can be assessed as positive in the
context of an increase in number of species and biomass. Surveys have demon-
strated an increase of endobenthos after OWF construction, although the species
composition changed, owing to the new habitats. The results show that OWFs have
a substantial effect on the marine benthos. Variations of the benthic in- and epifauna
of the sedimentary seafloor indicate an influence on the part of the wind turbines
and the associated activities on population dynamics of benthic species. However,
the duration of the investigation period still is too short to draw conclusions on the
long-term development of the infauna (Gutow et al. 2014). Nevertheless, it was
discovered that the cessation of fishing activities in wind farm areas has a positive
effect on benthic biodiverstity after several years (Bergman et al. 2015). Even so,
according to Gutow et al. (2014), no clear signs of recovery from bottom trawling
manifested in the short term. Beyond this, Mesel et al. (2015) note that the com-
munity of endobenthos soon became dominated by only a few species, and even
non-indigenous, invasive species were found.



9 Exploitation of Offshore Wind Energy 169

The hard bottom associated benthos communities are more likely found around
the underground parts of turbines. Although the seafloor changes substantially
around the turbine foundations, a great number of species usually inhabiting the
original soft bottom fauna is still found in these modified sediments. Turbine foun-
dations serve as artificial reefs, being broadly populated and offering habitats for
faunal diversity. This leads to an increase in the number of aquatic animals. At
Alpha Ventus, it was not possible to clearly distinguish between the impacts of the
turbine foundations (e.g., an increase of biomass caused by the new turbines serving
as artificial reefs) and processes associated with their operation (e.g., the recovery
of benthic communities after the cessation of bottom trawling).

Five years after the construction of Alpha Ventus and the introduction of new
habitats for hard bottom associated mobile demersal megafauna, the fouling assem-
blage has increased enormously. The new artificial reefs in the marine environment
have a substantial influence on nearby sediment and benthic community inhabitants.
The species richness and biomass of the fouling assemblage have steadily increased,
reaching a biomass of more than 20 kg/m? of foundation in the shallow, subtidal
mussel accumulation. Shortly after construction, up to 100 times more hard-bottom
species were present at the foundations than in the previous soft sediments.
Furthermore, the foundation structures have served as nursery grounds, e.g., for the
brown crab (Cancer pagurus), the Atlantic horse mackerel (Trachurus trachurus),
and the pouting (Trisopterus luscus) (Krone and Krigefsky 2012). Moreover, a
large number of mussels (Mytilus edulis), which had not formerly been abundant in
this location, were observed.

Three years after completion of the OWF, the growth was noticeable: mus-
sels, amphipods, crabs, and sea anemones had all settled within the OWF in large
numbers. A cover of mussel shells was established around the foundations. The
biomass on the turbine foundation attracted predators and scavengers. The fouling
biomass now descends to the seafloor when the organisms die. There, it provides
food for scavengers. The change in species composition and increased vegetation
has attracted larger animals, which find new food sources around the foundations
(Gutow et al. 2014).

Similar results have been obtained in studies outside Germany, in other sea
regions. It has been demonstrated that OWFs—including both the wind turbines and
associated activities (e.g., cessation of fishing)—have affected the population
dynamics of benthic species. Another notable result from investigations at European
wind farms is the lack of short-term effects on marine soft-bottom benthos. An
increase of benthos is predicted over the long term (Lindeboom et al. 2011).

In conclusion, a number of investigations have proven that OWFs can lead to
an increase in abundance and number of hard bottom associated benthic species
especially within the wind park area (Andersson et al. 2009; Punt et al. 2009; Wilson
et al. 2010; Wilhelmsson et al. 2010; Lindeboom et al. 2011; Coates et al. 2012; van
Polanen et al. 2012; Gutow et al. 2013; Krone et al. 2013; Schmidt et al. 2013; Ashley
et al. 2014; Bergman et al. 2015; Coates et al. 2014; Dannheim et al. 2014; Hooper
and Austen 2014; Krigefsky 2014; Vaissiere et al. 2014; Wilding 2014; Liideke 2015;
Hammar et al. 2016). Thus, the introduction of an artificial substratum allows species
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which are naturally not occurring at these sites to establish themselves. Consequently,
especially the benthos species, which depend on hard substratum, benefits from
OWFs. However, an assessment of the implications for the ecosystem in a long-term
investigation is still lacking.

9.2.2 Impacts of OFWs on Fish

Fish could be affected by pile driving and other construction activities. Injuries from
pile driving sounds have been found to cause injuries to several fish species in a
laboratory study. The recovery of the fish occured within 10 days and is unlikely to
have affected their survival (Bailey et al. 2014). Beyond this, deleterious effects on
fish have been documented. For example, intense construction activities, which
involve not only pile driving, but also ship traffic, photo pollution, seafloor distur-
bance has resulted a 40-50% decrease in the abundance of pelagic fish (primarily
mackerel, horse mackerel, herring, and sprats) compared to surrounding areas.
Construction activities like pile driving, ship traffic or seafloor turbulence disturb
fish (Reichert et al. 2012).

After construction, the abundance of fish species was higher at the wind turbine
foundations than in areas outside the wind parks. Overall, there was an increase in
the number and biomass of fish. The catches were more than twice as large as those
before construction, with larger fish being caught (Reichert et al. 2012). The new
artificial reef community included fish such as mackerel, striped dragonets, French
cod, and flatfish, as well as predatory fish that are rare on pure sand surfaces. Most
experts evaluate this artificial effect as positive, as it increases biodiversity. A recov-
ery of fish populations and benthic communities has been noted to date. Again, two
factors are responsible for these occurrences, namely the new artificial reef and the
prohibition against trawling within OWFs.

Findings from German studies are supported by those in other sea areas (Leitao
et al. 2007; Andersson et al. 2009; Langhamer et al. 2009; Punt et al. 2009;
Wilhelmsson et al. 2010; Reubens et al. 2011; De Troch et al. 2013; Reubens et al.
2013a, b; Ashley et al. 2014; Liideke 2015; Hammar et al. 2016).

9.2.3 Impacts of OWFs on Birds

Impacts on seabirds and migrating terrestrial birds have been at the center of several
studies in Germany and other nations. Seabirds can be affected by OWFs in various
ways, including collisions with turbines, barrier effects, habitat loss, and attraction
(Dierschke and Garthe 2006). Garthe et al. (2013) published a comprehensive study
on resting seabirds, clearly showing that seabird distribution changes substantially
as a result of OWFs.
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9.2.3.1 Seabirds

A decline in the overall abundance of most seabird species was noted on Germany’s
first OWF, although bird behaviors varied depending on the species (Mendel et al.
2014). A review of the international research confirmed the data from Germany in
showing habitat loss for some seabirds, whereby some seabirds were attracted to
OWFs, while others ignored their presence (Dierschke and Garthe 2006; Petersen
et al. 2006; Schwemmer et al. 2011; Plonczkier and Simms 2012; Furness et al.
2013; Haelters and Vanermen 2013; Petersen 2013; Bradbury et al. 2014; Mendel
et al. 2014; Hammar et al. 2016).

Several species completely avoided the OWF (e.g., red-throated divers (Gavia
stellata) and black-throated divers (Gavia arctica)), whereas others (e.g., long-
tailed ducks (Clangula hyemalis)) only partly stayed away from the OWF area and
its direct vicinity. Furthermore, herring gulls, gannets (Genus: Morus), guillemots
(Genus: Cepphus), razorbills (Genus: Alca), and divers (Genus: Gavia) more or less
avoided the area around the OWF. The two most numerous species occurred in lower
numbers after construction, as did the blacklegged kittiwake (Rissa tridactyla) and
northern gannet (Morus bassanus). As a result, it can be noted that these species lost
a part of their habitat to the OWF (Mendel et al. 2014). Guillemots and razorbills
were only seldom observed in the wind farm; thus, the area surrounding the wind
farm no longer seems to be suited as a habitat for these species. The shy divers avoid
OWEF areas as well; therefore, the area available for these species to rest and feed in
the North Sea has decreased (Garthe et al. 2013). Nonetheless, thus far there is no
evidence indicating whether habitat loss affects the population of certain species.

For foraging, areas both within and outside the OWF appeared suitable for some
species. The proportion of lesser black-backed gulls (Larus fuscus) searching for
food was relatively similar within and outside the OWF area. Actively feeding birds
were observed more often within the OWF. A part of the lesser blackbacked gulls
fed within Alpha Ventus. This might be a result of the new hard substrate or small-
scale turbulence around the wind turbines providing an increased food supply. In
the reference area, only a few actively feeding gulls were observed. Overall, forag-
ing appeared to be more common inside rather than outside the wind farm (Garthe
et al. 2013).

Some seabird species were even attracted to OWFs. For example, the number of
little gulls (Hydrocoloeus minutus) increased after OWF construction, and some
species (e.g., gulls and tern species) did not hesitate flying into wind farms to for-
age. Cormorants even used the structures for resting (Dierschke and Garthe 2006).
Also little gulls and herring gulls are numerous inside OWFs. Data have shown that
approximately 80% of the seabirds in the wind farm are herring gulls (Mendel et al.
2014). The occurrence of the birds is certainly correlated with an increase in the
benthic structural diversity and fish as prey (see Sects. 9.2.1 and 9.2.2).

Flight height measurements suggest some overlap between the flight heights of
seabirds and the operational height of Alpha Ventus. The animals exhibited different
behaviors, from resting within the OWF to flying through it. They were often
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observed searching for food inside Alpha Ventus. In most cases, their flight altitude
was so low that they could not collide with the rotor blades. Only some of the birds
flew in the height range of the rotors. Large gulls were exposed to high collision
risks (Mendel et al. 2014). At present, it seems difficult to set thresholds for the
impairment of the habitats of seabirds by OWFs. Busch and Garthe (2016) therefore
present a new approach for assessing displacement impacts of OWFs on seabirds by
making the best use of limited data, which is called potential biological removal
assessment (PBR).

9.2.3.2 Migratory Birds (Seabirds and Terrestrial Birds)

Millions of migratory birds pass the North Sea area, especially during the autumn
and spring. Research was conducted in Germany on how birds are affected during
the daytime and at night, when the OWF is brightly illuminated. Migration mainly
occurs over the sea at night and partly at rotor height. Coppack et al. (2013)
attempted to quantify the collision risk within the rotor-swept zone in relation to
overall migration rates. Some birds were measured at the lowest at 200 m, suggest-
ing that a part of migration over the sea occurred at an altitude that would bring
birds within reach of the wind turbines (Hill et al. 2014).

Fijn et al. (2015) showed the magnitude and variation of low-altitude flight activ-
ity across the North Sea. More than a million radar echoes, representing individual
birds or flocks, were recorded crossing a Dutch wind farm annually at altitudes
between 25 and 115 m (the rotor-swept zone). The majority of the birds flying in the
daytime consisted of gull species, while at night the mayority were migrating pas-
serines. The results of Fijn et al. (2015) are be useful for assessing the consequences
of offshore wind farms for birds.

Although there are very few cases of observed collisions with turbines on OWFs,
this does not mean that none have occurred. It was not possible to record collisions
or count their number; rather, the probability of collision had to be inferred from the
frequency of birds recorded in close proximity to wind turbines. The animals took
notice of the turbines and avoided the rotating rotors during the daytime and at night.

Forecast models for possible collisions of migratory birds offshore initially
lacked an empirical basis. At the beginning of research conducted on the effects of
OWFs, the prognosis models were quite mechanical. The calculation of the proba-
bility for collisions was primarily based upon the rotor surface and the existence of
birds in the vicinity of moving rotors. At that time, little was known about birds’
avoidance behavior of the wind turbines. Consequently, it was not easy to predict
the risk of collision. Through extensive research in Germany, it was discovered that
in daytime migratory birds have a low risk of collision, given that a large proportion
of birds avoid the rotating rotor blades. A number of studies support the observation
of (species-specific) avoidance behavior with regards to OWFs, especially in the
daytime (Diederichs et al. 2008; Griinkorn et al. 2009; Masden et al. 2009; Aumiiller
et al. 2011; Kahlert et al. 2011; Reichenbach and Griinkorn 2011; Mateos et al.
2011; Plonczkier and Simms 2012; Cook et al. 2012; Coppack et al. 2013; Furness
et al. 2013; Hill et al. 2014; Liideke 2015; Schuster et al. 2015).
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Nevertheless, OWFs also have an attraction effect, especially when they are illu-
minated at night. Since a significant proportion of migratory birds fly at night, the
research concentrated on this issue. The investigations demonstrated that the risk of
collision is strongly related to weather conditions, whereby the highest danger
exists during times of fog, and poor and abruptly changing weather conditions. This
is a result of the fact that migratory birds tend to fly especially low when weather
conditions are poor (and therefore at the height of the rotors), while they are simul-
taneously attracted to the brightly illuminated wind turbines (Hill et al. 2014).

Radar and night-vision cameras proved that the illuminated OWF attracted noc-
turnal migrating birds, leading to a greater risk of collision. However, such attrac-
tion effects might be offset by micro-avoidance in response to rotor movements at
some OWFs (Coppack et al. 2013). Birds that migrate nocturnally might be more
affected by OWFs. Nocturnal migration is dominated by passerine species (e.g.,
such as thrushes). Circling flights around illuminated OWFs were observed by
radar, thermal imaging, and video cameras. Several technical methods for monitor-
ing were employed, although collisions were only very occasionally detected.

Studies from other sea areas also indicated that the construction of OWFs led to
changes in the number and composition of species, as well as migration volumes
and flight altitudes (Wendeln et al. 2013). Some studies found that OWFs are barri-
ers in the daytime and that lethal collisions predominately occur at night or during
poor weather, while some observed that collisions were more common when good
migration weather changed to fog, drizzle or tailwinds. Namely, at night and during
poor weather, birds are attracted to lit structures (Hiippop et al. 2006, 2016; Ballasus
et al. 2009). Hiippop et al. (2016) estimated that the mortality rate at more than 1000
human structures in the North Sea could reach hundreds of thousands of birds that
had collided with turbines. Nevertheless, Schuster et al. (2015) concluded that the
fatality rate of migrating birds offshore is lower than expected, due to species-
specific avoidance behavior. However, with the current state of knowledge, an exact
quantification of the mortality rate of migrating birds colliding with OWFs seems to
be not yet possible.

9.2.4 Impacts of OWFs on Bats

Bats are primarily species that inhabit terrestrial environments. Thus, only lately has
attention been drawn to the potential effects of OWFs on bats. Only a few species
are known to forage and migrate offshore. The investigation of Ahlén et al. (2009)
observed the migration behavior of bats offshore, up to 14 km off the coastline,
reporting that not only migrants, but also residents had been foraging in the offshore
area. Most bats migrate lower than 10 m above the water surface (Ahlén et al. 2009),
which is below the rotor swept area. But some bats increased their flight elevation
because of an accumulation of insects at the level of the turbines.

Hatch et al. (2013) observed bats flying more than 40 km off the coastline and at
relatively high altitudes of over 100 m and sometimes even higher than 200 m above
sea level. Migration behavior took place during daylight as well. Bat activity peaked
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in the month of September and when there were strong tailwinds (Hatch et al. 2013).
Sjollema et al. (2014) recorded bats at up to 22 km off the coastline with a mean
distance of about 8 km. In two Dutch OWFs, bats of the species Nathusius pip-
istrelle and Noctule spec have been detected on autumn nights when there were low
wind speeds (Jonge Poerink et al. 2013).

Ahlén et al. (2009) concluded that the risk of collision during migration offshore
is likely to be low. During foraging, the risk increased for migrating and resident
species, especially close to departure points near the coast and under weather condi-
tions that attract insects. By contrast, Sjollema et al. (2014) declare that OWFs
might produce similar collision rates as onshore wind farms. Since 2014, in the
German Baltic Sea, which is known for its bat migrating routes (Rydell et al. 2014),
bats have been taken into consideration as part of the environmental impact assess-
ment (BSH 2013).

9.2.5 Impacts of OWFs on Harbor Porpoises

In addition to birds, the discussion concerning the environmental impact of OWFs
in Germany (in the North Sea) has particularly focused on harbor porpoises
(Phocoena phocoena). Other mammals, like seals, (at least in Germany) do not yet
seem susceptible to the risk of injury or disturbances by OWFs.

The current practice for constructing OWF foundations is pile driving, which is
associated with strong impulse noise emissions. Given the sensitive hearing of har-
bor porpoises, they are at the center of research related to the ecological effects of
OWTFs and possible mitigation measures (see Sect. 9.3.2).

In German investigations, a greater number of harbor porpoises were detected at
distances >10 km from the OWFs than at shorter distances from the installations.
Porpoises were displaced by construction at least in the zone of 8—10 km from the
wind farms (Gilles et al. 2014). Wahl et al. (2013) also observed that harbor por-
poises left the vicinity of winds farm during pile driving. The porpoises’ acoustic
activity was reduced by almost 100%. After construction, their acoustic activity
remained below normal levels for up to 20 h. The displacement time widely varied,
from <1.5 h to more than 140 h, with an average of approximately 17 h (Gilles
et al. 2014).

An aerial survey by Dihne et al. (2014) showed that ramming without mitigation
had effects at up to 20 km from OWF sites. Data from Horns Rev 2 in Denmark
revealed the existence of spatial displacement effects up to 18 km from the con-
struction site (without noise mitigation). Using technical mitigation measures,
Nehls et al. (2016) studied the effects of OWF construction on harbor porpoises in
an area up to 10 km from the sites.

Operation of OWFs has no proven effect on harbor porpoises. Noise effects were
validated, although they did not prove to have an effect on the number of harbor
porpoises in the vicinity of the OWFs (Gilles et al. 2014). A study by van Radecke
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and Benesch (2012) describes the operational noise of the OWF as akin to “back-
ground noise” at a distance of 100 m from the site. No effect was observed on ani-
mals at that distance.

Furthermore, it seems that the operation of OWFs does not appear to affect har-
bor porpoise density in the long term. Harbor porpoise density in the southern
German Bight—with more ten OWFs already installed—increased from 3000 in
2004, when the first OWF was constructed, to 15,000 (Gilles et al. 2009; Gilles et al.
2011; Déhne et al. 2013). Similar increases were observed in neighboring countries
(Scheidat et al. 2012; Hammond et al. 2013). The population of harbor porpoises in
the entire North Sea is estimated to be >200,000.

Studies have shown that animals return to area around the wind farm within
hours or days after pile driving has ceased. The impacts of OWF operation on
marine mammals indicated by international research have varied. Increased por-
poise detection rates were observed at the first OWF in the Netherlands, probably
due to the artificial reef effect (Scheidat et al. 2012) and the absence of ship traffic
and fishing (Dihne et al. 2014). Moreover, other studies have shown that opera-
tional wind farms are regularly frequented by porpoises, presumably attracted by
the increased number of fish around the structures (Reichert et al. 2012). Data from
another OWF in the Dutch North Sea, however, did not indicate increased rates of
porpoises after the wind farm was built (van Polanen et al. 2012).

Overall, the noise of pile driving has a strong displacement effect on harbor por-
poises. This displacement effect was temporary and no long-term impacts on the
numbers of porpoises around OWFs could be found (Brandt et al. 2011; Nehls and
Betke 2011; Scheidat et al. 2011; Haelters et al. 2012; Haelters and Vanermen 2013;
Wahl et al. 2013; Liideke 2015; Schuster et al. 2015). Around operating OWFs, the
abundance of harbor porpoises was similar to or higher than it was prior to construc-
tion of the wind parks (Diederichs et al. 2008; Scheidat et al. 2011; Scheidat et al.
2012; Déhne et al. 2014).

9.3 Strategies for an Environmentally Sound Development
of Offshore Wind Energy

Marine Protected Areas (MPA) and marine spatial planning are important manage-
ment instruments for protecting ecological sensitive sea areas from the construction
of OWFs. The abundance of species under special protection (such as rare seabirds
and marine mammals) should thus be monitored and special sensitive sea areas
need to be identified. Another possibility for protecting marine biodiversity from
the construction of OWFs is through alternative foundation methods (like gravity
foundations) or technical mitigation measures against underwater noise (like bubble
curtains). A measure for minimizing collision risk could be a requirement that light-
ing is used only when necessary. At present, this seems compatible with existing
shipping and aviation security requirements (Hill et al. 2014). Finally, potential
impairments or injuries to species that cannot be avoided or mitigated can be offset
by marine compensation measures.
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9.3.1 Exclusion of OWFs in Areas of High Ecological Priority

The environmentally sound development of offshore wind power should start
already in the planning stage of the installations. Inappropriate sites from the eco-
logical perspective should be excluded. One must define the area of the potential
effects, as well as the scale and significance of the impacts of construction on popu-
lation levels (Bailey et al. 2014; Federal Ministry of Environment, Nature Protection
and Nuclear Safety 2014). In Germany, large parts of marine areas are already pro-
tected. Approximately 30% of the German EEZ is under special protection (see von
Nordheim Chap. 46). No feed in tariffs for renewable electricity production are paid
for OWFs in these marine protected areas (MPAs). Since 2011 the installations of
OWEFs is excluded in these MPAs (BSH 2011a, b). Moreover, nature conservation,
species protection laws, and legally protected biotopes (after § 30 Federal Nature
Conservation Act) outside the marine protected areas should be taken into account.
Bearing in mind the main results of German ecological research with regards to
OWFs, this should be particularly concentrated on the most relevant impacts of
OWFs, namely habitat loss for seabirds and marine mammals caused by construc-
tion noise and the potential collision risks for migratory birds. Research and moni-
toring are important for gaining a better understanding of the ways in which this use
of the sea affects the marine ecosystem.

Construction of future OWFs should thus be planned outside important seabird
habitats (e.g., of loons) to avoid high collision rates and habitat loss. In accordance
with the precautionary principle, corridors between seabird habitats should be left
free of wind farms so that birds can safely move between sites. At the spatial plan-
ning stage, it seems crucial to avoid dead-end corridors between wind farms. Beyond
this, the primary migrating routes of seabirds (e.g., through the Baltic Sea) should
be kept free of OWFs.

This is also true for sea areas with a high density of whales, such as harbor por-
poises. To this end, a sound abatement against ramming noise was established in
Germany to protect these animals. The highest abundance of harbor porpoises has
been detected in the early summer months at the Sylt Outer Reef, northeast of the
German EEZ (Gilles et al. 2009). Thus, this area has special protection status and
the construction of OWFs is strictly regulated (Federal Ministry of Environment,
Nature Protection and Nuclear Safety 2014).

9.3.2 Technical Mitigation Measures against Ramming Noise

A number of investigations proofed that marine mammals can be injured or dis-
turbed during the period, when turbines are rammed into the seabed. Most OWFs
are constructed by impact pile driving, causing highly relevant underwater noise,
which can cause harm, particularly to whales such as harbor porpoises (Phocoena
phocoena) (Gilles et al. 2014).
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Pingers can be used to scare porpoises away from the dangerous area around the
pile sites. Seal scarers have been used to displace harbor porpoises up to 7.5 km in
the North Sea (Brandt et al. 2013). Another possibility is to start pile driving at a low
energy level (a so-called soft start) that gradually increases.

Unless alternative foundations without ramming noise are not state-of-the-art,
there is a need for mitigation measures to avoid sound injuries or disturbances that
could affect marine mammals (e.g., their fecundity) (Gilles et al. 2014). In Germany,
the Federal Ministry of Environment has provided more than €25 million to inves-
tigate the possibilities of minimizing the impacts of pile driving, with several tech-
nical mitigation measures against noise emissions having been developed.

The hydraulic ramming of the OWF leads to dangerous sound pressure. To
avoid direct damage to whales, a threshold of 160 dB SEL at 750 m distance from
the OWF was established in Germany. Furthermore, noise mitigation measures
were implemented to ensure maximum safeguards for harbor porpoises. These set
a limit such that at most 10% of the area of the German North Sea may under
sound pressure at one time. Moreover, special protection of the species during
particularly sensitive months is foreseen. The application of best available prac-
tices and techniques is required to avoid underwater noise (Federal Ministry of
Environment, Nature Protection and Nuclear Safety 2014). To date, other coun-
tries such as the UK and Denmark have not restricted the employment and in par-
ticular the sound emissions of offshore ramming in the same way as Germany has
(Ludeke 2012).

According to precautionary principles for environmental conservation, noise
mitigation should be obligatory for pile driving. Noise mitigation techniques like
bubble curtains depend on an air barrier or sound-dampening obstacles placed
between the pile and the water. The available methods for noise reduction and
alternative foundations are as follows (after Liideke 2012; Verfuss 2014; Bellmann
et al. 2015):

* Bubble curtains are the most developed noise mitigation technique, whereby air
bubbles are produced over the entire height of the water column by pumping
compressed air through a perforated hose (see Fig. 9.2).

» Large bubble curtains enclose an entire construction site. Large bubble curtains
have proven their efficacy in more than 150 cases, reducing noise by approxi-
mately 15 dB up to 750 m. In this way, the sensitive area for a potential injury
can be reduced by approximately 98% and the area of disturbance (>145 ASEL
[dB]) by 90% (Nehls et al. 2016).

e Small bubble curtains are used in direct vicinity of a pile. Initial tests of SBCs
have shown reductions of up to 14 ASEL [dB].

* Hydro sound damper is a bubble curtain placed in the vicinity of a pile (within a
few meters); air bubbles are replaced by air-filled balloons of different sizes,
enabling a possible reduction of up to 13 ASEL [dB].

* Casings can be made for pile sleeves out of different materials or from hollow steel
tubes around the pile. The latter are particularly suited for monopiles. The IHC
noise mitigation system is a double-walled steel cylinder with sound-insulated
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Fig. 9.2 Bubble curtain against underwater ramming noise at OWF Godewind (© DONG Energy)

connections and an air-filled cavity, allowing a possible reduction of up to 15
ASEL [dB].

* Cofferdams are based upon the idea of driving the piling in the air rather than in the
water (dewatered casing), enabling a possible reduction of up to 20 ASEL [dB].

» Vibratory piling is a low-noise foundation installation technology limited to the
first several meters of the foundation.

* Offshore foundation drilling is particularly suited to difficult soil conditions
(e.g., rocky seabed) and up to 80 m of water depth. However, in relation to other
methods, it is more expensive and requires more time. Several approaches are
under development to make offshore foundation drilling more practical.

e Suction buckets and suction cans provide an alternative to piles for securing OWFs.
The technique is already used by the oil and gas industry. Initial experiences with
the erection of wind turbines on bucket foundations already occurred a decade
ago. However, the approach has not yet been tested on a full scale and potential
risks to the stability of wind turbine substructures have not yet been assessed.

9.3.3 Application of Marine Compensation Measures
9.3.3.1 The Need for Marine Compensation
The Federal Law on Nature Protection in Germany requires that, in cases in which

nature is impaired, impact should first and foremost be avoided. If that is not pos-
sible, impact to the environment should be reduced or minimized, and lastly
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compensated measures should be taken. Only if real compensation is not possible,
in-lieu fee mitigation in the form of monetary compensation can be granted.
However, no compensation is required for offshore wind power until 2017. The
model for onshore compensation needs be similarly adopted for marine areas
(Liideke et al. 2014).

It seems obvious that even with the use of avoidance and mitigation measures,
the risk of impact—especially on birds and mammals—will remain. A portion of
the remaining impact could be reduced with compensation measures. According
to Jacobs et al. (2016), only 7% of the proposed measures in French environmen-
tal impact assessments of the effects of OFWs on marine life have the goal of
offsetting the predicted degradation of sites containing remarkable biodiversity.
The other 93% of proposed measures consist of avoidance, reduction, and moni-
toring measures.

Compensation measures could perhaps also serve to avoid prohibition pursuant
to the European species protection law, for example. For instance, compensation
could serve as CEF measures (Measures of Ecological Functionality), thereby func-
tioning as a special form of avoidance. Up until the present, there has been a lack of
experiences with marine compensation measures. As compensation measures for
OWF:s are not yet obligatory, according to national conservation laws, actual marine
compensation for OWFs does not yet exist. Nevertheless, many investigations con-
cerning the possibilities for practical implementation of compensation measures
have been completed nationally and internationally, with several international
agreements (e.g., the Convention on the Protection of the Marine Environment of
the Baltic Sea Area (HELCOM), the Convention for the Protection of the Marine
Environment of the North-East Atlantic (OSPAR) and the EU-Habitat Directive)
requiring such measures.

9.3.3.2 Real Marine Compensation Measures

Possible approaches to marine compensation exist, which make manifest that
marine compensatory mitigation measures are a prerequisite for offshore renewable
energy development. In the international context, numerous studies already have
been conducted on the creation of marine habitats that have been quite effective. For
example, the restoration of sea grass meadows and the creation of artificial reefs
have been successfully implemented (Levrel et al. 2012; Hudson et al., 2008;
Kilbane et al. 2008; Van Dover et al. 2014). Artificial reefs can be easily created
using stones found in the ocean. The turbines of the OWF themselves serve as arti-
ficial reefs, thus the OWF represents an in-situ compensation. Experiments with
marine compensation measures have therefore already been performed, though
most have been realized very close the coast, whereas experiments in deeper water
are thus far lacking (Van Dover et al. 2014).

As habitat loss for seabirds and for harbor porpoises are of particular relevance,
focus should be concentrated upon compensation measures for these species. A
genuine compensation measure was implemented in the German OWF Riffgat with
the reintegration of the population of lobsters (Homarus gammarus) on that OWF.
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9.3.3.3 Alternative forms of Offshore Compensation: Onshore
Compensation of Offshore Impacts or Minimization
of Other Marine Impacts

Another approach would be to fulfill compensation measures onshore, as these
efforts could support affected species through establishing compensation measures
for specific species, for example, in the onshore breeding areas of affected birds.
Furthermore, species-specific risks, such as collision risks with grid connections or
hunting, could be reduced as a form of compensation. For the harbor porpoises the
incidental bycatch, prey depletion or the pollution of oceans, could be decreased as
compensation from possible OWF impacts (Liideke et al. 2014).

To minimize intensive marine use as a form of compensation could, for example,
entail fisheries and shipping companies receiving payment not to use specific sensi-
tive areas. However, because of the competency of the EU with regards to fishing
grounds, and because of the status of the International Maritime Organization with
regards to shipping, there are legal restrictions to compensation payments for less
intensive fishing.

9.3.3.4 Monetary Payment as a form of Marine Compensation

As ultima ratio, marine compensation measures could also take the form of mone-
tary payment. Especially in cases where compensation is disproportionate to impair-
ment, in-lieu fees could replace other compensation measures (Liideke et al. 2014).
Kyriazi et al. (2015) describe how to coordinate a net gain compensation agreement
from the OWF developer to the manager of the marine protected area.

However, the methods for assessing amounts of monetary compensation are still
underdeveloped, as they have rarely been applied in Germany or in other countries.

9.3.3.5 Compensation Models

To quantify the necessity for marine compensation, Levrel et al. (2012) attempted to
assess impacts according to the loss of ecosystem services. Sylvain (2015) suggests
assessing the level of marine compensation payment (e.g., for the impact on fish of
the creation of new reefs) using the Visual Habitat Equivalency Analysis. Scemama
and Levrel (2016), by contrast, use the Habitat Equivalency Analysis to assess the
rehabilitation of marshes as a form of marine compensation to mitigate the effects
of nitrate loading on the sea.

Marine compensation measures for certain marine biotopes and onshore com-
pensation measures already exist and should be required as part of the approval
procedure for new construction of OWFs. Only in cases where compensation is
disproportionate to impact could in-lieu fees replace these compensation measures.
There is a need for a consistent, international marine compensation model for off-
shore wind energy (Liideke et al. 2014).
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9.3.3.6 Disadvantages and Weaknesses of Marine
Compensation Measures

Marine compensation measures alone of course cannot fully offset the impairments
of the marine environment by offshore wind farms. Ecologic compensation mea-
sures (onshore and offshore) currently have some weaknesses, e.g. of the lack of
species-specific real compensation measures and of a consistent compensation
model, the frequently occurring problem of inadequate implementation of compen-
sation measures or the time lag effect until the compensatory measure reach its
ecological effectiveness. Moreover, if compensation is accomplished by monetary
payment, it cannot be guaranteed that the current state of the species will be main-
tained. This is particularly true if payments are not used to implement for species-
specific measures. Marine compensation therefore should only be the last step of the
mitigation hierarchy.

Aware of the huge plans for offshore wind energy, the possibility for compensa-
tion measures could soon reach its spatial boundaries anyway. Next, before a
large-scale use of marine compensation measures can be accomplished, further
research on the environmental effectiveness of marine compensation measures is
needed (including a long term monitoring).

9.3.4 Conclusions and Future Tasks

Data gathered in Germany and other nations over the last decade has significantly
advanced knowledge regarding the impacts of OWFs on the marine environment.
Sufficient data exists that assesses certain impacts caused by OWFs, such as the
change in habitats for benthic organisms and fish close to OWF foundations,
the impact on birds caused by rotating and illuminated wind turbines, as well as the
impact on the behaviors of harbor porpoises. Although research is ongoing, some
conclusions are fairly clear; for instance, negative impacts mainly affect resting
birds, migrating birds, and harbor porpoises during the time of construction.
However, there is still a lack of data on the longer-term impacts of OWFs, especially
with regards to population levels.

The current challenge is to integrate these findings into future planning pro-
cesses, licensing conditions, and construction processes, as well as to share this
knowledge internationally. The Environmental Impact Assessment approval proce-
dure first has to be updated to include more recently acquired knowledge. Thresholds
should be established, especially for the relevant negative impacts on birds and har-
bor porpoises; otherwise, comprehensive environmental assessments cannot be
reflected in approval decisions to erect new OWFs. Unless standardized methods
and thresholds are established in Europe and internationally, it will remain impos-
sible for agencies to effectively assess and compare impacts.

Marine spatial planning methods are crucial to ecologically steering the develop-
ment of the use of offshore wind (Schubert, Chap. 54). Areas with a high abundance
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of rare or sensitive marine organisms, such as divers or harbor porpoises, should be
kept free from the installation of OWFs.

Technical mitigation measures are capable of keeping piling noise beneath the
level of sound exposure that causes injuries. These measures should continue to be
integrated in construction processes, as has already been undertaken in Germany.

In summary, the adverse impacts of OWFs on marine life can be reduced or, at
least partially, avoided by careful and well coordinated planning of the times of year
and locations chosen for wind farm installation.

Given that the impacts of OWFs cannot always completely be avoided or prop-
erly mitigated by spatial planning and technical mitigation measures, compensation
measures (offshore and onshore) provide another option.

The review of offshore data from the last decade shows that environmentally
sound development of offshore wind energy and even synergies between offshore
wind energy and nature protection seem to be possible, e.g., through the localized
cessation of fishing and shipping to develop de facto marine reserves or the creation
of artificial reefs.
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Chapter 10
Dredging for Navigation, for Environmental
Cleanup, and for Sand/Aggregates

Craig Vogt, Eugene Peck, and Gregory Hartman

Abstract Underwater excavation is called dredging. While essential to maintain
ports and channels and to meet other needs, such as fighting the impacts of climate
change by building sand dunes, such operations can cause severe environmental
impacts in the marine environment. This chapter overviews the dredging process
and equipment, followed by a presentation of the environmental concerns associ-
ated with dredging and disposal or placement for beneficial uses. The chapter con-
cludes with a brief discussion of the international regulatory regime and remarks on
future trends.

Keywords Climate change * Dredging ¢ Dredged material * Beneficial use °
Environmental effects ® Navigation ¢ Sand and gravel mining ¢ Cleanup dredging °
Contaminated dredged material » Confined disposal ¢ Facilities * CDF ¢ Confined
aquatic disposal * CAD e Turbidity ¢ Sediments * London convention ¢ Sediment
management ¢ Sustainable dredging

10.1 Introduction

Underwater excavation is called dredging. Dredging is the term given to removal by
digging, gathering, or pulling out materials from the bed to deepen waterways and
to create harbors, channels, and berths. Dredging is also conducted for construction
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purposes, for mining, and for environmental cleanup and enhancement. The com-
plete dredging activity includes three elements:

1. Excavation: the dislodgement and removal of sediments (clay, silt, sand, gravel,
and rock) from the bed of the water body by a dredge, either mechanically,
hydraulically, or by combination of the two dredging methods.

2. Transport: the transport of excavated material from the point of dredging to the
final disposal site. This can be accomplished by haul barges separate from the
dredge equipment, or by a dredge equipped with hoppers, or by pipeline from the
dredge to the disposal or placement site. In many cases, the dredged material
may be off-loaded from the haul barge and sent by rail or truck to the final dis-
posal site.

3. Disposal or placement: the final disposal or placement of dredged material.
Whether dredged material is disposed or placed (i.e., reused for another purpose,
such as creation of a wetland or beach nourishment) is determined by a range of
factors, including the objectives of the dredging project. Decision-making typi-
cally considers the sediment type to be dredged (e.g., grain size), the volume of
dredged material, location of the dredging project versus the disposal site or
beneficial use site, future disposal site utilization, physical and chemical charac-
teristics of the sediment (e.g., is it contaminated?), regulatory requirements, and
available funding.

Operations that cause potential environmental impacts associated with the dredg-
ing process include (1) the sediment removal process from submerged excavation at
the point of dredging and (2) the placement for disposal or use of the dredged mate-
rial. Environmental concerns relate to the location of the sediment removal by dredg-
ing and the disposal or placement site. General environmental considerations include:

* Physical and ecological impacts due to turbidity and sedimentation.

* Ecological and human health impacts: acute and chronic toxicity due to chemical
contamination; e.g., PCBs, PAHs, dioxin, metals—such as lead, cadmium, and
mercury.

* Loss of habitat—due to dredging or placement of dredged material on beaches/
dunes.

* Impacts to endangered species (e.g., turtles) due to dredging.

* Emissions of air pollutants

Increasingly considered a resource, dredged material has a wide number of ben-
eficial use applications that must be considered in dredged material management.
Such beneficial uses can include beach nourishment, shoreline fill, habitat creation
or restoration, manufactured soil, construction aggregate, use as capping material,
and coastal reinforcement to combat sea level rise.

This chapter initially provides an overview of the dredging process and equip-
ment followed by presentation of the environmental concerns associated with
dredging and disposal or placement for beneficial use. This is followed by a brief
discussion of the international regulatory regime with concluding remarks on future
trends and sustainable dredging.
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10.2 Dredging: Purposes, Equipment, and Material
Transport

10.2.1 Purposes

Dredges of various designs have been used for many years to create and maintain
navigable waterways to move people, goods, and materials. It is theorized that thou-
sands of years ago blocks of stone that make up the Pyramids in Egypt were barged
from a distant quarry through a dredged canal. At that time, the canals were likely
dredged using a barge with people using long-handled dipper shovels to raise solids
out of a waterway and then place those solids on a haul barge deck for disposal
elsewhere. Productivity gains likely came about when animal power was used to
increase the digging power of early dredges. The late 1800s saw the development of
electric and steam power units which enabled the construction of huge mechanical
dredges with bucket ladders, back hoe dredges and pipeline dredges with centrifu-
gal pumps (Fig. 10.1). Hydraulic technology made great advancements in the 1960s
with the result that hydraulic winches and hydraulic rotary cutter drives became a
welcome replacement facilitating the removal of finer grain sediment (compared to
clunky and inefficient mechanical drives) (Willard 2009).

Fig. 10.1 Early bucket
dredge. Photo Courtesy
of Wikimedia
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Today, the dredge type can be hydraulic or mechanical, and can be used for a
multitude of purposes and projects. The primary purposes are navigation, environ-
mental enhancement, and mining/construction (Cohen 2010).

10.2.1.1 Navigation Dredging

Most coastal and river ports, harbors and navigation channels are not naturally deep
enough or wide enough to support safe passage of vessels. Navigation channels
need to be dredged to create waterway channels with adequate channel area, depth,
and access to port and harbor facilities. Nearly all the major ports in the world have
at some time required dredging to deepen and widen the access channels, to provide
turning basins, and to achieve appropriate water depths to and from waterside
facilities.

Virtually all of the navigation channels created in rivers and harbors have had
and continue to require maintenance dredging, i.e. the removal of sediments which
naturally accumulate on the bottom of the dredged channel. Navigation channel
dredging can be categorized as two types. (1) New work dredging is the initial
dredging conducted to excavate a channel with navigable depths greater than natu-
rally exist. (2) Maintenance dredging is the dredging after new work that removes
accumulated sediments and ensures that the channel continues to provide ade-
quate dimensions for vessels engaged in domestic and international commerce, as
well as for other types of vessels, such as recreational boating and commercial
fishing.

10.2.1.2 Environmental Enhancement Dredging

In the last three decades, dredging has been successfully used to remove contami-
nated sediments from waterways, with the intention of improving water quality and
restoring the health of aquatic ecosystems. Clean-up dredging for removal of con-
taminants is used in waterways, lakes, ports and harbors, usually in highly industri-
alized or urbanized areas that are suffering from past toxic waste and waste water
disposal practices. After removal from the bed, the contaminated sediments are usu-
ally transported and disposed under strict environmental controls (e.g., lined upland
confined disposal facilities). In some cases, the contaminated sediments may be
treated and some or all of the sediments used for beneficial objectives. Under proper
conditions, a viable alternative to removal is in-situ isolation, i.e. the placement of a
cap (i.e., a cover of clean material) over the contaminated sediments in their original
location (Otten and Hartman 2002).

Environmental enhancement and restoration projects also include dredging for
the purpose of beach nourishment (e.g., replacing lost sand to widen beaches) and
providing sediments to enhance marshes and wetlands often as a climate adaptation
strategy (USACE 2015). Approaches that utilize dredged materials and natural
processes to reduce costs and impacts are favorable to hard structure armoring in
many circumstances (Van Slobbe et al. 2013; Fredette 2012).
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10.2.1.3 Dredging for Reclamation, Extraction of Sand and Gravel,
and Construction

Dredging is an integral tool in many types of water-related construction projects,
such as emplacement of pipelines or immersed tunnels, underwater foundations,
and maintaining storage capacity in water supply and recreational reservoirs. In
addition, off shore dredging is important in mining activities, with an increasing
quantity of aggregate mined from marine and fresh water borrow sites used in con-
crete production, fill, and land reclamation projects. A coming trend is the use of
dredged sand for coastal reinforcement including beach nourishment (UNEP 2014;
Hanson et al. 2002; USACE 2015).

10.2.2 Dredging Equipment

While specialized dredging equipment varies widely in many sizes and types,
dredging is actually accomplished basically by only two dredge types. They are
mechanical dredges and hydraulic dredges. The type of dredge is derived from the
method of sediment capture and removal from the bed.

Selection of dredging equipment and the methods used to perform the dredging
depends on the following factors (USACE 2004a):

e Physical characteristics of material to be dredged,

e Quantities of material to be dredged,

e Depth of material to be dredged,

e Method of disposal or placement,

» Distance to disposal or placement site,

¢ Physical environment of the dredging area(s),

¢ Physical environment of the disposal area(s),

e Level of contamination of the material to be dredged,
e Dredge production capability,

e Type of dredges available, and

¢ Time, environmental, and economic limits of the project.

10.2.2.1 Mechanical Dredges

Mechanical dredges remove bottom sediment through the direct application of
mechanical force to dislodge and excavate the material at almost in situ densities.
The mechanical dredges (Fig. 10.2) are well-suited to removing hard-packed mate-
rial or debris and to working in confined areas, such as in environmental clean-up
dredging. Cohesive sediments that are mechanically dredged usually remain intact,
with large pieces retaining their in-situ density and structure through the dredging
and placement process. Sediments excavated with a mechanical dredge are gener-
ally placed into a haul barge or scow for transportation from the dredging site to the
disposal or placement site.
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Fig. 10.2 Mechanical backhoe with articulated arm on dredge New York. Courtesy of Great Lakes
Dredge & Dock Company

Fig. 10.3 Mechanical Dredges: Environmental Closed Buckets Courtesy of Cable Arm Company

Dredging for environmental cleanup requires much greater precision than navi-
gation dredging and can be accomplished using articulated fixed-arm mechanical
dredges, which are similar to conventional upland excavators placed on a barge. The
rigid arm, as compared to the cable connected bucket, provides greater positioning
control in placing the bucket on the bottom. Bucket dredges that are designed for a
level cut and equipped to be enclosed after the cut are also effective in environmen-
tal dredging. These buckets (Fig. 10.3) minimize the leakage of water and contami-
nants during the excavation and placement of the contaminated material on the
barge for transport.

10.2.2.2 Hydraulic Dredges

Hydraulic dredges are identified by two primary types. They are the pipeline cut-
terhead dredge and the trailing suction hopper dredge. The hydraulic dredge works
by dislodging bed sediment and hydraulic removal of the sediment from the bed of
the waterway by suction pipe.
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Fig. 10.4 Typical hydraulic cutterhead dredge. Courtesy of Ellicott Dredges Company

The hydraulic pipeline dredge has an active cutterhead (Fig. 10.4) that rotates
and dislodges the sediment from the bed. This allows the suction, created at the cut-
terhead by the suction pipe and pump, to capture the sediment, pull it up the suction
pipe, and then be pumped through the discharge pipeline to the disposal or place-
ment site. A booster pump is used for long distances to the disposal site (Fig. 10.5).
The pipeline dredge (Fig. 10.6) is not self-powered. It moves through the cut using
the “walking” spud and then the working spud for dredging, thereby allowing the
dredge to move forward as it swings the cutterhead from left to right and return.

Hopper dredges are ships designed for dredging (Figs. 10.7 and 10.8). The trail-
ing suction hopper dredge is a self-propelled seagoing ship equipped with