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Preface

The benthos zone constitutes that part of the marine ecosystem that has the
maximum biodiversity and biomass of planet Earth. The benthic researcher’s state
of the art has received a tremendous impulse thanks to the use of cutting-edge
technology such as remotely operated vehicles, autonomous submersibles, and
sophisticated molecular techniques that have progressively unraveled the secrets of
the marine benthic realm. We are now entering a new and more ambitious research
era studying the processes that make possible the existence of life from the coastal
zone down to the most inhospitable deep habitats (hydrothermal systems). The
Intergovernmental Panel on Climate Change has strongly emphasized the need to
assess the risks and vulnerabilities of coastal and deep-water systems. Predicted
global atmospheric warming causes changes in the circulation pattern of major
ocean currents, its surface thermal regime, and the average sea level. Our current
knowledge of the adaptations of organisms exposed to the above disturbances
remains limited as does the resilience capacity of the benthic system to global-scale
change phenomena.

The chapters included in this book represent clear evidence of the interdisciplinary
efforts focused on the assessment of the effects of global-scale environmental
changes upon benthic communities. To accomplish the general objectives of our
book, its content has been divided into two sections: I. Marine and Limnetic
Ecosystems and II. Coral Reef Ecosystems.

Marine and Limnetic Ecosystems

The introductory chapter is followed by the first chapter in this section, which
contains an excellent review of a long-term study of the benthic communities
distributed along the southwestern Brazilian continental shelf. The author presents
the reader with a thorough description of the hydrographic, geochemical, and
biological processes governing the structure and functioning of complex benthic
assemblages in the study area. The analysis is mainly focused on the infaunal
polychaeta’s component and other epifaunal species. The text is rich in valuable
information dealing with the ecological response of a benthic system exposed

to seasonal hydrographic processes, and how the dominant infaunal-epifaunal
elements adapt themselves to take advantage of the quantity and quality of organic
matter supplied by oceanic and coastal sources.

This chapter is the product of a multidisciplinary research effort promoted by one
of the most prestigious oceanographic institutions in Latin America. The outcome
of such effort has been a series of outstanding scientific contributions dealing with
several aspects of functional marine ecology that have significantly contributed

to open new research fields like ecological chemistry and the health of marine
ecosystems.

The second contribution in this section offers the reader an in-depth review of
the vital importance of using stable isotopes in biogeochemical studies focused
on elucidating the source and flow of carbon and nitrogen in contrasting marine



environments of the south and eastern Gulf of Mexico. To achieve this goal, the
author has appropriately chosen anthropogenically impacted areas and other sites
that presumably can be considered undisturbed (pristine). Such regions include
hydrocarbon seep sites, coastal zone environments, oil fields, coral reefs, and
deep-sea habitats.

The author of this chapter underlines the usefulness of stable isotopes as invaluable
chemical tools to study the cycling of natural and anthropogenic gaseous, dissolved,
and particulate compounds in the marine ecosystem. The approach of employing
different environmental scenarios within the Gulf of Mexico allows the reader to
understand the complexity of processes involved in the transformation of organic
carbon from primary producer to its eventual incorporation in the benthic trophic
web. The isotopic signatures of stable carbon and nitrogen determined in sediments
and animal tissues significantly contribute to discerning the nature of the carbon
source sustaining a benthic or planktonic community as well as the possible trophic
web structure. Terrestrial, oceanic, biogenic, or pyrogenic sources and even
paleoclimatic events can be analyzed by a dual carbon and nitrogen stable isotope
approach.

Limnetic systems constitute a research subject that has unfortunately received
scarce attention in Latin America. Several factors make the study from Peru
particularly attractive for the general public: the high unique environmental
conditions of the Andes and the deleterious effects of human impacts in pristine
habitats.

Coral Reef Ecosystems

The section on coral reef ecosystems reveals the current concern of the world
community for the preservation of these unique environments. Initially, an
informative review on a global environmental issue concerning the deleterious
effects caused by the industrial development on climate change and the health

of the oceans is included. In this chapter, the authors focus their attention on

the acidification of the oceans (AO) produced by the injection of CO, into the
atmosphere induced by anthropogenic activities. To illustrate the AO, the authors
have selected specific cases of calcareous hydroids, analyzing the implications of pH
fluctuations on essential processes in the construction of calcifying exoskeletons
such as biomineralization and skeletogenesis.

The adoption of a biochemical approach contributes to examine the critical role
that Ca®* plays in cortical reactions in eggs and muscle contractions, as well as in
larval metamorphosis. Calcification rates, oxidation stress, and symbiont response
are discussed by the authors who review most of the current literature on these
subjects. The authors express a word of caution in extrapolating the outcome of
experimental or controlled studies on organisms whose metabolism depends on

Ca’* physiology.

This section includes a second contribution in which the authors offer the reader a
well-documented overview of the current status of the mesophotic coral habitats
in the Mediterranean Sea. Undoubtedly, the Mediterranean represents one of the
best-known marine ecosystems in the world. However, as the authors clearly state,
there are still some issues that need to be solved. Perhaps one of the most pressing
themes is the conservation and protection of fragile subhabitats unexplored due
to their inaccessibility with traditional observational strategies. The availability of

XIvV



cutting-edge marine technology (remote sensors) has opened a whole new world of
opportunities to assess the invaluable ecological services rendered by deep benthic
communities. It is emphasized that the management and conservation of vulnerable
marine ecosystems ought to rely heavily on a monitoring program in which political
and socioeconomic issues are essential in its implementation.

Another issue of significant importance in the inner ecological balance of a reef
community is the role played by invasive species. This subject is dealt with in detail
using as an ecological model the sun coral as a multistrategist invader.

Sun corals, Tubastraea coccinea and T. tagusensis, are invasive scleractinians that
rapidly colonize and dominate large areas of rocky substrates, causing alterations in
the structure of native benthic communities. Described in French Polynesia and the
Galapagos Islands, respectively, both species altered their natural dispersal route as
aresult of the increase in transport vectors associated with oil exploration, reaching
pantropical distribution in a few decades. The impacts that these corals have on
marine coastal ecosystem diversity of different regions, affecting tourism, fishing
activities, and artisanal shellfish markets, promoted, in recent years, an explosive
increase of actions pointed at controlling these bio-invaders. The application of
state policies and the creation of international organizations and NGOs explicitly
dedicated to the management of areas invaded by these corals are evidence of this.
A growing concern on the environmental consequences of sun coral invasions is
also reflected in the academic field, with an accelerated production of scientific
articles dedicated to disseminating information on ecological aspects responsible
for colonization success and its rapid dispersion. Supreme chemical defense,

rapid growth, growth strategies to avoid suffocation by other organisms, capacity
for regeneration and reorganization of tissues (“bailout” strategy), variety of
reproductive strategies, massive production of larvae, selective behavior prior to
recruitment, ability to settle on artificial substrates, generalist feeding strategies,
and tolerance for variations of environmental factors are some of the aspects that
are further commented on in this chapter.

The section ends with a very innovative approach to the study of coral reef ecology.
This final chapter unravels the structure, function, and biological role of catalytic
RNA introns present in mitochondrial genomes of hexacorals. We learn from this
study that the mitochondrial genomes of hexacorals are remarkable for encoding
complex catalytic RNA belonging to the Group I family of self-splicing introns.
Some introns are obligatory and present in all investigated species and specimens
belonging to all five orders of hexacorals: stony corals, mushroom corals, black
corals, colonial anemones, and sea anemones. Others appear as mobile genetic
elements with a sporadic taxonomic distribution pattern. In this chapter, new
exciting findings of hexacoral mitochondrial genomes, with a specific focus on
catalytic RNA introns, are reviewed and discussed. How these autocatalytic RNA
elements interfere with mitochondrial RNA processing and mitochondrial function
is not well known. However, studies indicate new regulatory roles as non-coding
RNA that may sense environmental changes.

Additionally, this chapter contains an interesting phylogenetic analysis of
hexacorals employing the state of the art in molecular biology. The authors conduct
a complete review of the mitochondrial gene organization and expression of five
hexacoral orders, focusing mainly on mitochondrial genome (mtDNA) sequencing,
and in the presence of self-catalytic Group I introns. The biological significance of
mitochondrial introns as purely genetic elements and the possibility that introns
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could play some regulatory function are also discussed. The authors highlight the
likelihood that hexacoral introns may have a fungal origin. In closing, they offer the
reader an update on the characterization of mitochondrial genomes of 200 available
mtDNA sequences of all five hexacoral orders: Actiniaria, Zoantharia, Scleractinia,
Corallimorphoraria, and Antipatharia.

The message transpiring from the contributions contained in this book is that
interdisciplinary exercises to assess environmental changes on a global scale
should be focused on specific benthic ecosystems: wetlands, coral reef systems,
oyster banks, shelves, and deep-sea communities. This action would generate
possible scenarios of change on its general composition based on the evaluation of
community parameters employing, in this endeavor, the best technology at hand.

As editor of this book, I would like to express my deepest gratitude to the
contributing authors for their insightful views on a variety of research topics.
A special word of appreciation to the IntechOpen editorial staff for their vital
support throughout the gestation of this book.

Dr. Luis A. Soto

Instituto de Ciencias del Mar y Limnologia,
UNAM,

Ciudad Universitaria,

Mexico
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Chapter1

Introductory Chapter: The Benthic
Realm

Luis A. Soto

1. Introduction

The present book is an unpretentious editing venture to fill the gap in our
current knowledge on the ecological implications caused by anthropogenic distur-
bances upon benthic communities in several regions of the world ranging from the
Western Atlantic, the Mediterranean Sea, and the Eastern Pacific Ocean, including
the pristine environments of the Andes in South America. The common goal of the
contributing authors in this book was to unravel the complex processes that make
possible the life existence of bottom-living animals in different environmental
scenarios. In order to achieve such a goal, the authors focus their attention on the
emerging issues inherent to the global climate change or the pollution of aquatic
systems. These are all themes that might be of interest to scientists active in a wide
range of oceanographic subdisciplines. Well-established researches would appreci-
ate the innovative approach adopted in each chapter of the book, which extends
from the ecosystem level to refine molecular interpretations.

2. The benthic realm

Benthic organisms are excellent bioindicators of adverse conditions in marine
ecosystems. Their sedentary lifestyle, distribution patterns, and community
properties may reveal significant changes in their structure and functioning, caused
by natural or anthropogenic disturbances. They can reflect the long-term effects of
various sources of pollutants since these remain sequestered in sediments for long
periods. Both benthic macrofauna (>500 pm) and meiofauna (42-500 pm) are ideal
candidates to establish comparative analyses to study the magnitude of an environ-
mental disturbance between “altered” and “unaltered” sites.

Benthic communities in shallow environments play an essential role in maintain-
ing the ecological balance of tropical coastal systems. They are also closely linked
to the socioeconomic development of human populations because their diversity
and biomass include biotic resources of commercial and industrial importance. The
Intergovernmental Panel on Climate Change (IPCC) has expressed concern about
the risk and vulnerability of coastal systems, which may arise from disturbances
in the marine environment caused by the increase in atmospheric temperature and
sea level. Both factors have been associated with hydrometeorological phenomena
(storms and hurricanes), whose consequences have been floods, coastal erosion
processes, and the alteration of habitats such as wetlands, reefs, and coastal lagoons.
In contrast, the increase in the concentration of CO, in the atmosphere has been
correlated with the acidification levels of the oceans. The balance in the deposition
processes of CaCOj; can mean a severe alteration for all the benthic organisms that
build their exoskeleton based on CaCOs.
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Benthic communities in tropical environments are particularly vulnerable to
processes that change the thermohaline regime. Bottom-dwelling organisms are
exposed to dilution or salinization, eutrophication processes, as well as to altera-
tions in the deposition of CaCOs;. Undoubtedly, one of the phenomena of the most
significant concern is coral bleaching as a result of the disruption of the symbiotic
relationship between algae and zooxanthellae, attributable to an increase in ambi-
ent temperature. In recent years, there has been an exponential increase in the
number of publications on the biological effects of ocean acidification (OA), and
several recent reviews have covered this topic. The importance of the combined
and frequently interactive impacts of multiple stressors (such as temperature, low
oxygen, and pollutants) is now recognized, also the potential for multigenerational
adaptation. Experimental research confirms that survival, calcification, growth,
development, and abundance can all be negatively affected by acidification.
However, the scale of response can vary significantly for different life stages among
taxonomic groups and according to other environmental conditions, including food
availability. Volcanic CO, vents can provide useful proxies of future OA condi-
tions allowing studies of species responses and ecosystem interactions across CO,
gradients. Studies at suitable vents in the Mediterranean and elsewhere show that
benthic marine systems respond in persistent ways to locally increased CO,. At the
shelf edge, the ongoing shoaling of carbonate-corrosive waters (with high CO, and
low pH) threatens cold-water corals, in particular Lophelia pertusa, in the Northeast
Atlantic. These reefs are rich in biodiversity, but we have a poor understanding of
their functional ecology and their reactions to the combined effects of future ocean
acidification, warming, and other stressors.

Another condition of a critical nature for benthic organisms is the excessive
nutrient load discharged by rivers and lagoons into the environment adjacent to
the continental shelf. This process is causing the appearance of areas of hypoxia
on the seabed, whose epifaunal diversity decreases significantly. Presently, we are
more conscious about the severe physical disturbances on the continental shelf,
coral reef, or wetland communities that can leave sequels lasting up to more than a
decade. Furthermore, at the same time, our inability to predict and prevent disas-
trous ecological events has become more evident due to our restricted knowledge of
biological diversity, stability, and the resilient capacity of benthic environments.

Author details

Luis A. Soto
Instituto de Ciencias del Mar y Limnologia, UNAM, Ciudad Universitaria, Mexico

*Address all correspondence to: lasg1946 @gmail.com
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Chapter2

Integrative Approach to Assess
Benthic Ecosystem Functioning
on the Southwest Brazilian
Continental Shelf

Ana Maria S. Pires-Vanin

Abstract

Continental shelf is a highly dynamic system controlled by water mass interac-
tions, biogeochemical processes, and biological production of organic matter.
Climatic and hydrological processes originate large variability in many scales
of time and space that are responsible for its typical unsteady status, mainly at
shallower depths. The southeastern Brazilian continental shelf is an important
economic area that houses the commercial Port of Santos, the Petrobras oil terminal
in Sdo Sebastido, and fishery activities. This concise chapter explores the relation-
ships of the benthic community structure facing a complex physical environment
allied to human influences. It is built on previous studies developed in the southeast
Brazilian continental shelf from the past 25 years. The shelf benthic system is
governed by seasonal pulses of primary production promoted by the South Atlantic
Central Water bottom intrusion and coastal upwelling allied to the passage of
winter cold fronts. Self-structuring benthic community is achieved by the mobility
of the organisms, feeding activity, and biogenic transformation of the habitat due to
bioturbation.

Keywords: water circulation, organic matter flux, community structure, biodiversity,
anthropogenic influence, southeast Brazilian continental shelf, southwestern Atlantic

1. Introduction

Continental shelf is an extraordinary place for life in the oceans and vital for
life support for the planet. Extended periods under high autotrophic biomass and
primary production make the area the most productive in the oceans. Despite
occupying an area of about 8.9% of the world’s ocean, coastal ecosystems gener-
ate nearly 25% of the global biological productivity and more than 90% of total
fish catch. Seasonal wind-driven water masses promote intense suspension of
bottom sediments with consequent rapid return of nutrients to the euphotic
zone. Here, the physical transport and biogeochemical transformation processes
affect the fluxes of nitrogen and carbon into and out of the system. The relative
shallowness of the shelf facilitates the recycling process and is the structural
cause of the high biomass found. Indeed, the major part of the atmospheric
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carbon fixation through photosynthesis occurs in potentially fertile shelves
where it becomes incorporated to pelagic and benthic organisms besides bottom
detritus.

Continental shelf surrounds every continent and represents the submerse
extension of the land. With shallow seas associated forms a dynamic transitional
system between the shoreline and deep sea. Width is variable and dependent on
local topography with some areas more extensive than others. Mean values are
about 70-80 km, and oceans with passive continental margins, like the Atlantic
Ocean, present broader shelves than those of active tectonic margins, as the
Pacific Ocean. In Brazil, the equatorial northernmost Amazon Shelf is about
330 km wide, whereas in the northeast coast, on parallel 14°S, the narrowest
shelf is about 10 km wide [1].

The shelf is a low-sloping platform, with gradients lower than 1:1000 (1 m
of decline for 1000 m of extension). However, local variability occurs due to the
presence of canyons, valleys, and channels formed mainly during glacial and
interglacial periods when sea level fluctuated. The coastline is the landward limit of
the shelf that increases in depth to about 100-200 m where the gradient abruptly
changes to about 1:40 forming the slope. The shelf break marks the offshore limit of
the continental shelf.

Shelves can be divided into different areas according to distance from the coast.
Generally, two areas are present, the inner or coastal shelf and outer or external
shelf. Sometimes, depending on the shelf’s width and hydrological regime, a middle
region may appear between the two. The shelf division occurs due to differences in
topography, hydrology, or sediment type, and there is no abrupt change between
habitats when the frequent species overlap.

Climatic and hydrological processes act intensively on the shelf in several scales
of time and space, and consequently, the environment is highly dynamic. Another
important characteristic is that stability increases with distance from the coast and
depth. Depth is a driving factor, but many others contribute to coastal instability as the
seasonal change in temperature and salinity, water mass circulation, waves and storms,
type of sediments, rivers inflow with chemical and geochemical alterations, and light.
For benthic communities, the type of sediment, food availability, and benthopelagic
coupling are essential among other biological and environmental interactions.

Sediments present in shelves are continental in origin and transported mainly
by rivers but also by glaciers and winds. Light intensity may extend down 200
m, favoring photosynthesis and plant growth in both the water column and at
the sea bottom, with consequent abundance and diversity of benthic life. Also
important are the nonliving resources on the seabed such as the oil and gas
resources. A great part of the petroleum production nowadays has been drawn
out from the shelf.

The loss of marine diversity is higher in shallow coastal areas as a result of
conflicting uses of coastal habitats [2]. It is closely connected with ocean pol-
lution and acidification and results from man’s interference. More than 50% of
the human population lives near the coast, and the intense development of cities
and use and abuse of marine waters and bottoms threaten the integrity of shelf
systems. Sustainable usage of marine shelf systems continues to be imperative
in addition to the living resource management. The pressing need for estimat-
ing the species diversity has been a significant asset for conservation programs,
and several and useful tools were developed in the last few decades for that.
Taxonomic sufficiency [3] and biotic indices among others allow a rapid diversity
and structural assessment of the benthic communities of tropical and subtropical
areas scarcely studied [4].
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2. The southeast Brazilian continental shelf: physical environment and
nutrient sources

The Brazilian coastline extends for more than 8500 km along the South
American continent. It goes from the country’s equatorial north to the temperate
south, between latitudes 4°N and 34°S, and represents one of the world’s longest
continental coasts. Narrow in the northeast (c.a. 10 km at 14°S) and wide in the
southeast (c.a. 180 km), coastal shelf presents a variety of ecosystems and habitats
that brings expressive biodiversity and endemism to the region. Mangroves, coastal
lagoons, and coralline calcareous algal reefs are important ecosystems of the coast,
but marine sediments by far provide the largest area for benthic plants and animals.
Indeed, after the ocean water column, marine sediments constitute the second
biggest habitat on the planet.

The southeast Brazilian continental shelf (SBCS), or south Brazil bight (SBB), is one
out of six characteristic physical environments found in the Brazilian continental shelf
and the most studied (Figure 1). Its coastal limit lies between 23°S and 28.5°S approxi-
mately, and the inner, middle, and outer shelves are present on the extensive sea floor
and separated by slight declines from each other. Broadly, sediments are distributed in
strips along the coastline. Terrigenous bottoms predominate on the inner shelf in con-
trast with the outer shelf where carbonate sediments are the principals. Inner shelf and
proximal bottoms of middle shelf are composed by sand, but near 70 m a sharp change
occurs on the middle shelf due to the presence of a large deposit of silt and clay. Based
on the bottom topography [5] and benthic macrofauna distribution [6], the north shelf
of the southern Brazil bight was divided into two major areas, inner and outer shelf,
separated by the 50 m isobath due to the strong coupling of macrofauna and sedimen-
tary variables. Such division is valid for benthic animals with restricted locomotion and
lifestyle dependent on geochemical characteristics of sediment grains.

Figure 1.
Location of the southeast Brazilian continental shelf. The isobaths depict the brad shelf configuration and the
geographic position of the studied sites.
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In the major part of the southeast Brazilian continental shelf, water movement
is driven in different time scales by wind, the Brazil Current (BC), and tides [1].
The Brazil Current is part of the southward branch of the South Equatorial Current
when it approaches the coast of South America between 7 and 17°S [7]. It flows
southwestward along the shelf break to the Subtropical Convergence, between 33
and 38°S. In wider shelves the Brazil Current approximates to the coastline and fills
at least outer shelf [1].

The Brazil Current transports three water masses with characteristic thermo-
haline properties that interact along the shelf and shelf break according to the
large-scale wind field: Tropical Water (TW), relatively warm (T > 20°C) and salty
(S > 36); South Atlantic Central Water (SACW), relatively cold (T < 20°C) and
low saline (S < 36); and Coastal Water (CW), warm and low saline (T > 20°C and
S<36) [8].

Tropical Water occupies the surface of the Tropical South Atlantic and is known
as oceanic or offshore water. South Atlantic Central Water is oceanic in origin and
formed by subduction of surface waters of the Subtropical Convergence. After a
complex flow, it reaches the Brazilian coast most probably at Cabo de Sdo Tomé
(22°S) from which it is transported southwestward by the Brazil Current. It flows
along the slope and can reach the shelf to compensate the Ekman transport of
surface waters offshore caused by northeast winds. Winds are intense in the austral
summer when South Atlantic Central Water intrudes from slope to shelf shal-
lower depths in a cross-shelf transport. Continental waters (from rivers, estuarine
plumes) mix with South Atlantic Central Water and Tropical Water resulting in the
Coastal Water predominant on the inner shelf [1].

The Brazil Current presents also meandering and formation of mesoscale eddies
(nearly around 100 km in diameter) in its frontal edge that facilitates the ascen-
sion of nutrients from deep areas and causes upwelling at the shelf break, with the
consequent fertilization of large areas of outer shelf. When this process occurs, the
regenerated production characteristic of oligotrophic open seawaters is temporarily
substituted by new production based on input of new nutrients to the area. Besides
the shelf break resurgences, coastal upwellings occur near to the coast and have
local effects only. It is caused by northeast winds that when strong and intense devi-
ate the surficial waters to offshore with the consequent ascension of water rich in
nutrients from the South Atlantic Central Water. The most studied coastal resur-
gence in the southeast Brazil bight is that of Cabo Frio shelf (23°S), north of Rio de
Janeiro State. Here shelf is narrow (nearly 90 km wide) and steep, which facilitates
local water resurgence. As wind-driven the shelf upwelling of SACW is more recur-
rent and constant in the period from austral late spring to early autumn.

Water masses dynamics linked to the presence of vortices of local and meso-
scales are in great part responsible for water column fertilization with direct impact
on planktonic and benthic shelf communities. Waters acting on southeast Brazil
bight are a result of the three water masses mixed in variable volumes. Coastal
Water plus the seasonal intrusion of South Atlantic Central Water coastal wards
enhance abundance and diversity of biological communities on the shelf as they
feed from the new production at the base of the euphotic layer, a labile and fresh
organic matter colonized by heterotroph bacteria. SACW is rich in minerals from
deep water and when breaks the thermocline during its ascending to surface,
reaches the photosynthetic layer and fertilizes shelf from bottom to mid-waters.
The biological consequence is an expressive primary production and improvement
of the local food web.

Continental fertilization of seawater comes from medium- or small-sized
outflows that contribute to the low saline waters of the inner shelf. Large rivers or
estuaries are absent in the southeast Brazil coast (SBB). The coastal lagoon system of
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Cananeia in south SBB and Santos Estuary in the central part are important freshwa-
ter local inputs. Coastal currents are parallel to the coast, mainly northeast directed,
and can be intensified in speed by winds of cold fronts more frequent and stronger
during austral winter. These fronts can resuspend bottom sediments and bring the
particulate organic matter to the water column promoting the recycling of nutrients
and enhancement of the benthopelagic coupling. Wind is the main forcing agent on
water circulation in SBB, while tidal currents have a negligible influence [1].

According to the characteristics and dynamics of the water masses present,
hydrographic fronts may occur on inner and outer shelves. The front is the water
masses interface with distinct physical, chemical, and biological characteristics. The
presence of SACW in contact with Coastal Water and Tropical Water in the euphotic
zone configures a frontal zone. Also, fronts are horizontal gradients of temperature
and salinity formed due to differences in depth, wind direction and intensity, and
water density, among others. Detection of thermal fronts, for instance, can help to
identify zones of ecological importance for marine fauna and to better understand
habitat dynamics as a function of its spatial and temporal extent and variability [9].
Evidence of the influence of thermodynamic fronts on benthic megafauna living in
central and northern southeast Brazil bight will be presented later in this chapter.

On the southeast Brazil bight, the inner side of the Deep Thermal Front tidal
circulation maintains a mixed layer from surface to bottom in contrast with the side
outward from the front that is constantly stratified. Especially in summer, when
the offshore SACW intrudes coastward, the physical stratification is enhanced
though the shelf. As a consequence of the two-layered water column establishment,
the changing of substances and organisms between the surface and the seafloor is
inhibited. The 20°C isotherm indicates the limit beyond that South Atlantic Central
Water dominates the shelf bottom layer. Similar to temperature, salinity has the
Shelf Hyaline Front (SHF) originated between the coastal low saline-mixed waters
and the stratified high saline waters from South Atlantic Coastal Water and Tropical
Water on the outermost shelf.

The shelf eutrophication promoted by the upwelling of deep water is intermit-
tent and more frequent in summer. During winter SACW retreats to the shelf break
more often due to the change in the direction of prevailing winds. In this case, the
shelf’s bottom is filled with the warm less enriched Coastal Water, while the oligo-
trophic Tropical Water dominates at the surface.

To summarize, the southern Brazil bight has oligotrophic upper waters (Coastal
Water and Tropical Water) in most parts of the shelf in the absence of an external
source of nutrients. When the environment is perturbed by SACW intrusion, rich
in nutrient salts, an increase in phytoplankton biomass occurs due the presence of
new species better adapted to compete in the new condition. On the inner shelf,
phytoplankton biomass data are in the range of coastal oligo-mesotrophic areas,
and values between 0.16 and 6.42 mg Chl-a m > were observed for Sio Sebastido
shelf and similar neighboring places [20]. The presence of cross-shelf intrusions,
meanderings, and resurgences of SACW permits entrance of new nutrients at the
base of euphotic layers of both inner and middle shelves in summer and outer shelf
in the winter. The chlorophyll maximum layer is formed in subsurface following the
SACW superior limit. The continental shelf is then fertilized in summer by large
autotrophic plankton, mainly diatoms, and local primary production frequently
enhances several times. In the stratified waters of Ubatuba shelf, the maximum
value of chlorophyll-a equal to 14.7 mg m > was found at 18 m depth in the SACW,
which is 13 times higher than that obtained at the surface in the Coastal Water [10].
Another example is that of the Vitoria Eddy, Abrolhos Bank, where the increase of
nutrients from deep water turns the area nearly 40% more productive than that out
of the vortex [11]. The deep chlorophyll maximum (DCM) layer may reach several
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Figure 2.

Di%zgmmmatic model of the main physical and biological processes in the Southeast Brazilian continental
shelf in summer and wintertime. Shelf division is based on seasonal hydrodynamics. AC = coastal water,
SACW = South Atlantic central water, TW = tropical water, DTF = deep thermal front, SHF = surficial
hyaline front, DCML = deep chlorophyll maximum layer, o = phytoplankton cells, ~ = detritus,

| = phytoplankton sinking and benthos envichment, 1 = resuspension of bottom sediments.

meters in thickness depending on wind force and shelf depth. The eutrophication
benefits from wind strength for reaching shallower depths on the shelf. Also, in
summer, more than one event can occur independently on the middle and outer
shelves as was demonstrated offshore of Santa Catarina State, southern southeast
Brazil bight [12]. New nutrients significantly improved carbon net biomass and
exportation of organic matter to benthic system with a consequent increment of
secondary production. A diagrammatic model of the biological and physical inter-
actions for the southeast Brazilian continental shelf is presented in Figure 2.

3. Food supply to the benthic system

With the main mechanisms of shelf eutrophication understood, it was possible
to estimate the quantity of organic matter on southeast Brazil bight fuelled to the
sediments. Knowledge about the relationships between macrofauna and organic
matter input is crucial for understanding the structure and dynamics of benthic
communities. The role of the remote source of nutrients represented by the South
Atlantic Central Water shelf intrusion has been studied intensively on southeastern
Brazilian continental shelf in a multidisciplinary approach. In the Sdo Sebastido
Channel (SSC), NE Sao Paulo State, a clear relationship between high quantities of
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fresh organic matter and SACW intrusion was observed on bottom sediments [13]
and in the Cabo Frio resurgence as well [14].

The quality of sedimenting particles, however, is difficult to be evaluated due
mainly to the complexity of intrinsic variables involved and the inexistence of
a universal marker for quality. Prevailing oceanographic condition, depth, time
and duration, concentration, and heterogeneity of organic content act directly on
the organic matter constitution. Considering biomarkers, fatty acids, sterols, and
isotopic composition (§°°C and §°N) have been frequently used nowadays besides
chlorophyll-a and the relation between chlorophyll-a and phaeopigments. Lipid
content stocks energy and brings to food high nutritional power and consequently
is considered a good indicator of the quality of the particle ingested.

The organic matter concentration and its chemical composition contribute in
regulating the metabolism and distribution of organisms as well as the biomass and
diversity of communities. Differences in composition show, for instance, the source
of the organic matter present on the shelf’s bottom. In shallow shelf areas, detritus
of continental origin dominates, whereas in middle and outer shelves, organic mat-
ter is mainly from oceanic waters.

The impact of food quality on benthic macrofauna communities was evaluated
on the S3o Sebastiio Channel (23°30’ to 24°00’ S; 45°05’ to 45°30’ W), S3o Paulo
State, north of southeast Brazil bight [15]. The study searched for differences in
species composition, vertical distribution, trophic habits, and bioturbation effects
on benthic assemblages (alive bacterial biomass and polychaetes from meio- and
macrofauna) submitted to two dissimilar oceanographic conditions, with and
without South Atlantic Central Water influence. Different responses for each situ-
ation of food input based on fatty acid classes, particulate organic matter quality,
and relative contribution of other sources of organic matter to the detritus pool are
expected.

However, why do we work with polychaetes and why are there so many ecologi-
cal studies focused on these animals? The answer is that they are frequently the
most abundant infaunal component of macrofauna in sediments, representing
40-50% of the whole macrofauna on coastal and shallow areas of southeast Brazil
bight [11]. A wide range of feeding habits and lifestyles give the species capacity
to modify bottom deposits by bioturbation, changing geochemical processes such
as oxygen and phosphate fluxes [16]. An important part of the benthic research
developed on the southeastern Brazilian shelf has been accomplished employing
polychaetes as a proxy of the total macrofauna.

Sdo Sebastido Channel is a peculiar area in the southeast Brazil bight inner shelf
due to its geomorphology and hydrodynamic complexity. With nearly 25 m of
length, it separates the continent from the large Sdo Sebastido Island (SSI). The SSC
with a width of 6-7 km and a depth of 20-25 m at the south and north entrances,
respectively, narrows to about 2 km in the middle length where it is as deep as 45 m
and curves northwest. It functions as a tunnel for winds from the open sea magnify-
ing its strength. In the channel Coastal Water flows from the northeasternmost part
of the year. Intense and strong winds in late spring and summer months promote
SACW inflow through the channel’s south entrance where a paleo-valley runs out
on the island side. At this time a well-defined thermocline establishes in the water
column with the two water masses running in the opposite direction, the warm
low saline Coastal Water at the surface in SW direction and the cold saline South
Atlantic Central Water on the bottom in a NE direction. The hydrology is more
complex due to a counterclockwise vortex promoting the flow attenuation in the
north insular side [17].

The main transport of sediments on Sdo Sebastido Channel occurs from south-
west to northeast with a tendency for more intense deposition of silt and clay along
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the continental margin and middle part, places of low current speed. The existence
of distinct sediment patches is one of the leading causes associated with the high
benthic diversity found in the area [18]. Another critical factor to be considered

is the chronic oil and sewage contamination present in the central narrower part

of the channel due to the presence of the Sdo Sebastido Harbor, the DTCS large oil
terminal, and the Aracd sewage pipe responsible for discharges of a quarter of the
urban sewage of Sdo Sebastido city. Low current speed makes difficult the disper-
sion of contaminants that are deposited in the fine sediments below. The resulting
effect is a change in the quality of the bottom environment. Analyses of total
organic carbon (TOC) of sediments in the central area of SSC showed high values
that are indicative of organic enrichment [19]. This condition associated with the
sewage discharge and petroleum-derived hydrocarbon creates a eutrophic environ-
ment that puts the benthic species at risk of damage [4, 14]. Indeed, loss of abun-
dance and diversity of species of the whole macrofauna were observed earlier in
that area characterized by an unbalanced community [18]. So, although the waters
of the Sdo Sebastido Channel were described as meso-oligotrophic [20], the bottom
can be considered eutrophic either by natural or by anthropogenic causes.

In the southeastern continental inner shelf, two mechanisms have been evoked
to support the benthic communities along the year. One is associated with SACW
bottom inflow and seasonal enhancement of the quantity and quality of benthic
organic load. The other is present when Coastal Water is the only water mass
flowing in the area. In shallow depths (<50 m) frequent and intense mixing occurs
in the water column especially in winter months due to the passage of cold fronts.
As the input of nutrients is low and constant, the quantity of organic particles
is not a food stressor for the communities, but quality is. In these areas partially
degraded organic detritus with lower nutritional capacity composes the bottom
organic matter. In springtime 2004 only the relative deeper (15 m) north station on
the S3o Sebastiio Channel was under the South Atlantic Central Water influence,
and the quantity of labile organic material peaked to 206.14 pg g~ ', a value four
times higher than those found at the same place in autumn under domination of
Coastal Water [15]. On the non-upwelling scenario of the same shallow area, a rapid
loss of the labile component occurred, and the major part of the organic matter is
partially degraded and accumulated as pointed out by the high values of short-chain
saturated fatty acids found [15]. An important aspect of the mid-water upwelling
of SACW is that its effects on benthos enhancement lasts even after the water mass
returns to offshore. The high quantity of the organic matter settled goes to the bot-
tom subsurface layers due to the reworking of macrofauna. In that manner it stays
available in the sediments for a few months [15, 21].

Organic matter quantity and quality is the primary driver for changes in the
structure of benthic communities. However, besides the organic matter load, it is
necessary to consider the trophic group structure and degree of faunal mobility in
the sediments (or bioturbation) for a better understanding of the process. Benthic
fauna work on the food particles through fractioning and moving them into the
sediments and so making the smaller food parts available to the organisms in a con-
stant action/reaction with the environment. Many studies have been developed in
the area of Sio Sebastiio, Ubatuba, and Santos shelves and north and central areas
of the southeast Brazilian continental shelf, with species of total macrofauna [13,
19], polychaetes [15, 18], amphipod crustaceans [23], bacteria biomass, and meio-
fauna [21]. The results recognized the organic matter quality and quantity as the
main determinants of the structure of benthic assemblages. The fauna seems to be
not food-limited by the quantity of the organic particles loaded, but by their quality
that can alter species composition, abundance, and diversity. The constant input
and prevalence of local partially degraded organic detritus (refractory material)
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in the sediments were shown to be significant and able to maintain the benthic
assemblages on shallow coastal areas [15, 21]. On the other hand, places under the
South Atlantic Central Water influence showed more abundant and diverse benthic
communities that are most probably supported by the high proportion of recently
produced planktonic organic matter present in the sediments [15, 18, 22].

The relationships between feeding mode and species mobility are complex, and
their study helps to understand the functioning of benthic communities. In the
Sdo Sebastido and Santos shelves, several studies were conducted with polychaete
and crustacean species to identify their trophic guilds and link them with sediment
type and organic matter content [23, 24]. Five trophic groups are reported for the
SBB shelf and recently were associated with four bioturbation categories, for a
better understanding of the functional structure of polychaete assemblages in the
Sdo Sebastido Channel and vicinities [15]. In shallow places with predominance of
local input of degraded organic material, as the Sdo Sebastido Channel margins and
other coastal areas, the diffusive mixing (rapid redistribution of the organic matter
within the sedimentary column) is reported as the main process associated with
dominance of the subsurface deposit feeders. The result is the disturbance of the
whole sediment column by relatively high bioturbation rates. Species composition
of the assemblages can vary along the year, but relevant functional changes were
not observed in the system, i.e., different species may occur through time but play
the same role. Large quantities of small opportunist species occurred in the Sdo
Sebastido Channel continental margin, like Cossura candida, together with mobile
large Sternaspidae, as Sternaspis capillata, both subsurface deposit feeders but
with different bioturbation behaviors. C. candida is a diffusive mixer, i.e., rapidly
redistributes the organic matter within the sedimentary column, and S. capillata is a
conveyor belt transporter, i.e., moves particles of sediment up to the surface during
its subsurface feeding or burrow excavation. The species are characteristic of envi-
ronments under intermediate stress condition [15], and the input of anthropogenic
organic matter locally produced seems to support them.

Benthic assemblages behave differently in the presence of SACW's eutrophica-
tion. In such places, the major part of the species belongs to the conveyor belt
transport category, that is, individuals that promote rapid movement of recently
produced organic matter downward in the sediment. The procedure favors both
surface deposit feeders and diffusive mixers equally by combining old and fresh
organic matter. So, with the pulses of intense and high bottom eutrophication, a
modification of the species composition occurs together with functional changing.

4, Benthic studies on the southeast Brazilian continental shelf

Between 1985 and 1988, a multidisciplinary oceanographic project was conducted
on the Sdo Paulo State northeastern shelf, by the Oceanographic Institute of the
University of Sdo Paulo, to understand the structure and functioning of the conti-
nental shelf system from the coast to offshore of Ubatuba, north-south Brazil bight
[25]. The study detailed the complex hydrodynamics of the water masses and their
role on the large episodic input of new nutrients to the shelf and the consequences on
pelagic and benthic communities. It also established the founding knowledge about
the functioning of the system based on a seasonal local trophic model. This project
was the pioneer in southeast Brazilian shelf by assembling researchers of the many
branches of oceanography to understand shelf functioning addressed by its physical,
chemical, and biological characteristics. Some other multi- and interdisciplinary
projects came along the following 25 years and contributed to improving the knowl-
edge by answering questions opened at every study end.
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Without any doubt, the central and north parts of the SBB, in front of Sdo Paulo
and Rio de Janeiro States, are the best areas studied. Along the long coastline, few
geographical features can modify local sedimentary and hydrographic main pro-
cesses with consequences on benthic communities’ structure and distribution. The
first one is the large Sdo Sebastido Island, northeast Sdo Paulo State, separated from
the continent by a long narrow channel, the Sdo Sebastido Channel that constitutes
the second feature. The third modifier is the sudden east to the northeast inflection
of coastline in front of Cabo Frio, northeast Rio de Janeiro State, with consequent
expressive shelf narrowing (Figure 1). Another critical factor to the change in
coastline is that caused by the opening of estuaries: the southern Cananeia/Iguape
lagoon system, the larger central Santos-Sdo Vicente estuarine complex, and the
northern Bertioga.

Sdo Sebastido Island is an important geomorphologic marker of the coastline as
it divides the adjacent shelf in northern and southern sectors. The northern sector
is more complex due to the irregular littoral of many small bays and islands associ-
ated with the irregular isobaths outline. A clear difference exists between sediments
from W to SW and N to NE of the island, with a predominance of fine and very
fine sands in the southwest and muddy sediments (silt and clay) in the east and
northeast. The SSI functions as a physical barrier to marine currents from S to SW
linked to the passage of cold fronts in the winter and is a perennial source of sedi-
ments and detritus to the region. Sdo Sebastido Channel is a particular area from
the inner shelf and was divided into three sectors (central, south, and north) based
on sediment type coupled to depth, channel wall declivity, quantity of suspension
matter, and dominant hydrographic processes. Regarding Cabo Frio, the change
in the direction of coastline in the area favors the approximation of the Brazilian
Current to the continent and, associated with strong northeast winds, promotes the
coastal upwelling of deep cold waters that modify local food quantity and quality to
benthic assemblages, as explained earlier.

Reports on the importance of sediments for benthic species distribution are
numerous in the literature. In the central and north parts of southeast Brazil, shelf
studies of the megabenthos have shown that hydrothermal dynamics is the driver
factor structuring the communities, whereas for macrofauna the variables associ-
ated with sediments are the most important. Megafauna is here defined as large
organisms captured by fishnets, like crabs, shrimps, and sea stars, and macrofauna
are those invertebrates > 0.5mm length from both infauna and epifauna of almost
all phyla. Except for Peracarida crustaceans (as isopods, tanaids, and amphipods)
that protect their eggs and embryos in the ventral marsupium, most of the other
benthic species are benthopelagic with initial free-swimming larval stages and pos-
terior bottom settlement. Sediment is then required in the initial and crucial stage
of the species life cycle. Some other organisms, as many shrimps are pelagic, but
bottom dependent for feeding. On the other hand, several megabenthic species are
large agile animals that need to move long distances for feeding and reproduction
and, consequently, are affected by water motion. Recently attention has been paid
in studying the role of thermohaline fronts on the habitat dynamics in function
of its temporal and spatial extensions. One of these studies was developed in the
Ubatuba shelf, SBB shelf, and later expanded to Sdo Sebastido and Santos shelves.
The results showed a constant temporal and spatial change of habitat between
Xiphopenaeus kroyeri and Portunus spinicarpus, two coupled species linked to the
South Atlantic Central Water deep thermal front.

X. kroyeri, also known as sea-bob or “camardo sete barbas,” is a penaeid shrimp
with a length of 9-10 cm and a long curved rostrum distributed along the southeast
Brazil bight coastal area, from Rio de Janeiro to Santa Catarina States. The species
lives in shallow warm water (warmer than 20°C) 30 m in depth. The swimming
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crab P, spinicarpus inhabits cold (below 20°C) deeper shelf water (from 50 to 70 m
to shelf break) with populations extremely numerous at the 18°C isotherm in the
South Atlantic Central Water frontal zone. Both species extend or diminish their
spatial range of distribution seasonally according to the constant displacement
of SACW [26]. Similar results obtained for other vicinal areas showed that the
southeast Brazilian shelf is a dynamic habitat for megafauna species supported by
plankton-benthic interactions coupled to physical forces as hydro-thermodynamics,
winds, and tidal mixing, among the principals. The seasonal variation in abundance
of both species on the three studied localities is presented in Table 1.

In Cabo Frio and Ubatuba, a study that lasted over 2 years was developed to
compare the megabenthic community structure in relation to different physi-
cal processes that occur in those areas, the local upwelling in Cabo Frio and the
mesoscale South Atlantic Central Water middle depth intrusion in Ubatuba [27].
Density, biomass, and species richness were evaluated on inner and outer shelves in
the austral winter of 2001 and summer and spring of 2002. Substantial spatial and
temporal changes occurred in species composition and dominance of key species on
both areas and suggested the close linkage between megabenthic communities and
water masses seasonal dynamics associated with differences in sediment type.

Considering the inner shelf, diversity in Ubatuba was higher than in Cabo Frio,
and both areas presented different species dominance also. In Cabo Frio the sea star
Astropecten brasiliensis was the most abundant in all the periods sampled, even in the
presence of SACW thermal front (Summers 2001 and 2002). P. spinicarpus appeared
on the inner shelf driven by SACW thermal front, but only predominated on that
area in spring 2002 (709 individuals/catch) when bottom temperature reached
13.5°C. However, in wintertime under the warm Coastal Water influence, the
number of species increased from 10 to 22, and diversity increased from H = 0.3 to

Species Xiphopenaeus kroyeri Portunus spinicarpus ‘Water mass

Places Inner Outer Inner Outer Inner Outer
shelf shelf shelf shelf shelf shelf

Ubatuba®

Summer 1985 0 0 3281 5152 SACW SACW

Winter 1986 5892 0 34 0 Cw SACW

S3o Sebastido®

Summer 1994 54 0 5 578 SACW SACW
Winter 1997 385 0 11 407 Ccw SACW
Santos®
Summer 2006 47 0 4 1675 SACW SACW
Winter 2005 5413 0 0 1224 Ccw SACW
Cabo Frio®
Summer 2002 0 0 43 0 SACW SACW
Winter 2001 0 0 1 1968 Ccw SACW
Pires [26].
’Non-published data.

3De Léo and Pires-Vanin [27].
SACW = South Atlantic Central Water, CW = Coastal Water.

Table 1.
Seasonal distribution of the abundances of Xiphopenaeus kroyeri and Portunus spinicarpus according to the
extension of the South Atlantic Coastal Water intrusion on the shelf.
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1.3, with dominance of the crab Leucippa pentagona and the gastropod Buccinanops
cochlidium (= Buccinanops gradatum) instead of shrimps, as presented in other parts
of the southeastern Brazilian inner shelf. Regarding the outer shelves, differences in
species composition between both places were also detected, despite their proximity
(only 463 km distant) and permanent SACW influence. In this case, the contrast in
sediment type explains the faunistic changes: Ubatuba has a sandy bottom (coarse
and medium sands) at 100 m, whereas in Cabo Frio the sediment is silted at the same
depth. The hydrodynamic characteristics associated with sediments are responsible
for the major part of the shift on the structure of the communities of both areas.
This is especially true for the slow-moving megabenthic species as the sea stars and
anomuran crustaceans (Munida irrasa). As they feed mainly on local macrofauna liv-
ing on sediments, the quantity and quality of the prey available for feeding depends
on the sediment characteristics, as grain size and organic content [26].

Spatial distribution of the communities of benthic macrofauna has been usually
related to seafloor characteristics, like topography, sedimentary texture, oxygen
content, organic matter, and depth. Studies developed in the south Brazil bight have
shown that besides those variables, the oceanographic and meteorological processes
(as SACW intrusion and cold fronts, respectively) play an important role also.
Spatial and temporal changes in the communities of macrofauna were intensely
studied on the Sdo Paulo State shelf, the central part of the SBB. Based on bottom
topography, water circulation, sediment deposition, and sedimentary organic mat-
ter content, the area was characterized by three subareas: the northern Ubatuba and
S3o Sebastido shelves [13, 25, 26], the central Santos shelf [24, 29] and the southern
Cananeia/Iguape shelf. Since sediment was identified to be the structural driving
factor for the macrobenthic communities, a detailed explanation of its distribution
in the complex continental shelf of Sdo Paulo becomes necessary. The presence near
the coast of the large Sdo Sebastido Island, associated with water fluxes from Santos,
Peruibe, and Bertioga estuaries, adds to the sedimentary system complexity.

The regional distribution of the superficial sediments indicated the presence of
three regions. In the south region, corresponding to the continental shelf in front of
the Peruibe river mouth, the sediment presents an average diameter corresponding
to fine sand with isolated silt patches. In the central portion of the area, the conti-
nental shelf of Santos has very fine and fine sands, which form the homogeneous
bottom, with muddy sediments deposited in the deeper portions. In the north
region, situated north of the Sdo Sebastido Island, the deposition pattern is much
more complex; in areas shallower than 60 m very fine sand interspersed with bands
of fine sand predominate, while near to the coast, spots of medium and coarse sand
overlay the bottom. The major part of the smaller grains is retained into the bays,
but some quantity can be carried on the water surface layer by the Coastal Water
during the South Atlantic Central Water bottom intrusion and deposited around the
50-60 m isobath at the middle shelf. Another shallow depositional environment is
that at E/NE of the Sio Sebastido Island. The island functions as a shield to waves
from the highly dynamic southern frontal systems by changing current direction
and diminishing its velocity. Consequently, the finer sediments are deposited
behind the island on an area known as “island shadow zone.” Considering the outer
shelf of the three regions, there is a clear relation between increase of depth and
decrease in the sediment granulometry; the 120 m isobath practically delimits the
zone of the predominance of sand from that of muddy sediments [30].

Macrofauna of Sdo Paulo continental shelf is numerous, diversified, and firstly
distributed according to sedimentary characteristics. Polychaetes show up as the
most numerous group collected accounting for 51% of total fauna on Sio Sebastido
shelf [28]. Polychaetes and crustaceans Peracarida were studied to species level in
order to understand benthic community structure and function [24, 31]. Working
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with several benthic marine groups of invertebrates proved to be important for
bringing consistency and generality to the results obtained. Broadly, density was
significantly higher in sediments with a sufficient content of labile organic mat-
ter. Also, species richness was higher on the coarser sediments of the inner shelf,
whereas diversity and evenness increase at sites of intermediate depths (40-50 m)
on the middle shelf. In contrast, the outer shelf houses deepwater species that live
preferentially in muddy sediments as deep as 70-80 m. As an example, the diversity
of amphipods on the northern Ubatuba shelf decreased with the increase of sedi-
mentary silt and clay, whereas abundance of the tube-dwellers follows the contrary
[31], which shows the role of the muddy belt from the outer shelf for the shift in
community composition along the shelf.

Several ecological models were constructed for the southeast Brazil bight with
environmental parameters (grain size and angularity, organic matter quantity and
quality, temperature, salinity, and depth, among the principals) and biological
indicators (as abundance, biomass, diversity, evenness, feeding groups, behavioral
groups, microbial biomass) to interpret the benthic species distribution on the
shelf. Results demonstrated that the species are grouped into three main areas paral-
lel to the coastline, forming communities with particular physical, sedimentary, and
geochemical characteristics and controlled by different species. Three main groups
of species characterized three benthic areas, the inner, the middle, and the outer
shelf groups that delimit the coastal zone, the intermediary zone, and the deep
zone. The most striking differences occur between the inner and outer shelf groups;
the middle shelf functions as an ecotone with species from both areas.

The coastal zone (12 to 30-40 m) includes shallow warmwater species related
to well-sorted and very fine sand bottoms with labile and refractory organic
matter mixed, subjected to a strong hydrodynamics associated with water masses
and cold fronts; density and diversity are generally high, and the fauna is com-
posed mainly by r-strategists as Prionospio dayi (polychaete) and Ampelisca paria
(amphipod). The deep zone (>70 m) sustains cold-water species living in poorly
sorted silt and clay bottoms with high organic matter content; density is variable
but frequently high. The robust correlation of density and evenness with depth
indicates that the deep zone is a more stable environment than the coastal zone and
frequently supports an abundant fauna that can reach densities of 958 individuals
per m™? [28]. Some discriminant species here are the large carnivores Sigambra sp.
and Aglaophamus sp., the subsurface deposit feeders Petersenaspis capillata and
Leitoscoloplos kerguelensis (polychaetes) [29], and the burrowers Pseudoharpina den-
tata, Urothoe sp., and Heterophoxus videns (amphipods) [24]. On the other hand, as
a transitional region, the intermediary zone is usually characterized by high values
of species richness, diversity, and evenness besides chlorophyll-a content correlated
with density, which indicates fresh organic matter input. These findings evidence
the continuous organic load and enrichment of sediments in the area and no food
limitation for the fauna. This is an unstable environment with annual ranges of
temperature between 17.2 (summer) and 21°C (winter) as observed in Santos’ shelf.

The coastal zone may present patches of finer sediments in front of river outflow
or of physical coastal modifiers, as in the case of San Sebastido Island that creates a
“shadow zone” behind. The accumulation of such very different sediments, muddy
and rich in refractory organic matter, modifies the inner shelf bottom and creates a
local environment with a new sedimentary process and particular geochemical prop-
erties. As a consequence, an abrupt change occurs and disrupts the sandy community
pattern present in the rest of the area. This is the case of the shallow bottom in front
of Peruibe river mouth, south of Santos shelf. The community of the less saline
muddy sediment (salinity of 34.6 to 35 in winter (2006) and 33.1 to 33.9 in summer
(2007)) is characterized by Mediomastus sp. and Magelona posterelongata; the first
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one is a subsurface deposit feeder and a conveyor belt transporter, and the second
is an interface-feeder and surface depositor. Species of Mediomastus are always
very abundant in systems constantly exposed to high organicload [29]. Indeed, the
terrigenous input of detritus to coastal waters in Sdo Paulo shelf is permanent and
increases in summer, the period of more intense rains and with a fresh food supply
associated with the South Atlantic Central Water intrusion. As an interface-feeder,
M. posterelongata is stimulated just after the deposition of freshly organic matter
[32], but is exceeded by the Mediomastus sp. that feed on the abundant and long-
lasting degraded material [15, 29]. On the other hand, species of polychaetes of the
sandy group were mostly tubicolous and surface-feeders and associated with the
high content of chlorophyll-a and cold water in summer, which suggests pulses of
fresh organic matter to those communities. The structure of the three shelf species
groups just discriminated seems to be resilient and time-stable. Several ecological
indices used, as well as the different size strata of benthic animals (macro- and
megafauna) and different taxonomic groups used, indicated the existence of the
same organization independent of species composition or season. When a shift of
species occurs, as in the seasonal changes, the new species will play a similar func-
tional role of the substituted, as observed for polychaetes in Sdo Sebastido shelf.

5. Conclusion

The southern Brazilian continental shelf ecosystem is characterized by both high
species diversity and complex biotic interactions among the component species.
The region is physically controlled by the dynamics of three water masses. One of
them, the South Atlantic Central Water intrudes from the shelf break to the coast
seasonally bringing nutrients to the euphotic zone and, consequently, enhancing
primary productivity. The thermal front formed in the frontal zone between South
Atlantic Central Water and the shallow Coastal Water is responsible for the concen-
tration of an extremely dense population of the swimming crab P. spinicarpus that
moves according to the SACW dislodgment on the shelf. Density of macrofauna
in south Brazilian bight is moderate and linked to seasonal pulses of labile organic
matter in the middle and inner shelves and to water mixing processes that resus-
pend bottom sediments with old and fresh detritus for recycling. This suggests that
the quality besides quantity of organic matter available as food in sediments is of
great importance for structuring the macrobenthic communities. Biomass was usu-
ally low when compared to other similar environments elsewhere and probably is
related to the characteristic mesotrophy of the shelf waters. Changes in macrofauna
density and biomass seems to be independent of the periods of high food avail-
ability, but the differential quality of the sediments can change community species
composition by differences in trophic habits and mobility behavior. Diversity is
high, mainly on the middle shelf and outer shelf. Dominance of few species is a
characteristic of the inner and outer shelf zones. The reciprocal interaction between
sediments and species helps in maintaining the community dynamics through time.
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Chapter 3

Stable Carbon and Nitrogen
Isotopes in Hydrocarbon and
Nitrogenous Nutrient Assessment
of S and E Gulf of Mexico Marine
Environments: Four Isotope
Stories

Diego Lopez-Veneroni

Abstract

Stable carbon and nitrogen isotopes were sampled in representative environ-
ments of southern and eastern Gulf of Mexico to trace carbon and nitrogen sources
and processes affecting them. Sampled sites include a hydrocarbon seep area, a
coastal zone influenced by terrestrial discharge, a productive oil field, a coral reef,
and a deepwater environment. In Cantarell oil field, "°C and "N values of
suspended particulate matters, sediments, and benthic organisms show that the
principal carbon source to the benthic food web is the downward flux of upper-
layer primary production. In the coastal zone, the isotopic terrestrial signature of
suspended particles across the low salinity plume indicates that the terrestrial con-
tribution in nearshore waters is progressively diluted by marine organic matter.
Hydrocarbon concentrations and §'°C values from a Bay of Campeche hydrocarbon
seep sediment core suggest that the seep contributes to about 72.4% petrogenic
carbon to its surface sediment layer. The 8"°C values in corals suggest a carbon
source from fixation by zooxanthellae. In the eastern Gulf, organic carbon (Ce.g)
and total nitrogen (TN) concentrations and isotopes are indicative of low terrestrial
contribution, and the principal long-term nitrogen source to primary producers
appears to be nitrate diffusing from the thermocline into the photic zone.

Keywords: carbon-13, nitrogen-15, Bay of Campeche, Gulf of Mexico, oil seep,
suspended particles, sediments, coral reef

1. Introduction

The inclusion of stable isotope measurements in environmental studies has proven
useful to discern the source and trace the flow and cycling of natural and anthropo-
genic gaseous, dissolved, and particulate compounds. Biogeochemically relevant sta-
ble isotope pairs, such as 2H/*H, Bc/P2C, PN/N, 80/%0, and 3*S/3%S, actively cycle
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between the biotic and abiotic components of ecosystems. These elements are incor-
porated by organisms into a variety of compounds which are then transformed as
they are cycled within the organisms, through the trophic chain and back to the
abiotic environ. Although the chemical structure of compounds may be transformed
in this flow, the isotopic proportion of an element remains constant or tends to vary in
a known proportion, thus providing a means for tracking its source and flow. For
example, stable carbon and nitrogen isotopes have been used to trace the source of
organic matter into food webs and to establish the trophic structure of ecosystems
[1-3]. In general, the stable carbon isotope composition of animals approaches that
of its diet, with a small fractionation between them (0.8-1.5%o [1, 3, 4]), while they
are generally about 3%o enriched in >N compared to its diet [2, 4, 5].

The mass difference between the light and heavy isotopes is responsible for
small changes in the physical properties of an element but is paramount to trace its
origin and different physically, chemically, or biologically mediated processes it
undergoes [6-8]. This isotopic fractionation (or discrimination), although small, is
measurable, and, in a mixture of isotopes of the same element, the lighter isotope
(such as 1°C) is generally favored in the reaction products, leaving the heavier
isotope (*°C) in the reactant.

The heavy-to-light isotope ratio of a sample is denoted as

R = mx/nX (1)

where X is an element with a heavy isotope () and a light isotope (n).
The stable isotope ratio of a sample (R;,) is expressed relative to the ratio of a
universal standard (Ry,) by the 6 notation and is expressed in per mil units (%eo):

8 = (R, — 1) x 1000 @)

The fractional contribution of two sources (A and B) with different isotopic
compositions in a mixture (M) can be estimated from the isotopic composition of
each source by isotopic mass balance [8, 9]:

5M :foaA +fBX5B (3)

where

1:fA+fB

The southern and eastern Gulf (S and E Gulf) of Mexico (Figure 1) offers
contrasting environmental scenarios where stable isotopes can be applied as a tool
to discern the origin and flow of organic matter. The principal potential carbon
sources to the Bay of Campeche continental shelf, located in the S Gulf, include
organic matter deposition from upper-layer primary production, input of terrestri-
ally derived organic matter, oil seeping, and offshore oil extraction. In contrast,
organic matter inputs of terrestrial origin in the E Gulf are minor.

In this chapter, carbon and nitrogen sources and flows in these two contrasting
Gulf of Mexico regions are traced by means of stable isotopes. Three studies are
used here to exemplify the use of stable isotopes in regions with contrasting nutri-
ent and carbon sources. The carbon apportionment is estimated for the Bay of
Campeche continental shelf seep. In the Bay of Campeche’s Cantarell oil field, the
relative contributions of terrigenous, seep, upper-water primary production and
anthropogenic carbon and nitrogen sources to the benthic food web are explored.
Carbon isotopes in Yucatan shelf coral tissues are used to trace the natural and
anthropogenic carbon sources affecting them. Finally, in the E Gulf of Mexico, the
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Figure 1.

Southern and Eastern Gulf of Mexico study zones showing the deepwater sampling locations off NW Cuba slope
region where sediment samples were collected (upper right panel), Bay of Campeche (middle and lower right
panels) and Triangulos Reef in Yucatan Shelf (far right panel). Numbers in the Cantarell oil field region and
near shore area depict the two cruises wheve particles, sediments and benthic organisms were collected. Numbers
around Triangulos Reef are sampling sites. Depth contours in meters.

long-term nitrogen sources to primary producers are evaluated using stable nitro-
gen isotopes of surface sediments.

2. Methodology

Stable carbon and nitrogen isotopes were analyzed in suspended particulate
materials collected in the water columns, sediments, and animal matrices. Sample
collection, prepping, and analysis for the four case studies are summarized in
Table 1, details are given below.

2.1 Sampling

Suspended particles were collected in pre-combusted GF/F filters by filtering 2-
10 L of seawater with a peristaltic pump, which retained particles with a nominal
size of >7 pm. Samples were stored in petri dishes and frozen until analysis. Coastal
and shelf benthic organisms and sediments were collected with a box corer or
anchor dredge. Sediment cores (25 m long) from the E Gulf were retrieved with a
Kullenberg piston corer. The recovered cores were sliced on board into 10 cm
sections. Seven of these sections were analyzed in this study. The top 10 cm of the
Bay of Campeche continental shelf and coastal sediment core samples were col-
lected with a box corer. Corals and sponges were collected manually. Organisms and
sediments were kept at freezing temperatures until analysis.

2.2 Sample treatment

In the laboratory, sediment and filtered particle samples were oven-dried, pul-
verized, and homogenized to a fine powder in a mortar. Sediment and reef
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Matrix Method of Sample treatment Isotope Ancillary data
collection analysis

Seep sediments *0) Kullenberg Drying, grinding, 1,2 Total hydrocarbons

corer acidification, sieving

Macrobenthic Anchor-box  Tissue extraction, rinsing, 1,2,3 —

organisms (3¢, ®N) dredge drying, grinding

Campeche surface Box corer Drying, grinding, 1,23 Organic carbon,

sediments (*3C, °N) acidification, sieving total nitrogen

Suspended seawater Seawater Drying, grinding 1,2,4 Organic carbon,

particles ¢, ®N) filtration total nitrogen

Sponge, algae, and coral ~ Collected Drying, grinding, 1 Polycyclic aromatic

tissue (**C) manually acidification, sieving hydrocarbons

NW Cuba sediments Box corer Drying, grinding, 1,2 Organic carbon,

B¢, ®N) acidification, sieving total nitrogen

1—Sealed tube combustion and a Finnigan MAT-252 stable isotope mass spectrometer (Laboratorio de Geoquimica
del Petréleo, Instituto Mexicano del Petrdleo). Reported values are averages of 10 replicate runs.

2—Continuous flow in a Europa ANCA-GSL elemental analyzer interfaced to a Europa 20-20 isotope ratio mass
spectrometer (Rosenstiel School of Marine Sciences, University of Miami).

3—Sealed tube combustion and a Finnigan MAT-250 stable isotope mass spectrometer (Instituto de Geologia,
Universidad Nacional Auténoma de México). Reported values are averages of three replicate runs.

4—Continuous flow in a Costech ECS-4010 elemental analyzer interfaced to a Finnigan MAT-252 stable isotope
ratio mass spectrometer (Department of Oceanography, Texas A¢»M University).

Table 1.
Summary of sample collection and treatment used to analyze stable carbon and nitrogen isotopes of the different
sample matrices.

organisms samples were acidified with 1 N HCI to eliminate the carbonate in the
sediment matrix, washed with distilled water, and oven-dried at a temperature of
<80°C. The previous studies have shown that acidification can change the §°N
values of the sample (e.g., [10]); however, with this concentration and type of acid,
nitrogen isotopes are not significantly fractionated [11]. Organisms were oven-dried
overnight at <60°C and then ground in a mortar into a fine powder. Samples
analyzed by sealed tube combustion were mixed with copper oxide for carbon
isotope analysis, or with elemental copper and copper oxide for simultaneous
nitrogen and carbon isotope analyses, and sealed with a torch under vacuum in
Pyrex or quartz tubes for carbon and nitrogen isotope analyses, respectively
(Table 1).

2.3 Sample analysis

Sealed tube samples were combusted at 550°C for carbon isotope analysis and at
900°C when both carbon and nitrogen isotopes were analyzed. The evolved com-
bustion gases (CO, and N,) were separated from the other combustion products by
cryogenic distillation and analyzed in either a Finnigan MAT-250 or MAT-252
isotope-ratio mass spectrometer (IRMS). Samples analyzed by a continuous flow
were placed inside crucibles in elemental analyzers interfaced to either a Europa
20-20 or a Finnigan MAT-252 IRMS. Runs were calibrated against standards of
known isotopic composition and are reported relative to Pee Dee Belemnite (PDB)
(or Vienna Pee Dee Belemnite (VPDB) for the Europa 20-20 samples) for carbon
and air for nitrogen. The precision of the analyses for the four IRMS that were
utilized ranged between +0.09 and 40.10%o for §"*C and +0.15 and +0.26%o for
8" N analyses.
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2.4 Ancillary data

Seawater temperature and salinity were measured in situ with a Seabird CTD.
Total petroleum hydrocarbons (TPH) in the Bay of Campeche seep and control core
samples were analyzed by infrared spectrophotometry as per EPA Method 418.1
[12]. Organic carbon (C,,) and total nitrogen (TN) in sediments and C,,, and N in
particles (particulate organic carbon (POC) and particulate nitrogen (PN)) were
measured in elemental analyzers, where the carbon is quantified as CO, and
nitrogen as No.

3. Results and discussion
3.1 Carbon apportionment in a bay of Campeche oil seep

Oil seeps are frequent in the S Gulf of Mexico both in the continental slopes [13]
and in shallow waters of the Cantarell oil field [14], where major oil exploitation
takes place. The volume of seeped oil in the region at any given time can be as high
as 46 m> [14]. Satellite images of the region have shown that oil seepage between
the years 2000 and 2002 appeared in nearly 80% of the analyzed images and area
coverage ranged between 0.04 and 207 km? with an average of 32 km? [15].

The hydrocarbon concentrations and organic matter §'°C distributions in a
sediment core from a borehole drilled in a seep area near to Bay of Campeche’s Akal
H oil rig (92°20'W, 19°20'N) from the Cantarell oil field were compared with those
from a nearby reference site (91°40'W, 20°20’N). The two sites lie at approximately
45 m water depth.

The depth distributions of TPH concentrations and §"°C values in these sedi-
ments are given in Figure 2. TPH decreased linearly with a depth from 250 to
150 ppm at the reference site, which contrasts to concentrations at the seep site
where values increased from 0.1% at 5 m depth to 35% at 20 m [16]. At both
locations, §"°C values showed similar profiles with maxima of —21.9%o and
—20.3%o at 5 m depth decreasing to —26.5%o0 and —22.0%o at 20 m at the seep and
reference sites, respectively.

The near-surface §"°C values and TPH concentrations are concordant with a
common carbon source in the sediment’s upper layers of both sites. The topmost
layer from the two cores suggests a mixture of organic matter from terrestrial and
marine origins, because 813C values lie intermediate between values of marine algae
(—19 to —16%o) and of Cs land plants (—27%o) [17-19]. At the seep site, the
decrease in the isotopic signature with depth and the concomitant increase of TPH
are in clear concordance with a petrogenic hydrocarbon origin in the deep section of
the core, in line with the isotopic range of Campeche Sound’s oil families [20, 21]. In
turn, the 5'°C signature at the reference site agrees with the expected sedimentary
organic matter depth distribution from several Gulf of Mexico sites [17, 22].

The relative §°C maxima (—22%o at the reference site and —23%o at the seep)
appear at around 5 m core depth. Below, the §'°C signal shows that downcore
sediments are ">C-depleted to the maximum sampled depth. Several authors have
recorded isotopic shifts in the Gulf of Mexico’s upper layers of sediment cores
[18, 19, 22]. It is generally accepted that downcore §'>C depletions reflect a terres-
trial plant input resulting from a lowering of sea level attributable to the Last Glacial
Maximum of the Late Pleistocene (ca. 25,000 B.P.). The upper sediments of differ-
ent regions of the Gulf of Mexico show 8'°C values on the order of —22 to —18%o
which overlay a thick layer of isotopically lighter values (—23 to —27%o) [17, 23]. In
turn, shifts to enriched 8">C values occur during interglacial periods. The
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Figure 2.

Upper panel: Total petroleum hydrocarbon concentration vs. 5'>C composition for (a) reference (opened
circles) and (b) seep (closed circles) sites from Bay of Campeche seep region. Lower panel: Depth distribution of
(c) total hydrocarbon concentration and (d) 8" C values of the reference and seep sites.

magnitudes of these isotopic shifts vary in intensity depending on their location
within the Gulf and on prevailing upper-water circulation patterns. Off the Brazos-
Trinity Basin and in Pigmy Basin, in the northern Gulf, the isotopic signal varies
from —27 to —20%o as a result of the dominance of terrigenous organic matter
during the lowering of sea level [18, 19, 22]. In contrast, this isotopic signal shift is
not evident at Ursa Basin, off the Mississippi River delta, where the continuous
terrestrial drain overwhelms the isotopically heavier marine signal.

Considering that in North America the Last Glacial Maximum ended approxi-
mately at 12.5 ky [24], and that a 8'3C maximum was found at 5 m depth, then,
using Eq. (3), an average sedimentation rate of 40 cm/ky can roughly be estimated
from the depth of this isotopic shift. As shown in Figure 3, Gulf of Mexico sedi-
mentation rates vary considerably, from 4 to 11 m/ky off the Mississippi River fan
[25, 26], 20-40 cm/ky off Louisiana continental slope, and deep western Gulf of
Mexico [26, 27] to 5 cm/ky off NE Gulf’s continental shelf [28]. Because Bay of
Campeche’s continental shelf is near the discharge area of the Coatzacoalcos and the
Grijalva-Usumacinta River systems, and the continental shelf is overlain by surface
waters of high productivity [29, 30], the calculated sedimentation rate of 40 cm/ky
is reasonable and is similar to those estimated for the Gulf of Mexico deep western
and northern slope environments [26, 27].

From the 8">C values of the isotopic maximum depth from the two sites, the
relative contribution of seep-derived petrogenic hydrocarbons at that depth can be
estimated using the stable isotope-mass balance equation (Eq. (3)). Assuming that
the reference site’s §">C maximum value (—20.3%o) represents the isotopic
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Figure 3.
Estimated sedimentation rate for Bank of Campeche. Also shown are sedimentation rates for several locations of
the Gulf of Mexico. Data in cm/ky.

composition of biogenic carbon contribution, and that the 813C value at 20 m depth
of the seep site (—26.4%o) is entirely petrogenic, then the isotopic composition at
the isotopic maximum depth of the seep site (—21.94%o) is constituted by approx-
imately 27.6% biogenic carbon.

Summarizing, the carbon isotope depth profiles were used to distinguish a
biogenic hydrocarbon source in the upper layers of the two cores and oil-derived
TPH in the deeper sections of the seep site. The carbon isotope distribution with
depth also identified the depth of a major paleoclimatic event in the Bay of Campe-
che, which precluded the input of terrestrial organic matter into the adjacent shelf.
Considering the distinct carbon isotope compositions for the two principal carbon
sources in these sediments, the oil-derived carbon contribution to the upper sedi-
ments of the seep area is estimated at around 72.4%.

3.2 Carbon and nitrogen sources to the benthic food web in the bay of
Campeche oil field region

Potential carbon sources to the Bay of Campeche continental shelf and coastal
system include in situ primary production, upwelling, terrigenous inputs from
rivers, natural seeps, and offshore oil production. In order to discern the carbon and
nitrogen sources and infer the benthic trophic structures in the coastal zone and Bay
of Campeche’s Cantarell oil field region, sediments, suspended particles, and
macrobenthic organisms were sampled and analyzed for stable carbon and nitrogen
isotopes.

In situ primary production and resulting particle flux can be important sources
of organic matter to continental shelf and pelagic sediments. Near-surface water
chlorophyll concentrations are relatively high over the Bay of Campeche shelf and
decrease offshore [29-31]. According to Hidalgo-Gonzdlez and Alvarez-Borrego [31],
the average surface chlorophyll-2 concentration for the S Gulf of Mexico is 28 mg/
m?, which is more than 2.5 times higher than at the Gulf’s open waters. The yearlong
upcoast current flowing along this section of the shelf partially explains this incre-
ment, because this flow induces upwelling of nutrient-rich subsurface waters [30].
Additionally, the presence of cyclonic rings in the Bay of Campeche resulting from
the topographic effect of Campeche Canyon [32] enhances vertical water mass
movements which are favorable to primary producers.
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Continental drainage is another potential source of organic matter in S Gulf of
Mexico. The principal discharge to the region is the Grijalva-Usumacinta River
system (the second most important river discharge to the Gulf of Mexico after the
Mississippi River), followed by the Coatzacoalcos River. Their flows are seasonally
variable with a five- to tenfold oscillation between the highest and lowest runoffs.
The presence of drowned land, soil drainage from rainforests, and a series of coastal
lagoons, such as the Carmen-Machona Lagoon, underscores the importance of
terrestrially derived organic matter flow to the adjacent continental shelf. This input
of terrestrial organic matter favors reducing conditions in the deltas and inner shelf
sediments of the Coatzacoalcos and Grijalva-Usumacinta Rivers, and thus organic
matter tends to be preserved [33]. Off the Coatzacoalcos River, the seasonal con-
vergence of the western downcoast and eastern upcoast coastal currents in the
region disperses the supply of terrestrial organic matter to the region [30]. Strong
haline and thermal gradients develop off the Coatzacoalcos and Grijalva-
Usumacinta River’s delta which transport particulate matter from the inner shelf to
the shelf break [29].

Another potential organic carbon contributor to the Bay of Campeche is offshore
oil exploration and production. Off the Tabasco coast, the Dos Bocas Marine Ter-
minal concentrates the oil produced offshore which in turn is shipped or distributed
inland. The produced water (that which is separated from the extracted oil) is
partly discharged from the marine terminal to the coastal zone by a submarine
diffuser. This partially treated discharged water is usually high in metals and carbon
products. Oily and graywater discharges from offshore oil rigs can contribute with
organic carbon and nitrogenous nutrients, respectively, to the adjacent
environment.

The study zone is localized in the transition zone between the carbonate and
terrigenous sediments of the Bay of Campeche continental shelf [34] and spans
from nearshore sampling sites off the Coatzacoalcos and Grijalva-Usumacinta Riv-
ers to the 60 m depth isobath in the oil rig zone (Figure 1). Results from two cruises
to the sampled area are used here to infer the relative importance of the different
carbon and nitrogen sources to benthic organisms. In the first cruise, coastal benthic
organisms and sediments were collected at three stations off Coatzacoalcos River
and Grijalva-Usumacinta deltas and at two stations off Carmen-Machona Lagoon [35].
Samples were also collected 12 nmi due WNW, and 1 nmi off Cocal Lagoon, which
is connected to the Carmen-Machona Lagoon System. These samples are used as a
coastal reference region. Additionally, continental shelf benthic organisms and sed-
iments were sampled at five locations outside the Cantarell oil rig field at water
depths between 38 and 44 m; these samples are used as an offshore reference
region.

In a second cruise, sediments and suspended particles of the coastal zone were
sampled 1.2 nmi north of the Dos Bocas Marine Terminal discharge zone, at a
coastal reference site, inside the Cantarell oil rig field and at two offshore reference
regions. Samples were collected at different distances from the discharge points of
the marine terminal and oil rigs. Table 2 summarizes the type of samples collected
in each zone.

Figure 4 shows the percentile distribution as boxplots of the §°C and §"°N
values in sediments and suspended particles of the coastal and offshore regions.
Also shown are the isotopic compositions of potential sources such as particles in
oily and graywaters discharged from the oil rigs, in produced water discharged by
the Marine Terminal, and the §"*C average value of Cantarell crude (—27.9%o). The
average 8"°C values of oily and produced waters (—27.2 and —26.7%o, respectively)
are similar to that of Cantarell oil, because they have a common hydrocarbon
source.
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Region Suspended particles Sediments Macrobenthos

Coastal reference — 1 6

Marine terminal 33 9 —

Offshore reference 19 9 7

Oil rigs 51 14 —
Table 2.

Number of samples collected in the Bay of Campeche coastal, offshore, and seep regions.

Coastal zono Offshore zong Coastal 2000 Offshore zone
20 8
i &l . __ 1 :
64 1 s
24 = |!-| F| ||: EI 5 SN FE
- - - a4 !‘J |. 4 1 |e
- - o B - - |w
£ 28 - T - p.-E_ 3| L :‘:— = = |
=] = 1 ke
= - g ] -
X = r
36 - 1 :‘ |
. ol
e - S— J - - S— &5 = 4 r - i S - -
w u o E w W e 5 - - = » -
¢ $F 3§ 33 % 3 % 3§ 2 O} % O:
= E ¢ § 2 - 2 5 = ¥
§EE %z € E F oz E 2 F oz & E B o>
3 22 %2 5§ § £ ¢ © 2 § g % g £ @& &
E £ % § 5 & = E E I § E
g & a9 2 g 8 & & i =
= o 3 [+
Coasial zona Oiffshore zone Coastal zone Offshorg 2ons
18~ 12
I
20 ] J_l B i
~ 224 o [ = = r e = i ==
L 1
£ | N 241l B BFPe
O 24 [ 1 O L1 s z 1% | L
- | fl = h g x| I
LT . 1) I A 3
1 .
28 i - E *3 = |
30 - . x .
s F £ 6§ ¢ £ & = 3 E £ g & i =
T £ 3 3z £ 3 F 2 T = % 3§ &2 | 2
3 3§ § § 3§ 9 % g 3 3 3 § 8 B
: F 5 ° : ¥ ®
= - o = -9

Figure 4.

Box charts of carbon and nitrogen isotopes of marine terminal and costal reference sediments (upper panel) and
suspended particles (lower panel) in the coastal zone and mavrine platform, and reference sediments in the
offshove zone. Also shown ave the §'>C and 5 N values of particles in produced water to the coastal zone, and of
oily and grey waters in the offshore zone. The average 5'>C value of Cantarell oil [19] is also depicted.
Endmembers denote the 10 and 90 percentiles, and horizontal lines of the box denote 25, 50 and 75% quartiles.
Symbol denotes average value.

Because Marine Terminal sediments spanned a wide range of 8">C values, these
were further separated into impacted >C-depleted sediments (average 3"°C of
—35.7%o0) and non-impacted sediments whose average 613C value (—23.8%0) was
similar to the average of the coastal reference zone (—23.3%o). The average §"°C
value of impacted sediments was much lighter than Cantarell oil and oily waters and
suggests isotopic fractionation by microbial activity metabolizing carbon discharged
in produced waters [36]. The nitrogen isotopic composition of coastal sediments
averaged 3.7%o, statistically similar with that of non-impacted sediments. In
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contrast, the boxplot of the nitrogen isotope composition of impacted sediments is
lighter than that of coastal and non-impacted sediments and suggests a contribution
of the lighter §"°N values from the produced water.

The average carbon isotope composition of offshore sediments ranged from
—22.0%o in the reference zone to —25.7%o in the oil rig zone, which are heavier than
the 8"°C value of Cantarell crude and of the particles discharged with the oily water.
The wide spread of 8'*C values for oil rig sediments suggests the input of in situ
primary production and hydrocarbons in different proportions. In turn §"°N values
of sedimentary nitrogen mostly ranged between 2 and 5%o, in contrast to the more
°N-depleted discharge of oily waters.

In contrast to the sediments, the 5">C and 5"°N signatures of suspended particles
were statistically similar in the three regions, mostly due to the wide range between
maximum and minimum values (Table 3). However, histograms of 5'3C values for
POC and PN show that the modal §"°C values in the coastal zone plus marine
terminal were generally 1-2%o lighter than in the Cantarell region (modal values of
—25 to —23%o vs. —23 to —21%o; Figure 5). In turn, the distribution of &N values
was similar at the two sites, with modal values of §©°N which were centered at 2 and
5%o, suggesting two principal common nitrogen sources to primary producers in
these regions.

The input and fate of terrestrial organic matter into the coastal zone across the
coastal plume’s salinity gradient at the eastern and western flanks of the oil marine
terminal and a river mouth are shown in Figure 6. High POC concentrations were

Matrix Region/ 83C (%o) 8N (%o0)
Discharge
Average Range Average Range
Coastal River outflow  —23.22(1.23)° —24.60to —21.90 3.68 (0.84)¢  2.60 to 4.70
iment:
sediments o stalnon- 2384 (198)" —25.82to 2174  3.83(229)  2.36t0 6.47
impacted
Coastal impacted —35.75 (1.72) @b _37.40to —33.64 1.11 (0.97) ¢ 0.06 to 1.97
Offshore Offshore —22.01(1.83)% —25.14to —20.86 4.69 (1.41) ¢ 2.50 to 7.40
sediments reference

Cantarell oil field —25.69 (3.12) *  —33.87 to —21.10 2.66 (2.63) ¢ —3.17t0 6.22

Coastal Produced water ~ —26.74 (0.24)F  —27.01to —26.33 —2.26 (2.75)%" —4.90 to 1.87

rticl »

PATHCE  0ily discharge  —27.24 (1.26) “*  —29.51t0 —24.66 —1.35 (3.39) ™" —5.631t05.82
Graywater —24.27(3.97)" —37.66t0 —21.25 3.83(2.35)¢*°  0.43108.40
discharge

Coastal zone —23.74 (1.84))  —29.48t0 —21.78 236 (2.18) ™°  —124t0521
Marine terminal ~ —23.92 (1.43)7* —27.40t0 —21.74 352 (197)""  0.38t0 6.47

Offshore Offshore —21.89 (1.83) —26.50 to —18.15 3.77 (1.87) —0.96 to 2.60

particles reference

Cantarell oil field =~ —22.46 (2.61) —30.38 to —16.33 4.01 (3.32) —3.17 to 14.82

Superscripts b, i, and o denote significant differences between regions or discharge values (¢ test, p < 0.05).
Superscripts a, b, c, f, g, h j, k, I, m, and n denote highly significant differences between regions and/or discharge values
(t test, p < 0.01).

Table 3.

Basic statistics for stable carbon (5'>C) and nitrogen (5'°N) isotope values of surface sediments and suspended
particles in the river’s outflow, coastal zone, oil marine terminal, Cantavrell oil field, and veference offshore
region. Standard deviations are given in parentheses.
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Figure 5.
Histograms of the isotopic composition of particulate ovganic carbon (5'>C-POC) and particulate nitrogen
(8" N-PN) for the coastal vegion (upper panel) and Cantavell oil field region (lower panel).

associated with low salinity waters and decreased across the salinity gradient to
typically lower ocean values, indicating that the relatively high POC concentrations of
continental origin decrease as the plume is diluted across the salinity plume.
In contrast, the peak PN concentration at a salinity of 32 suggests a maximum N
uptake at optimal inorganic nitrogen and light conditions. Likewise, the low §">C
values of terrestrial particles are concordantly diluted as POC concentrations decrease.
Terrestrially derived particles have high C:N molar ratios and low §"°C values, while
marine particles approach C:N molar ratios of 6:1 and §"°C values of approx. —23%o.
For example, §"°C measurements off the mouth of the Coatzacoalcos River yielded
values of —28.5%o which changed to —23.0%o, indicating a rapid dilution of terres-
trially derived organic matter near the river’s mouth [37]. These changes have been
recorded in other regions of the Gulf of Mexico, such as the Mississippi River plume
where both dissolved species [38] and particulate species are diluted [39].
Scatterplots for coastal and Cantarell oil area sediments, benthic organisms, and
suspended particles are summarized in Figure 7. Also shown is the stable isotope
composition of oil from the Cantarell area [20, 21]. Most sedimentary §13C data
points for coastal and shelf regions fall around —22%o and 5"°N values between 3
and 7%o. However, a few coastal samples and one shelf sediment appear to
incorporate biogenic methane carbon as suggested by the depleted 5'°C values
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Salinity vs. parameter scatterplots showing (A) POC, (B) PN, (C) §"3C, and (D) 8" N distributions along the
salinity gradient, and (E) 6">C vs. POC and (F) §°C vs. C:N molar rations of particulate matter in Bay of
Campeche coastal zone. Open circles are high salinity samples, closed symbols ave low salinity (<34) samples.
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Figure 7.

5N vs. 8§ C scatterplots of coastal (open circles) and shelf (closed circles) particles (SPM), sediments and
benthic organisms of Campeche shelf. The squares enclose the range of isotopic values of suspended particles (not
shown) and the cross denotes the isotopic composition of Cantarell oil [20, 21].

between —38 and —34%e.. By contrast, the carbon isotope composition of coastal
particulate matter ranged between —26 and —22%eo. Suspended particles in the shelf
area spanned a greater range of 5"°C and 8N values (—26 to —14%o and —4 to
10%o, respectively). Considering that most particulate matter is composed of auto-
trophic organisms, it appears that coastal area and shelf area were constituted by
different phytoplankton assemblages. At Dos Bocas Marine Terminal area, the
terrestrially derived organic carbon is isotopically lighter than that of the coastal
region. POC concentrations decreased along the salinity gradient and increased at
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higher salinities. Nitrate concentration decreased somewhat while PN remained
constant along the salinity gradient with oscillating isotopic compositions. As shown
in the figure, the superposition of carbon and nitrogen isotopes of the water
column-suspended particulate matter from nearshore and Cantarell areas with the
isotopic values of sediments suggests that the predominant source of sedimentary
Corg and TN in the Cantarell area is the downward flux of upper-layer production.
However, the most negative value (813C of —38%o) of some coastal and Cantarell
sediment samples suggests the presence of hydrocarbons, particularly off the
marine terminal. By contrast, the isotopically lighter carbon in nearshore area
particles and sediments reflects a mixture of marine organic matter with that of
terrestrially derived origin, principally from the Grijalva-Usumacinta River, which
is the most important contributor of terrestrial organic matter to the southern Gulf
of Mexico. The predominant coastal current in this sector of the shelf flows west-
ward [30], and, along the coastal plume, numerous smaller discharges would supply
additional organic matter of terrestrial origin.

Based on stable isotope analysis, no evidence of seep- or oil-derived carbon in the
sampled sediments of the coastal zone and Cantarell area were found. The measured
sediment carbon isotope values are also more *>C-enriched than those found at other
seep areas, such as in the NW Gulf of Mexico (e.g., —27.5 to —26.5%o0 [36]) or gas
hydrates from southern Gulf of Mexico slope cold seeps [13]. Likewise, 5°C values
for surface sediments sampled in offshore oil rigs of the Cantarell area are signifi-
cantly lighter (—27.5 to —26.4%o [40]) than those found in this study.

Sampled macrobenthic organisms in the coastal region consisted mainly of
penaeid shrimp, and those from Cantarell included infaunal (polychaetes and
sipunculids) and epifaunal (ascidians, echinoderms, and decapods) species. In the
two regions, the isotopic compositions of organisms were heavier in carbon and
nitrogen than those from sediments and corresponding suspended particles, with
8"3C values oscillating between —19.4 and —17.0%o and 5"°N between 8 and 11%o.
Considering that on average there is an increment of 3.5%o in 8"°N between one
trophic level and another [2] and around 1.5%o in 8'3C [1], then the Cantarell area-
sampled specimens are about two trophic levels above primary producers. In the
coastal region, the data suggest that the sampled benthic species are two and three
trophic levels above producers. These results are in line with a phytoplankton-based
benthic trophic chain [41]. In contrast, seep communities derive their carbon
sources from isotopically light carbon from oil or gas through chemosynthetic
microorganisms, and resulting carbon and nitrogen isotopic values are much ligh-
ter, on the order of —60 to —30%o for 82C and —17 to 2.5%o for §°N [39, 41].

In summary, the contribution of seep-derived carbon is negligible on a shelf-
wide scale for this region. The principal carbon source to benthic organisms in this
continental shelf is water column production, with a terrestrial contribution in
nearshore waters, which is rapidly diluted as the coastal plume is diluted. It follows
that organic carbon derived from the shelf’s high primary production overwhelms
that from oil seeps and from offshore drilling in this region. However, the sedi-
mentary carbon isotopic composition of the oil terminal suggests the local presence
of hydrocarbon-derived organic carbon.

Although stable isotopes are useful tracers of the source and flow of
biogeochemically relevant elements in trophic web studies, fractionation processes
of nitrogen [2] and even carbon [1, 42], along with mixed diets, may yield an
incorrect interpretation of food sources. This problem may be solved by including a
third stable isotope (e.g., 3457325, 180/%°0) which complement the other two [42].
For example, the complementary use of 813C, 8N, and 8**S was used to elucidate
the complex trophic web of deep-sea hydrothermal vent systems in the southern
Gulf of California, where different carbon sources and assimilation processes along
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with different sulfide sources (magmatic, biogenic, and photosynthetic)
co-occur [43].

3.3 Organic carbon and nitrogen sources to NW Cuba deep-sea sediments

In the E Gulf of Mexico, Cuba’s NW sector (Figure 1), localized between the
Yucatan Channel and the Straits of Florida, is a highly dynamic region. In this
region the inflowing Yucatan Current brings in water into the Gulf of Mexico, and
the Florida Current transports water from the Gulf out into the Atlantic Ocean via
the Gulf Stream. Across the channel near-surface current velocities extend
throughout the water column. Low nutrient concentrations in part explain the low
surface chlorophyll concentrations reported for the E Gulf of Mexico and Yucatan
Channel [44]. As a consequence, atmospheric nitrogen, with a 8N near 0%o, is an
important potential nitrogen source in this part of the Gulf of Mexico [45]. There is
a relatively scarce contribution of terrigenous organic matter input when compared
to the N and S Gulf of Mexico, where the Mississippi and the Grijalva-Usumacinta
Rivers drain, respectively. Therefore, sediments are dominated by calcareous oozes
and marls, although surface sediment magnetic susceptibility distribution for the
Gulf of Mexico suggests detrital sediments originating from igneous and metamor-
phic soils from Cuba depositing off the island’s NW continental slope and abyssal
plain [46].

Recent search for deep-sea fossil fuels and gas hydrates has renewed interest in
the study of deep-sea processes in the Gulf of Mexico [47]. In 2002 a multidis-
ciplinary research group explored the seabed off the northwestern coast of Cuba
with the purpose of detecting potential deep-sea hydrocarbon seeping areas
[47, 48]. Stable carbon and nitrogen isotopes in surface sediments are used here to
detect possible seeping in the area and to infer the relative importance of nitrogen
fixation as a source of sedimentary organic matter in the Cuban northwest slope.

During the period of study, upper-water currents in the study zone were on the
order of 180 cm/s with an ESE direction, and near-bottom currents reached 40 cm/s
(Figure 8). The thermocline, which separates the well-mixed upper layer from the
stratified deeper waters, was localized at around 75-100 m depth, precluding the
vertical advection of subsurface nutrients to upper waters.

Three blocks located in Cuba’s exclusive economic zone were explored off the
northern slope of Cuba (Figure 1). Three samples were collected in Block I, the
westernmost site localized 45 km north of the island at a depth of nearly 2200 m.
Block II laid at 1800 m depth at 50 km north of the island, and samples were taken
at three sites. The easternmost Block III had an elongated surface localized at a
depth of 1500 m where six sites were collected. In total, 12 surface samples were
subsampled from box-core deployments for carbon and nitrogen stable isotopes and
Corg and TN analyses.

Figure 9 gives the scatterplots for &3¢, 8N, Corg> TN, and C:N ratios for
surface samples from NW Cuba continental slope. C,; and TN concentrations were
generally low and varied between 0.2 and 0.8% and 0.06 and 0.15%, respectively.
Stable isotope values of the organic carbon fraction ranged between —19.1 and
—18.5%o0, and most 8°N values varied between 5.4 and 6.4%o [49]. An analysis of
variance for surface Co.g, TN, and isotope values showed no statistical difference
between sites; however, molar C:N ratios were significantly higher at Block II
relative to Block III (Table 4).

The study zone’s Cory and TN concentrations are nearly tenfold lower of surface
sediments than the southern and northwest Gulf of Mexico [49, 50]. Several factors
appear to determine these low C,,; and TN concentrations. A fraction of water
entering through the Yucatan Channel from the Caribbean Sea deviates eastward
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Figure 8.

Representative oceanographic conditions for NW slope of Cuba waters during July 2002. Upper left panel:
current velocity (knots) vs. depth (m). Lower left panel: current direction (degrees) vs. depth. Right panel;
vertical profiles of temperatures (T, °C), salinity (S, per mile), sigma-t (o, (1-density) x 1000) and dissolved
oxygen (O,, ml/L).
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Figure 9.

Scatterplots of: (A) 63 C vs. organic carbon concentration, (B) 8"°N vs. total nitrogen concentration, (C)
organic carbon concentration vs. C:N molar ratios, and (D) total nitrogen concentration vs. C:N molar ratios,
in surface sediments from Block I (open circles), Block II (closed circles) and Block 111 (diamonds). See Figure 1
for site locations.

upon entering the Gulf of Mexico, and, because the flow accelerates as it transits
through the channel, the thermocline deepens in the eastern side of the current [51],
advecting nutrient-impoverished upper waters into the eastern Gulf [44]. Addi-
tionally, the northwest side of Cuba does not show a significant input of terrigenous
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Variable SSeffect” MSgrect” Merror® F? P’

% Corg 0.1463 0.0731 0.0176 4.1590 0.0526
% TN 0.0017 0.0008 0.0003 3.2691 0.0857
C:N (molar) 66.1112 33.0558 41572 7.9514 0.0103*
83C (%o) 0.0365 0.0182 0.0312 0.5833 0.5578
5N (%o) 0.4690 0.2345 0.4821 0.4864 0.6301

“Sum of squares between sites (degrees of freedom: 2).
bMean square between sites.

“Mean square of ervor (degrees of freedom: 9).
Fisher test.

*Significant difference (p < 0.05).

Table 4.
One-way analysis of variance for organic carbon, total nitrogen, molar C:N ratio, §>C, and 5'°N in surface
sediments from Block I (three samples), Block II (three samples), and Block III (six samples) of northwest slope
of Cuba.

material through continental drainage, when compared to the riverine inputs from
the northern and southern gulfs. In these nutrient-impoverished surface waters,
nitrogen-fixing cyanobacteria have a competitive advantage, and Trichodesmium sp.
blooms are frequent [44, 51].

The carbon and nitrogen isotopic composition of surface sedimentary organic
matter would be similar to that of the overlying euphotic zone if the transit time of
particulate organic matter from upper waters to the seafloor is short. In contrast, if
particulate organic matter has a longer residence time in the water column, then in
situ processes, such as microbial degradation, would transform the isotopic compo-
sition acquired in the surface waters by the selective removal of carbon and nitrogen
compounds [19, 52]. In this study, the average 813C value of —18.7%o in sediments is
similar to previously published values for surface water particles from the eastern
Gulf of Mexico [35, 44], which suggests a rapid transfer or organic carbon from the
upper waters to the sediments. Sedimentary §'°C values further suggest that there
was no evidence of extensive hydrocarbon seeping in the studied samples.

Under oligotrophic conditions nutrient limitation in the photic zone precludes
nitrogen isotope fractionation, and plankton acquires the isotopic composition of
the available nitrate diffusing from below the thermocline [53, 54]. In northwest
Gulf of Mexico slope waters, the §"°N composition of nitrate (615Naverage = 5.0%o0)
and mixed-layer PN (5.5%o) suggests that nitrate diffusing from the thermocline
into the photic zone is an important nitrogen source for phytoplankton in that
region [39]. If organic matter at the northwest Cuba slope is transferred rapidly
from the euphotic zone to the sediments, then the isotopic composition of sedi-
mentary nitrogen &® Naverage = 5.5%0) would be similar to that of upper-water PN.
The measured sedimentary nitrogen isotope composition suggests that the princi-
pal, long-term nitrogen source to the sediments off the northwest slope of Cuba is
nitrate diffusing from the thermocline, which is then deposited in the sediments by
large particles with a short residence time in the water column. Surface sediment C:
N molar ratios further suggest a predominantly marine origin for organic matter of
NW slope of Cuba. Marine-derived organic matter has molar C:N ratios between 4
and 10, which contrast with terrestrially derived matter with ratios above 20,
mostly resulting from the abundance of cellulose in its structure [50]. The signifi-
cantly lower ratios at Block III relative to Block II result from the lowest Co.g
concentrations and highest TN values in the former site which is nearer to the
coastline.
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3.4 Oil-related baseline levels of a Bank of Campeche coral reef

The high degree of structural complexity and species interdependence renders
coral reefs as highly vulnerable ecosystems to natural or anthropogenically induced
changes. For example, high mortality has been observed for coral larvae by water-
accommodated fraction of fuel oil, dispersed oil, and oil dispersant at concentration
levels with an order of magnitude lower than expected concentrations from an oil
slick [55].

One of the three reef systems of the Mexican Gulf of Mexico is located in
Campeche Bank, off the northwest edge of Yucatan shelf (Figure 1). The system is
constituted by the emerged reefs Arrecife Alacranes, Cayo Arenas, Cayo Arcas, and
Triangulos and by the submerged banks Banco Ingleses and Bajo Obispos [56]. Most
of these reefs and banks cover a small area (<20 km?), with the notable exception
of Alacranes which is over 30-fold bigger [56].

Stable carbon isotopes and polycyclic aromatic hydrocarbons (PAHs) were
measured in coral, sponge, and algae tissue samples from Tridngulos Reef off Cam-
peche Bank (NW of the Yucatan Peninsula) collected in September 2001 at bottom
depths ranging between 8 and 19 m. The reef is adjacent to the Bay of Campeche
where 80% of the country’s crude oil is extracted and a nearby offshore terminal
loads petroleum to oil tankers at Cayo Arcas [57]. The purpose of the study was
therefore to determine if anthropogenic activity from the nearby offshore oil ter-
minal is detected in this reef system. A second objective was to provide baseline
stable isotope and PAH data for the reef systems of that region. Six sponges and six
corals (Montastraea cavernosa) and two benthic algae samples were collected in the
eastern and western flanks of Tridngulos Reef at water depths varying between 8
and 18 m. Because the zooxanthellae were not separated from the coral, results
represent a mixture of the host tissue and its symbiotic algae [58]. However, previ-
ous studies have shown the difference between the 8">C values of algae and its coral
hosts is very small when corals derive most of their carbon from their symbionts
[59, 60].

Figure 10 shows the stable carbon isotope distribution of the sampled organisms
in Tridngulos Reef. §">C values of the corals ranged between —19.7%o and —14.8%o,

Benthic algae (2) e
Coral (5) e
Sponge fﬁl_ 48
S0C (8) -»e
POC curiscs |6| >0

F‘OC L llicare ':.E:l

Cantarell Crude e
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513C (Yho)

Figure 10.

Stable carbon isotope composition of benthic algae, coral tissue (Montrastrea cavernosa) and sponge tissue
form Tridngulos Reef collected in September 2001. Also shown are the 5> C values of near-surface particulate
and near-bottom organic carbon (POC) and sedimentary organic carbon (SOC) of the region, and of typical
Campeche Bank crude [21]. Number of samples ave given in parentheses.
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with an average value of —16.5%o (standard deviation of +1.8%o), which is statisti-
cally similar to the average in sponge samples of —17.4%0(£1.0) (range of —19.0 to
—16.2%o). In turn, the carbon isotope composition of the two benthic macroalgae
samples averaged —13.8%o (40.5). The isotopic values of these organisms are sig-
nificantly different from typical crude oil carbon isotope composition of —28 to
—26%o of marine siliciclastic and carbonate reservoirs from the Bay of Campeche in
the southern Gulf of Mexico [20, 21]. The measured values from our coral samples
are similar to those from coral and zooxanthellae (—20.5 to —13.5%o in Stylophora
pistillata; —19.1 to .11.9%eo in Favia favus) from the Red Sea [60], coral tissue from
two reefs in the western Pacific Ocean (—14.6 to —12.1%o [61]), to §'3C values
between —16.6 and —12.4%o0 in Montastrea annularis from Jamaican reefs [59] and
lie within the range for several Indo-Pacific and Caribbean reefs [58]. These data
further suggest that the principal carbon source is provided by the zooxanthellae,
since these corals are relatively enriched in °C, in contrast to a °C-depleted signa-
ture when heterotrophic activity by the coral becomes the principal food source
[59, 62].

PAHs (organic compounds with two or more fused aromatic rings) have differ-
ent sources in the marine environment [63]. Oil-derived PAHs account for about
20% of total hydrocarbons in crude oil and are complex mixtures of two to eight
rings although naphthalene and its alkylated homologs are usually present at higher
concentrations since, in crude oil, PAH concentrations usually decrease with
increasing molecular weight [63]. Other PAH sources to the environment include
pyrolysis of organic matter which generates high-molecular-weight PAH [64] and
microbial and plant biosyntheses [63].

Table 5 gives concentrations of individual and total PAH concentrations
(XPAH) in coral and sponge samples from this study and for three potential hydro-
carbon sources in the region [57]. XPAH averaged 4.5 ppb in coral and 11.7 ppb in
sponge (excluding the eastern flank sample with 147.4 ppb). These results suggest a
relatively pristine environment, similar to PAH concentrations in reef organisms
from Micronesia [65], where X;,PAH for sponges and corals varied between 7 and
722 ppb. PAH concentrations of this study are also low than those from the Red Sea
coast, where %;cPAH in corals was two to three orders of magnitude higher [66].
Compared to coral samples, measurable PAHs in sponge samples reflect their rela-
tively high lipid content and limited PAH-metabolizing capabilities [65]. Except for
measurable concentrations of naphthalene and its alkylated homologs, most indi-
vidual PAH concentrations in coral samples were present below the detection or
quantitation limits (Table 5). In contrast, three of the six sponge samples showed
concentrations around 5 ppb of benzo(b)fluoranthene, three had phenanthrene
near the detection limit, one sample had 4 ppb fluorine, and the significantly higher
PAH concentrations of the sponge collected in the eastern flank (station 6) result
from high values of alkylated naphthalenes. Individual PAH distributions suggest an
oil-derived origin, where low-molecular-weight PAH and its alkylated homologs
predominate [63, 66]. In contrast, the lack of high-molecular-weight PAHs indi-
cates the absence of these compounds from pyrogenic sources.

One month before this study, Cram et al. [57] measured individual PAHs in
sediments from Tridngulos Reef and nearby Cayo Arcas. These authors also ana-
lyzed the PAH composition from Cayo Arcas and Cantarell crude oils and from the
ship’s fuel oil. They detected measurable PAHs in only 7 of the 71 sediment samples
in Cayo Arcas with concentrations between 3 and 28 ppm, and, of the 6 individual
PAHs they detected, only pyrene and benzo(b)fluoranthene were also found in the
sponge samples from the present study (Table 5). Tracing the source of oil in the
reef’s sediments, Cram et al. [57] suggest a pyrolytic origin of PAHs where high-
molecular-weight hydrocarbons (4-6 rings) predominate. Another potential source
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of hydrocarbons appears to be ballast water from the relatively intense ship traffic
in the region [57]. Our data, especially the sponge sample from station 6, suggest
that a potential source of these compounds in the reef could be the crude oils from
the region or discharged ballast waters from oil tankers. The relatively higher
solubility of low-molecular-weight PAHs can explain their incorporation into the
reef’s food web.

In summary, the ">C values measured in corals suggest a carbon source from
fixation by zooxanthellae. This implies that Tridngulos Reef is not under evident
stress, because corals expel these algae under unfavorable conditions. In such a case,
the isotopic composition of the coral would resemble that of heterotrophic activity,
such as feeding from zooplankton. Additionally, most PAHs measured in corals
were below the detection limit, while the few individual PAHs detected in sponges
and corals (mostly low-molecular-weight PAHs) suggest the presence of oil-derived
compounds from either Cantarell oil field or Cayo Arcas marine terminal.

4, Conclusions

Stable carbon and nitrogen isotopes from anthropogenically impacted and rela-
tively pristine marine environments in these studies show its usefulness in tracing
the sources and flows of these elements in the environment. These studies spanned
Gulf of Mexico coastal, shelf, and deep-sea regions, where isotopes were analyzed in
surface and subsurface sediments, marine particles, and marine organisms. Ancil-
lary data provided additional information on several biogeochemical issues.

In Bay of Campeche’s Cantarell oil field sediments, hydrocarbon seeping was
traced at different depths of a sediment core, which showed a distinct §"°C oil-
related signature relative to a nearby reference site. At 20 m core depth, the °C-
depleted seep sediments were associated with high total hydrocarbon concentra-
tions indicating the vertical migration of oil. In the seep and reference cores, a §"°C
maximum (—19%o) is concordant with the onset of the recent interglacial period
(10,000 years B.P.).

In another study in this region, carbon and nitrogen isotopes in suspended
particles, surface sediments, and macrobenthic organisms from the coastal zone and
in the Cantarell oil field were used to trace the sources of organic matter to the
benthic community. Results show that marine-derived organic matter is the princi-
pal carbon source to Bay of Campeche sediments, with an additional terrestrial
contribution in the nearshore region. This implies that, on a shelf-wide scale, coastal
discharge, oil extraction, and seeping have no direct effect to the benthic food web.

Carbon and nitrogen stable isotopes measured in surface sediments from the
northwest slope of Cuba, along with C:N ratios and C,,, and TN concentrations,
traced the sources of sedimentary organic matter as marine derived. Surface sedi-
ment 8N values suggest that nitrate diffusing from the thermocline, and not
nitrogen fixation, is the principal long-term nitrogen source to primary producers in
the upper waters. In addition, a comparison with reported 8"°N and §"*C values in
the region suggests that organic matter flux from the surface ocean to the sediments
is fast, most likely as sinking particles.

In Tridngulos Reef, the stable carbon isotope composition of corals and sponges
suggests that this ecosystem is not under evident stress, because the §'°C signal
would then change to that of a heterotrophic-based carbon source. PAH concentra-
tions suggest a relatively pristine environment, although the individual PAH distri-
bution, with relatively high concentrations of naphthalene, 1-methylnaphthalene,
2-methylnaphthalene, and 2,6-dimethylnaphthalene, indicates some impact from
petrogenic sources.
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Benthic Macroinvertebrate
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of the Environmental Health

of the Cunas River in the
High Andes, Peru
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Abstract

The Cunas River is a valuable natural freshwater heritage in the central region of
Peru, where diverse economic activities depend on the quantity and quality of its
waters. The environmental health of the Cunas River was assessed through indica-
tors of the diversity of benthic macroinvertebrate communities and multivariate
statistical methods. Water and sediment samples were collected in sectors of three
populated centers during 2017. Indicators of water quality and diversity of benthic
macroinvertebrates were determined. The results reveal that most of the water
quality indicators are in the range of the water quality standards of rivers in Peru.
Twenty-six families of benthic macroinvertebrates were identified. The principal
component analysis (PCA) of the water quality indicators through the first two
components explained 79.59% of the total variance. Cluster analysis in relation to
the relative abundance of benthic macroinvertebrates grouped the sampling sites
into groups with similar characteristics. Principal coordinate analysis (PCO) analy-
sis of benthic macroinvertebrate communities showed a clear separation of sites.
The percentage similarity (SIMPER) analysis at the family level showed the per-
centage of contribution of species to the benthic fauna community. The canonical
correspondence analysis (CCA) identified water quality variables that influence
the distribution of benthic macroinvertebrate communities. Therefore, the
information obtained will be useful for the management of similar rivers.

Keywords: benthic macroinvertebrates, diversity, water quality, river,
multivariate analysis

1. Introduction

Benthic macroinvertebrates are found in all types of aquatic environments,
where they are important indicators of the health of these ecosystems [1]. They
inhabit the river bed (among stones, submerged aquatic plants, etc.) either during
their entire biological cycle as mollusks or part of it as many insects, in which the
adult phase is terrestrial and the larval aquatic phases. Benthic macroinvertebrates
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have a high variety of morphological and behavioral adaptations in order to take
advantage of the different trophic resources offered by a fluvial ecosystem [2, 3].

The composition and structure of benthic macroinvertebrate communities are
affected not only by anthropogenic stressors but also by natural factors [4]. In lotic
systems, the composition and structure of these communities are controlled by
biotic factors (biological interactions: predation, parasitism, competition, etc.) and
abiotic factors (water velocity, temperature, discharges, among others) [5, 6].
However, the altitudinal gradient is also considered a determining factor in the
distribution of these communities [7]. Although some authors point out that both
temperature and oxygen partial pressure are key factors in the distribution of
benthic macroinvertebrate communities in river systems [8]. Others report that the
integrity of these communities depends on the structural integrity of the current
and the processes associated with the physical habitat [9].

Knowledge of benthic fauna in high Andean fluvial ecosystems in the central
region of Peru is still scarce considering the large number of continental aquatic
ecosystems that exist. The best studied benthic macroinvertebrate communities are
located in the high Andean regions of the north of the country compared to the
studies carried out in the high Andean regions of central Peru. However, the studies
focus on the use of benthic fauna as bioindicators of water quality in monitoring
and evaluation programs, since through the analysis of the composition and struc-
ture of benthic macroinvertebrate communities, it is possible to determine the
degree of disturbance that a body of water has been experiencing.

This study focuses on the Cunas River, one of the most important rivers in the
Mantaro River Basin in the Central Andes of Peru. It is 101.1 km long and is located
in the provinces of Chupaca, Concepcién, Huancayo, and Jauja in the Junin region.
In the sub-basin of Cunas River, several economic activities are developed, such as
livestock, agriculture (Andean tubers, corn, and vegetables, among others), aqua-
culture, electricity generation, and the extraction of aggregates (sand and stone).
Most of these activities take place without environmental criteria and are exerting
strong pressure on the aquatic systems, affecting water quality and the composition
of the biological communities. In this sense and considering the high uncertainty
about the current health of this aquatic ecosystem, the objective of the study was to
evaluate the environmental health of the river Cunas through indicators of water
quality and diversity of benthic macroinvertebrates and multivariate statistical
methods in precipitation and drought seasons.

2. Materials and methods
2.1 Description of study area

The Cunas River is located in the central highlands of Peru, in the Mantaro River
watershed. It has a length of 101.1 km and is born in the Runapa-Huafiunan lagoon
at 4535 masl, near the watershed of the Cafiete river (western chain). It is located in
the provinces of Chupaca, Concepcién, Huancayo, and Jauja in the Junin region. Its
main channel describes the form of the letter S, with the direction of route west-
east. The flow of the river varies according to the time of year. During the rainy
season, the flow reaches 152.95 m?/s, and during the dry season, it reaches 2.57 m3/s
[10]. Three sampling sectors were defined in the River Cunas, according to their
representativeness of the area in terms of the influence of anthropic activity. Sector
1 was located in the town of San Blas, Concepcién province, at 3440 masl (18 L
455952E 8670268S), sector 2 in Huarisca at 3315 masl (18 L 471711E 8667535S), and
sector 3 in La Perla at 3229 masl (18 L 470205E 8667164S), the latter two in Chupaca
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Province (Figure 1). In the Cunas River basin, various economic activities are
developed, such as agriculture, livestock, aquaculture, tourism, and nonmetallic
mining. These activities are exerting strong pressure on the aquatic environment, as
there are few efforts to protect this resource.

2.2 Sample collection and analysis

Water sampling was carried out in three sectors of the San Blas, Huarisca, and
La Perla population centers during 2017. In each sector, ten sampling sites were
defined, and in each one of them, pH, conductivity, turbidity, dissolved oxygen
(DO), temperature, and dissolved total solids (DTS) were determined in situ using
the multiparameter probes Hanna Instruments (HI 991301 Microprocessor pH/
temperature, HI 9835 Microprocessor Conductivity/DTS, and HI 9146 Micropro-
cessor dissolved oxygen). Previously, the equipment was calibrated in the respec-
tive sampling site. Also, 1 L of water from a depth of 20 cm from the river surface,
in the opposite direction to the current flow, was collected from each sampling
site for bacteriological analysis of nitrates, phosphates, and BODs, in containers
previously sterilized and treated with a 1:1 solution of hydrochloric acid and rinsed
with distilled water. These parameters were measured according to standard
methods [11].

The samples were collected using a Surber net with a square frame of
30 x 30 cm side (0.09 m* area) and a 250-um mesh aperture. Sampling was
performed by placing the mesh against the current and removing the substrate
upstream of the sleeve [12]. The samples were preserved in 70% alcohol and trans-
ferred to the laboratory for identification. Taxonomic identification of benthic
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Figure 1.
Map of the location of the sampling sectors in the river Cunas.
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macroinvertebrates was performed at the family level through a trinocular
stereomicroscope [13].

2.3 Statistical analysis

The analysis of water quality variables was determined by normalized principal
component analysis (PCA) in order to generate two-dimensional management
maps [14] and search for best-fit lines according to the calculated PCs, successively
maximizing the variance of the projected sampling points along each axis. Statistical
significance was performed by analyzing the multivariate variance using
PERMANOVA permutations [15].

In the analysis of benthic macroinvertebrate communities, a hierarchical and
agglomerative classification (cluster analysis) was performed, generating a
similarity matrix with Bray-Curtis indices based on an abundance matrix of species
transformed by square root in order to produce a dendrogram [16], while a princi-
pal coordinate analysis (PCO) was performed to produce a management graph [15].
It was characterized by species richness (S), individual density (N), Shannon
diversity index (H'), and Simpson index (1-A). The main indicator species and the
associated percentage indication were determined for each significant set of species,
using the percentage similarity (SIMPER) analysis [17]. Canonical correspondence
analysis (CCA) was used to evaluate the relationship between water quality
variables and macroinvertebrate composition.

3. Results
3.1 Water quality based on physical, chemical, and bacteriological indicators

The pH of the water presented means and standard deviation that oscillated
from 6.99 + 0.03 in the sector of the Huarisca populated center in the rainy season
to 7.59 = 0.04 in San Blas in the dry season. The highest electrical conductivity (EC)
was recorded in the San Blas sector with an average of 567.70 uS/cm. The biochem-
ical oxygen demand (BOD) registered in the La Perla sector surpassed the water
quality standards of Peru, destined for human consumption and conservation of the
aquatic environment (5 and 10 mg/L, respectively). The water bodies of this same
sector presented the lowest concentrations of dissolved oxygen, at both times, as
well as the highest temperature. The highest average of dissolved total solids was
recorded in the La Perla sector with 377.40 mg/L. The average of phosphates as
opposed to nitrates exceeded the water quality standards of the Peruvian Ministry
of the Environment for the two types of use considered in this study in the Huarisca
and La Perla sectors (Table 1).

Figure 2 shows the result of PCA of the water quality indicators and the sam-
pling sectors, according to towns. The first two components explain 79.59% of the
total variance. The first principal component explained 50.76% of the variance and
correlated significantly with BOD, DTS, phosphates, nitrates, and thermotolerant
coliforms. The second component explained 19.83% of the variance and correlated
with pH and EC. Also, the distributions of the groups in the perceptual map show a
clear differentiation of the sampling sectors with respect to the main variables. The
sectors evaluated in the dry season present higher values of the variables with
greater weight in the first two components than their peers in the rainy season,
such as the La Perla sector that shows high values, mainly in the PC1 variables.

The anthropogenic pressure experienced by the water bodies in the sampling
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sectors of the middle and lower part of the river Cunas would determine the
increase of these variables. In addition, the PERMANOVA results at a significance
level of 0.01 show that the observations differ significantly, according to the
sampling sector and climatic season factors. That is to say, there is enough statistical
evidence to affirm that the sectors have different ranges in relation to the water
quality indicators.

Indicator San Blas Huarisca La Perla
climate . . .
season Dry Rainy Dry Rainy Dry Rainy
pH 759 +£0.04 7.06+0.03 721+0.06 6.99+0.03 7.41+0.05 7.12 + 0.03
EC (pS/cm)  567.7 + 42.23 462.6 + 62.72 526.0 £ 36.23 482.8 +£76.24 5342 +20.48 465.7 + 49.47
BODs (mg/L) 5474050 4.75+0.87 9.24+0.85 778 £0.73 1192 +1.04 10.09 +£1.26
Turbidity 2.03 £ 0.40 4.85+1.17 3.69 +1.18 14.96 + 1.74 6.10 £+ 0.75 24.21 +2.42
(NTU)
DO (mg/L) 695+113 6.60+0.78 7.13+1.03 6.56 + 0.84 594+ 0.91 419 £+ 0.53
Temperature 16.62 + 0.46 15.11+1.24 1858+ 0.92 14.62+1.12 19.61+0.94 1588+ 0.82
(°C)
DTS (mg/L) 1662 +4.66 120.7+8.85 2999 +6.42 28414720 37744821 352.7+11.99
Phosphates 0.01+0.00 0.021+0.01 0.117+0.02 0.072+0.02 0.242+0.01 0.118 + 0.02
(mg/L)
Nitrates 0.03+0.01 0.02 4+ 0.01 0.05+£0.01 0.04 £ 0.01 0.23 +£ 0.03 0.06 + 0.01
(mg/L)

Table 1.

Mean and standard deviation of water quality indicators of the river Cunas, according to population center
and climate season.
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Figure 2.
Perceptual map of principal component analysis (PCA) based on the water quality indicators of the river
Cunas.
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3.2 Spatial and temporal variation of benthic macroinvertebrate communities

A total of 26 families of benthic macroinvertebrates were found during the two
sampling seasons in San Blas, Huarisca, and La Perla sectors. The Diptera order
was the most representative in abundance and richness. PCO of the composition of
the benthic macroinvertebrate communities showed a clear separation of sites,
mainly due to the effect of the season factor (Figure 3). The first management axis
shows the significant separation of sectors in relation to families and number of
individuals. It also shows that the groups are clearly delimited, which explains the
percentage of total variation of the first two coordinates (57.02%), separating the
sectors into two main groups characterized by the climatic season factor. The analysis
shows that there is a high similarity in the community of benthic macroinvertebrates
of the La Perla sector in the dry season for axis 1 with values ranging from 20.033 to
29.99 according to the similarity range of Bray-Curtis, making this assemblage of
samples grouped by family’s similarity significantly different from the others. How-
ever, this does not demerit that the other groups keep specific characteristics that
make each sector keep particular characteristics that need to be studied individually.
The results also reveal that the Huarisca sector in the rainy season is the most
depressed in values of the number of families and individuals. The cluster analysis of
benthic macroinvertebrate communities at the family level by Bray-Curtis distance
range shows similar and significant associations. This is supported by the analysis of
main coordinates (Figure 3), in which two differentiated groups are found, one with
40% similarity, explained by the climatic season factor, and the other with 60%
similarity of the groups, as observed in the sector of San Blas for the rainy and low
seasons, which indicates uniformity in the distribution of species (Figure 4).
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Figure 3.

Principal coordinates analysis (PCO) based on the number of families and abundances of benthic
macroinvertebrates of the three sampling sectors, according to sampling season.
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The nonmetric multidimensional scaling analysis shows an average stress level
value of 0.16, which according to the range given by Kruskal indicates an acceptable
interpretation in the perceptual map. In addition, the high values in nitrates, phos-
phates, temperature, and thermotolerant coliforms would be conditioning the pres-
ence of a greater number of individuals, as can be observed in the La Perla sector
during the dry season (Figure 5).

The results of the composition of the benthic macroinvertebrate community in
the sampling sectors obtained by SIMPER analysis at family level showed that the
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Figure 4.

Dendrogram based on the distances of Bray-Curtis from the benthic macroinvertebrate community of the Cunas
River, according to sector and sampling season.
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Analysis of nonmetric multidimensional scaling based on the vichness and abundance of benthic
macroinvertebrates of the three sampling sectors, according to sampling season.
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Sampling sector Taxa Contribution% Diversity indicators
Dry Rainy S N H 1-A
San Blas Baetidae 28.60 40.50 26 2741 1.83 0.26
Chironomidae 24.81 29.08
Simuliidae 10.73 11.45
Elmidae 9.81
Huarisca Chironomidae 44.46 73.11 22 2218 1.31 0.48
Simuliidae 16.45
Baetidae 12.60
La Perla Chironomidae 52.29 98.42 14 5394 0.77 0.74
Baetidae 21.60

S, number of families; N, number of individuals; H', Shannon-Wiener index; 1-4, Simpson index.

Table 2.
Percentage of the contribution of benthic macroinvertebrate families obtained through SIMPER analysis and
mean of diversity indicators.

highest percentages of contribution in the San Blas sector were made by individuals
from Baetidae (40.50%), followed by Chironomidae (29.08%) and Elmidae
(11.45%), contributing 81.02% of the total taxa in the rainy season. With respect to
diversity indicators, the San Blas sector presented the highest richness and diversity.
The results also show that the most dominant family in the Huarisca and La Perla
sectors was Chironomidae, with high contribution percentages in both sampling
periods (Table 2). However, during the rainy season, the Chironomidae reached
the highest percentage of contribution in the composition of the benthic
macroinvertebrate communities of the Huarisca and La Perla sectors, with 73.11 and
98.42% of the total taxa.

3.3 Relationship of water quality and variation patterns of benthic
macroinvertebrate communities

The CCA of the water quality and diversity variables of benthic macroinver-
tebrates shows the new canonical axes extracted and their relationship with the
significant water quality variables. In the San Blas sector for both climatic seasons,
the largest number of species fits the first axis and has a greater affinity for high EC,
DO, and pH values, while the Huarisca and La Perla sectors for the rainy season
tend to have less diversity (Figure 6).

The results of the matrix similarity test of the water quality variables and ben-
thic macroinvertebrates showed a Spearman correlation coefficient of 66.4%. The
best analysis of BIOENV, taking into account the 10 variables under study, shows
that turbidity is the variable that has the highest correlation value with the distri-
bution of biological data, with a 60% value in the Spearman range.

The result of the distance-based redundancy analysis (dbRDA) of the variables
of water quality and relative abundance of benthic macroinvertebrates is presented
in Figure 7. The first axis of the redundancy analysis explains 33.0% of the total
variance and the second axis 15.7%. The first axis of the dbRDA coordinate shows a
higher load for turbidity and pH. It also shows that the values of nitrates,
thermotolerant coliforms, and pH are higher in the La Perla and San Blas sectors in
the dry season.
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Analysis of the canonical correspondence of the variables of water quality and diversity of benthic

macroinvertebrates of the river Cunas.
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Perceptual map of the distance-based redundancy analysis (AbRDA) of better physicochemical predictors on the

composition of benthic macroinvertebrate communities in the river Cunas.

4, Discussion

4.1 Water quality based on physical, chemical, and bacteriological indicators

The results obtained from the evaluation of water quality in the sampling sectors
of the river Cunas reveal a progressive deterioration downstream from the head-
waters of the basin. This behavior is due to the increase of anthropogenic activities
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due to the accelerated population growth and migration to urban areas in the
region. The higher values of conductivity, BOD recorded in the La Perla sector, are
due to the high loads of organic matter in untreated wastewater from different
sources [18]. In this sector, BOD values exceeded by-far the quality standards of
water destined for the conservation of aquatic life, the production of drinking
water, and other uses of Peruvian norms [19], as well as the ranks established by the
World Health Organization [20] and the Canadian Council of Ministers of the
Environment [21].

The results obtained through the PCA reveal that the Cunas River has been
experiencing a process of worsening water quality. This is due to the strong anthro-
pogenic activities such as aquaculture in the middle part of the river (San Blas),
nonmetallic mining throughout the river course (extraction of aggregates), and
discharge of wastewater from nearby urban settlements. The La Perla sector has a
poor water quality with respect to BOD and DO. The low concentration of BOD is
due to the consumption of this gas in the biodegradation processes, as shown by the
high concentrations of BOD registered in this sector. These results are supported by
Ayandiran et al. [22], who state that the low oxygen concentration is related to the
strong activity of microorganisms that require large amounts of oxygen to metabo-
lize and degrade organic matter. However, another determining factor of oxygen
dissolution is temperature, since it determines the tendency of its physical proper-
ties, as well as the wealth and distribution of biological communities [23].

Nutrients such as phosphorus in aquatic environments limit the growth of algae
and plants, so their determination allows detection of eutrophication problems [24].
The average total phosphorus values obtained in the Huarisca and La Perla sectors
exceed the environmental quality standards for the conservation of the aquatic envi-
ronment (0.035 mg/L). This increase would be related to wastewater discharges, the
contribution of detergents, and the drainage of fertilized agricultural soils [25], since
the marginal strip of a large part of the river is cultivated areas. In the case of the La
Perla sector, the results obtained allow us to classify this body of water in a hypertro-
phic state with a great algal bloom. In addition, these high concentrations of phospho-
rus reveal the pollution events through which this sector of the river crosses due to the
strong pressure exerted by anthropogenic activities, among them, livestock activities,
since cattle feces are a potential source of phosphorus. The mean nitrate concentration
values did not exceed the environmental quality standards. In addition, the interaction
between phosphorus and iron, at low DO concentrations, results in the release of
phosphorus attached to the water column, increasing its concentrations [26].

4.2 Spatial and temporal distribution of benthic macroinvertebrate
communities

The most abundant benthic macroinvertebrates corresponded to individuals of
the class Insecta, order Diptera. The results also reveal significant differences
between the macroinvertebrate communities of the evaluated sectors, being the
Chironomidae family the most representative with a wide range of distribution
[27], in the three altitudinal floors where the sampling sectors were established. As
for the contribution of benthic macroinvertebrate families to community composi-
tion, the Chironomidae family was consolidated as one of the most important
families in the three sampling sectors. The results also reveal that benthic
macroinvertebrate communities are dominated by Chironomidae, Simuliidae, and
Baetidae families. The abundance of these families confirms the average level of
oxygenation of the water masses in the sectors of the river Cunas studied. However,
the abundance of the Baetidae family in the San Blas sector indicates that the water
masses are oligotrophic, as these organisms usually live at this type of trophic level.
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However, the decline of the Baetidae occurs downstream due to low oxygenation
levels. These results coincide with those recorded in other studies in aquatic envi-
ronments with low oxygen levels, where the dominance is of the family
Chironomidae [28]. In addition, the dominance of this family in aquatic environ-
ments is related to the decrease in water quality, food quality, and interference with
breathing mechanisms [29].

This study demonstrates the significant correlation between water quality and
benthic macroinvertebrate diversity indicators. These results coincide with those of
Verdonschot et al. [30] and Mykri et al. [31], who report that in temperate climate
zones, seasonality plays a vital role in the structure of macroinvertebrate commu-
nities. However, the results obtained through the analysis with multivariate
methods reveal that the high values in nitrates, phosphates, temperature, and
thermotolerant coliforms would be conditioning the presence of a greater number
of individuals of the family Chironomidae, resilient to organic pollution, especially
in the Huarisca and La Perla sectors. Meanwhile, in San Blas the benthic
macroinvertebrate communities have a greater affinity for high EC, OD, and pH
values. However, the results of BIOENV’s best analysis show that turbidity is the
variable that has the highest correlation value with the distribution of benthic
macroinvertebrates.

5. Conclusion

The river Cunas constitutes an essential source of water for the diverse uses to
the populations that settle in its basin. The quality of the water in the sampling
sectors of the river reveals a progressive deterioration as anthropogenic activities
increase as a result of the accelerated population growth and migration to urban
areas in the region. The regular water quality in the Huarisca and La Perla sectors is
due to the high loads of organic matter in the wastewater discharged into the river,
the contribution of nutrients from detergents, and the drainage of fertilized agri-
cultural soils. This condition of the river in these sectors would influence the
composition of benthic macroinvertebrate communities. The presence of a higher
number of individuals of the Chironomidae family, resilient to organic contamina-
tion, especially in the Huarisca and La Perla sectors, reveals the disturbance that the
river has been experiencing.
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Chapter 5

Skeletons of Calcareous Benthic
Hydroids (Medusozoa, Hydrozoa)
under Ocean Acidification

Maria A. Mendoza-Becerril, Crisalejandra Rivera-Perez
and José Agiiero

Abstract

The skeleton plays a vital role in the survival of aquatic invertebrates by separat-
ing and protecting them from a changing environment. In most of these organisms,
calcium carbonate (CaCO;) is the principal constituent of the skeleton, while in
others, only a part of the skeleton is calcified, or CaCO; is integrated into an organic
skeleton structure. The average pH of ocean surface waters has increased by 25% in
acidity as a result of anthropogenic carbon dioxide (CO,) emissions, which reduces
carbonate ions (CO;>”) concentration, and saturation states (Q) of biologically
critical CaCO; minerals like calcite, aragonite, and magnesian calcite (Mg-calcite),
the fundamental building blocks for the skeletons of marine invertebrates. In
this chapter, we discuss how ocean acidification (OA) affects particular species
of benthic calcareous hydroids in order to bridge gaps and understand how these
organisms can respond to a growing acidic ocean.

Keywords: biomineralization, Cnidaria, Hydractiniidae, Milleporidae,
ocean acidification, skeleton, Stylasteridae

1. Introduction

Since the arrival of industrialization with the beginning of the British Industrial
Revolution in 1750 to now, the accumulative concentration of carbon dioxide (CO,)
in the atmosphere through to the year 2019 has increased to 2340 + 240 gigatonnes
of CO, (GtCO,), of which 25% has been sunk into the ocean [1, 2]. This human-
induced sink of CO, in the ocean produces a chemical phenomenon called ocean
acidification (OA) [3]. OA decreases seawater pH, the concentration of carbonate
ions (CO5%7), and the saturation state (Q) of the three primary biogenic calcium
carbonate (CaCOs) minerals that occur in seawater and in shells and skeletons of
calcifying organisms: calcite, aragonite, and magnesian calcite (Mg-calcite) [4].

Shells and skeletons of calcifying organisms play an essential role in their
survival by separating and protecting them from a changing environment, as it hap-
pens with calcareous cnidarians [5, 6]. Within the phylum Cnidaria, only 17% of its
extant species produce a calcareous skeleton through a process of biological trans-
formation called biomineralization [7, 8]. The biomineralization process involves
the selective extraction, transport, and uptake of biominerals from the environment
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in the function of their abundance and availability for their later incorporation into
functional structures under strict biological control [8].

Of the 17% of the extant cnidarians with a calcareous skeleton, 14% is rep-
resented by members of the order Scleractinia (Cnidaria, Anthozoa), while the
remaining 3% is made up of species belonging to the superorder “Anthoathecata”
(Cnidaria, Hydrozoa) (Figure1) [7]. In the class Anthozoa, the biomineralization
process is the best known and most widely studied, being the opposite for the class
Hydrozoa [9], although they are one of the main components of zoobenthic com-
munities, significant contributors to the building of coral reefs (Figure 2) [10-12],
and also some are essential in pelagic communities due to the presence of a medusa
stage [10].

Calcareous hydroid families with a well-developed benthic polypoid
stage are Milleporidae (hydrocorals, “fire corals” or millepores) with 15 spe-
cies, Hydractiniidae (longhorn hydrozoans) with 4 species, and Stylasteridae
(hydrocorals, lace corals, or stylasterids) with 320 species [7, 13]. These three
families constitute a polyphyletic group and are commonly grouped as “calcified
hydroids,” “calcareous hydrocorals,” or, simply, “hydrocorals”—terms that refer to
hydroids that secrete a calcareous skeleton [14]. These calcareous structures can
take the form of skeletons composed of individual spicules, spicule aggregates,
or massive skeletons [15], and are responsible for providing protection and ion
storage [6, 16, 17].

The calcareous skeleton of the cnidarians is always ectodermal in origin, and its
mineralogy is composed exclusively of CaCOj; [18]. In the calcareous species of the
class Hydrozoa, their skeletons are composed of calcite, aragonite, or both (Table 1)
[9, 19-23]. Calcite and aragonite are two of the six CaCOj; polymorphs and are the
most thermodynamically stable structures deposited extensively as biominerals [8].
In stylasterid species, for instance, the distribution of calcite or aragonite in their
skeletons can be as follows: 100% calcite, 100% aragonite, primarily calcite with
some aragonite, or primarily aragonite with some calcite [22]. When calcite and
aragonite are present at the same time, the two polymorphs always occupy differ-
ent anatomical sites [20]. Since the natural color of CaCO; is white [24], the broad
spectrum of colors observed in the calcareous skeletons of hydrocorals is due to the
presence of carotenoproteins, symbiotic dinoflagellates of the genus Symbiodinium,
or by the presence of microboring or euendolithic microorganisms [25-27].

Phylogenetic analysis supports the independent origins of a calcified skeleton in
Hydrozoa [9, 28, 29], and the distribution of CaCOj; polymorphs in their skeletons
is considered to have been produced by non-environmental causes [22]. However,

14%
3%
= Non-calcareous species Calcareous species
Order Scleractinia Superorder "Anthoathecata”

Figure 1.
Worldwide inventory of non-calcareous and calcareous cnidarians. Own elaboration with WoRMS data [7].
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Figure 2.
Worldwide hydrocorals and longhorn hydrozoans distribution. Orange dots, Milleporidae; green dots,
Hydractiniidae; purple dots, Stylasteridae. Own elaboration with OBIS data [12].

Taxa Type of skeletogenesis Principal mineral

Subclass Hydroidolina

Superorder “Anthoathecata”

Order Capitata

Family Milleporidae Modified spherulitic to trabecular

Millepora spp. Aragonite

Order “Filifera”

Family Hydractiniidae Spherulitic (with organic lamellae)

Distichozoon dens Unknown

Hydprocorella africana Unknown

Janaria mivabilis Unknown

Schuchertinia antonii Unknown

Family Stylasteridae Fully spherulitic or modified spherulitic

to trabecular

Cheiloporidion pulvinatium Primarily aragonite with some
calcite

Errina sp. Primarily calcite with some
aragonite

Errinopsis sp. Calcite

Lepidopora spp. Aragonite

Table 1.

Types of skeletogenesis and mineral composition of skeletons in calcareous Hydrozoa [19-22].
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the biomineralization process of these organisms is highly variable and strongly
affected by environmental factors [30, 31] and substrate [32].

2. Skeletogenesis and OA

The biomineralization process is practically unknown to calcareous hydroids.
Sorauf [21] summarizes some hypotheses about the biomineralization process of
some Hydrozoa, and there has been no review about it to date. The basic structure
is of the spherulitic growth of a principal mineral controlled by organic substrates
to form pillars in which the spherulites are in part compartmentalized by a skeletal
organic matrix (SOM), which forms an irregular matrix with compartments but
does not form sheaths for individual crystal growth. In the class Hydrozoa exist
three types of skeletogenesis, and the principal minerals involved are the CaCO;
polymorphs aragonite or calcite (Table 1) [19-22].

In addition to biomineralization, CaCOj; plays a significant role as second
messenger to control exocytosis, cortical reactions in eggs, and muscle contraction
[33]. In some hydractinids, CaCOs is required for larval motility [34], induction of
metamorphosis [35], and secretion of adhesive material during the latter [34].

The biocrystallization, such as sclerotization, is derived from the ectoderm,
which produces a SOM that controls the spacing of nucleation sites and limits the
size or shape of spherulites [21, 36]. The organic secretions may be composed of
peptides, proteins, proteoglycans, lipids, and polysaccharides, which, as a whole,
are known as the template for mineralization [21, 37]. It is known that this template
is involved in most, if not all, stages of biomineral formation, from transport,
through nucleation and growth, to structure stabilization (Figure 3) [37].

According to an analysis of SOM homologs in cnidarians, including Hydrozoa,
several proteins related to biomineralization were identified [38]. Extracellular

longhom
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polyps —
“fire coral” T peptides
; S e A arateins |
- ot v U'_, 4 424 profecglycans
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Figure 3.
Schematic representation of the hypothetical skeletogenesis process on calcareous hydroids.
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adhesion proteins and carbonic anhydrases homologs were the most common
proteins found (e.g., in Millepora alcicornis, Millepora complanata, and Millepora
squarrosa). Homolog proteins include enzymes such as peptidase-1 and peptidase-2
as well as acidic proteins like SAARP-1, SAARP-2, acidic SOMP, CARP4, CARP5,
Integrin-like and two SAARP-like proteins; those proteins are involved in calcite
formation [39]. Two galaxin ortholog proteins (Galaxin and Galaxin-2) [38] have
been fully characterized by the calcifying matrix of scleractinian corals [40]. More
interestingly, carbonic anhydrases, which are known to precipitate CaCO; in differ-
ent calcareous organisms [41], have been identified in Hydrozoa species, CruCA-4,
and Putative CA [38]. Finally, in contrast to scleractinian corals, Hydrozoa species
did not show small cysteine-rich proteins (SCRiPs) [38], whose function in corals is
still unclear.

In some calcareous hydroids, a progressive capability to produce a similar SOM
to that of scleractinian corals has been observed, with individual control of crystal
growth [21]. Also, the calcification process of stylasterid and millepore species has
been compared with that of scleractinian corals [42]. This calcification process
includes uptake and transport of materials, production of organic secretion, the
formation of tissue cavities where calcification may take place, and the deposition
of CaCO;; these processes may be influenced differently by environmental condi-
tions, and be affected by OA [43, 44].

About the biochemical process underlying the response of hydrocoral M.
alcicornis in acidified waters, it has been found that the calcification process in the
hydrocoral was not affected by a wide range of seawater pH (8.1-7.5) under experi-
mental conditions [30]. Besides, is mentioned that the Ca-ATPase plays an essential
role in the biomineralization as maintenance a steady-state net calcification rate
in the hydrocoral, especially under scenarios of moderate (pH 7.8) and intermedi-
ate (pH 7.5) acidification of seawater, but under a scenario of severe acidification
(pH 7.2) of seawater, the hydrocoral is not able to maintain a steady-state net
calcification rate [30]. On the other hand, physiologically, the exposure to seawater
acidification induces oxidative stress with consequent oxidative damage to lipids
and proteins, which could compromise hydrocoral health [45]. However, a reduc-
tion in the calcification process was not observed in Millepora platyphylla despite
having been exposed to OA conditions [46].

Some effects in other calcareous organisms, for instance, anthozoans, sea
urchins, and mollusks by OA are: slowdown of their calcification rates; changes in
gene expression consistent with metabolic suppression; increased oxidative stress;
potential effect on symbiotic zooxanthellae; decrease in matrix proteins; reduction
of carbonic anhydrase protein; increased calcite growth; structural disorientation
of calcite crystals; fragile skeletons that reduce protection from predators and
changing environments, affect the expression of the gene encoding Ca-ATPase
enzymes and the enzymatic activity itself [30, 44, 47-49].

OA not only affects the skeleton of the calcareous hydroids, but it can also affect
the other phases of its life cycle, for instance, the medusa stage of millepores, since
it has been recently recorded that cubomedusae suffer from higher mortality when
subjected to OA conditions (pH 7.5) [50].

3. Implications, threats, and consequences of OA
The response of hydrocorals to the changes they face in their environment
remains unknown, especially how they are affected by anthropogenic activities such

as the increase in the concentration of CO, in the atmosphere, causing an increase
in sea surface temperature (SST) and a decrease in seawater pH. The chemistry of
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OA is better understood from their implications for calcifying marine fauna and
their hosts or associations. Skeletons of hydrocorals and longhorn hydrozoans are
known to host abundant and diverse symbiotic organisms, for instance, with pho-
tosynthetic dinoflagellates (generally referred to as zooxanthellae), and maintain
associations with micro and macroboring organisms, and grazers. The microboring
organisms (MIO) include cyanobacteria, green and red algae, fungi, and lichens
[51]. The macroboring organisms (MAQO) comprise ascidians and sponges [42],
while in the grazers encompass echinoderms, mollusks, polychaeta, crustaceans,
and fish [42, 52].

Of the three families of extant calcareous hydroids, only “fire corals” have a
symbiotic relationship with zooxanthellae [42]. The zooxanthellae are essential for
the “fire corals” to achieve their calcification process, keep their rate of calcifica-
tion constant, as well as speed up a calcareous deposition in the function of the
environmental conditions [43]. Loss of this association from hydrocoral tissue is
responsible for the white color observed, aptly named bleaching [53]. When “fire
corals” experiment stress occurs bleaching, or the paling zooxanthellate decline
and the concentration of pigments within the zooxanthellae fall, where each
zooxanthella may lose 50-80% of its photosynthetic pigments [54]. The stress can
be induced by a plethora of factors, singly or in combination, and among them we
have: anomalously low and high temperature, solar radiation, subaerial exposure,
sedimentation, freshwater dilution, inorganic nutrients, high concentrations of
xenobiotics, presence of pathogens such as protozoan and bacterium, OA, among
others [54, 55]. Recently, it has been observed that hydrocorals can select their sym-
bionts zooxanthellae, depending on environmental conditions, which can confer an
advantage on how to face ongoing human-driven climate change [56].

The mechanism underlying the observed bleaching response was not explicitly
investigated, some hypotheses are that changes in seawater chemistry influence
bleaching thresholds by altering the functioning of the carbon-concentrating
mechanism (CCM), photoprotective mechanisms (such as photorespiration for
instance), or direct impacts of acidosis; therefore, the acidification effects on coral
bleaching are uncertain and review of other aspects, for instance, levels of the other
abiotic factors such as light and nutrients, photoacclimation and photoprotection
responses, molecular genetics, as well as studies that imply the understanding of
integral processes about host-algae are recommended to understand the role that
zooxanthellae may play in the ability of corals to cope with these anthropogenic
changes in the ocean [53, 57, 58].

The MIO distribution within the skeletons occurs through contact with the
substrate of settlement as MIO already colonizes it, and their colonization occurs
early in the development of the corals and expands at slower rates than the hydro-
coral growth [27]. Since stylasterid corals do not host zooxanthellae, such an
arrangement may be beneficial throughout the life of the coral, despite some losses
to its skeleton density due to dissolution by MIO; moreover, the boring microflora
within corals have a mutualistic relationship, helping corals survive better during
bleaching events, because these MIO may satisfy the nitrogen quantities required by
live hydrocorals for their balanced growth, also considering that MIO are the major
primary producers and agents of microbioerosion dissolving large quantities of
CaCO; with a potential in buffering seawater [59].

Micro and macrobioerosion under undisturbed natural conditions are essential
mechanisms in CaCO; recycling; however, these bioerosion processes can proceed
faster if OA weakens the substrate, also facilitating in this way the bioerosion by
grazers [60]. Furthermore, OA does not affect the siliceous sponges as directly as
other marine taxa, which are heavily dependent on CaCO; at various life history
stages like cnidarians, mollusks, and many crustaceans species with tiny pelagic
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larval forms [61]. These siliceous sponges represent a threat when settling on
calcareous substrates by the process of weakening the skeleton by their bioeroder
action; nevertheless, thermal stress appears to weaken calcifiers more strongly than
bioeroding sponges [62].

Other impacts include shifts in competitive interactions with non-reef builders
such as macroalgae, sponges, soft corals, ascidians, and corallimorpharians; the
competition impacts the recruitment, growth, and mortality of coral organisms [63].

4. Conclusion

This review of current literature concerning the effects of OA on hydrocorals
and longhorn hydrozoans and their proposed mechanisms shows that targets are
numerous, and therefore it is difficult today to give a conclusion. Besides, several
of the findings correspond to anthozoans and specific areas or under laboratory or
modeling conditions. On the other hand, it has been shown that each species hasa
different response, some are more sensitive than others, and some show strategies
to survive under conditions of anthropogenic climate change. As proposed by Luz
[45], further studies that use metabolomics and proteomics techniques are neces-
sary to help identify different response pathways in hydrocorals exposed to acidic
conditions.
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Abstract

Although the different communities distributed in the mesophotic and deep waters
play a fundamental role in the functioning of the marine ecosystems, the assessment of
their global distribution is still far to be achieved. This is also true in the Mediterranean
Sea, where exploration technologies are revealing a large diversity of unknown
communities structured totally or partially by corals, which represent vulnerable
marine ecosystems (VMEs) according to FAO's guidelines. This chapter aims to
define and describe the main coral habitats of the mesophotic and aphotic zones of
the Mediterranean, such as coralligenous formations, cold-water coral frameworks,
coral forests and sea pen fields. The role of these habitats in providing benefit for a
variety of invertebrates and fishes as well as a suite of ecosystem goods and services is
highlighted. Fishing is one of the main anthropogenic impacts affecting Mediterranean
coral habitats, and the current conservation measures are often ineffective. Ongoing
attempts and future solutions aiming at the conservation of these VMEs are here dis-
cussed, including the fishing restriction in strategic areas characterized by lush coral
communities, the implementation of controls against illegal fishery, the development
of encounter protocols for vulnerable species and the use of observers onboard.

Keywords: vulnerable marine ecosystems, corals, coralligenous, cold-water corals,
sea pens, conservation, Mediterranean

1. Introduction

The Mediterranean Sea covers only 0.7% of the world’s ocean surface, but it
hosts about 8% of the global marine biodiversity [1]. Despite the presence of many
anthropic impacts, a high diversity of benthic habitats is present from the coastal
zones to the deep-sea bottom of this semi-enclosed basin, representing a worldwide
hot spot of biodiversity [2]. Some of these habitats are built by one or few ecosystem
engineer species that create a biogenic habitat suitable for a variety of associated
species, including endangered and protected ones, as well as species of high com-
mercial value. This is the case of the Posidonia oceanica meadows [3], Cystoseira spp.
canopies [4], rhodolith beds [5], as well as the so-called marine bioconstructions [6]
and animal forests sensu lato [7].
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Knowledge, protection and the management of many of these habitats are still
scarce and fragmentary, except for the P. oceanica meadows, which have received
a substantial attention in the past and are now all included in Sites of Community
Importance thanks to the Habitat Directive [8]. Several other biogenic habitats are
worthy of protection, most of them occurring in the mesophotic and in the deep-
sea zones. These habitats are more difficult to be explored and studied with respect
to coastal environments. In these zones, the sunlight decreases with the depth until
it disappears, and the animal life develops with emerging shapes and structures.

In fact, the light is one of the main abiotic drivers determining the distribution of
benthic organisms, together with oxygen concentration, water movement, tem-
perature, pressure, sedimentation rates, substrate type and geographical area [9].
According to the penetration of the sunlight and its effects on the macrobenthic
communities, the marine environment is conventionally divided into: euphotic
zone, where the irradiance is strong enough to allow the development of seagrass;
mesophotic or twilight zone, from the limit of the seagrass to the limit of presence
of algae (loss of net productivity at level of irradiance <1%) [10]; and aphotic zone
or deep-sea, where the light is absent. Although there are some indicative and non-
univocal depth ranges for each zone (e.g., in the Mediterranean Sea: euphotic zone
above 50 m depth; mesophotic zone ca. 50-150 m depth; and aphotic zone below
150-200 m depth), they can vary according to the water transparency and other
physical factors that affect light penetration [11].

Corals are among the main habitat formers of the Mediterranean mesophotic
and aphotic zones, constituting vulnerable marine ecosystems (VMEs) intended
as those populations, communities or habitats that may be vulnerable to impacts
from fishing activities [12]. Recently, the General Fishery Commission for the
Mediterranean (GFCM) defined Mediterranean VME indicators taxa, habitats
and features [13-15]. Corals, together with sponges, echinoderms, molluscs
and other benthic organisms, play a significant role in the formation of VMEs.
Moreover, most of coral taxa are included in relevant lists of protected species,
such as the Red List drawn by the International Union for the Conservation of
Nature (IUCN) [16]. Their vulnerability is due to their uniqueness or rarity,
functional significance, fragility, structural complexity, as well as their life-
history traits which make their recovery difficult (e.g., slow growth rate, late
age of maturity, low or unpredictable recruitment, long life expectancy). For
these reasons, several Mediterranean mesophotic and deep-sea coral habitats are
particularly vulnerable to the impacts of different fishing gears, deserving ad hoc
management measures [17-22].

This chapter defines and describes the main vulnerable ecosystems of the
Mediterranean mesophotic and aphotic zones that are totally or partially based on
the habitat-forming activity of corals. Their features, together with their ecological
importance and ecosystem goods and services that they provide are highlighted, as
well as the need of proper conservation measures.

2. Mesophotic and deep-sea vulnerable marine ecosystems

Marine bioconstructions are among the most important Mediterranean habitats
below 50 m depth and highly vulnerable to fishing practices [6]. The term includes
all those biogenic structures built-up by organisms growing one on the other, gen-
eration after generation. Most of this secondary substrate is constructed by species
that accumulate calcium carbonate, constituting peculiar structures as coralligenous
outcrops and Cold-Water Coral (CWC) frameworks [6, 23]. Further sensitive habi-
tats of the mesophotic and aphotic zones are mostly represented by the so-called
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coral forests (i.e., communities structured by one or few coral species characterized
by a typical arborescent morphology) [7] and the fields formed by sea pens [24].

2.1 Coralligenous

The term coralligenous groups a variety of temperate biogenic formations
built-up by a mixed community of coralline red algae, corals, bryozoans, sponges,
serpulids and molluscs (Figure 1a). Coralligenous communities thrive in the

Figure 1.

Some of the mesophotic and deep-sea vulnerable habitats structured by corals in the Mediterranean Sea.
(a) Coralligenous formation with the dominant presence of the red gorgonian Paramuricea clavata (photo:
A. Sorci; Tremiti Islands, Adriatic Sea); (b) CWC framework built up by the scleractinians Madrepora
oculata, Lophelia pertusa and Desmophyllum dianthus (Santa Maria di Leuca, Ionian Sea); (c) forest
of the black coral Antipathella subpinnata (Tremiti Islands, Adriatic Sea); (d) forest of the gorgonian
Callogorgia verticillata on a deep hard bottom (Montenegro, Adriatic Sea); (e) forest of the bamboo

coral Isidella elongata on a deep muddy bottom (off Ibiza; Balearic Sea); and (f) field of the red sea pen
Pennatula rubra (Punta Alice, Ionian Sea).
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Mediterranean Sea from shallow waters (15-20 m of depth) up to the limit of the
mesophotic zone [25, 26], and their existence is known since ancient time. The term
“coralligéne” was used for the first time by Marion [27] to describe the biogenic
outcrops present between 30 and 70 m in depth in the Gulf of Marseille, called
broundo by the local fishermen. Although the term coralligéne literally means “coral
producer,” corals are not often the dominant component of the community and it
is likely that Marion used the term “coraux” with the wide common meaning of his
time, referring not strictly to scleractinians but to all those organisms that accumu-
late calcareous deposits such as corals, bryozoans and coralline algae. Afterward,
also Pruvot [28-30] used the term coralligéne to describe similar formations off
Banyuls-sur-Mer (Gulf of Lion), and from the end of the nineteenth century, the
coralligenous has been included in the bionomic description of the Mediterranean
seabed [31].

Encrusting red algae represent a relevant component of the coralligenous
formations, becoming less present with the decreasing of the light and disappearing
in the aphotic zone, where the animal component dominates the bioconstructions.
Locally, one or few species can be particularly abundant, representing the so-called
facies [31], such as those of scleractinians, bryozoans or oysters. Arborescent
anthozoans, such as black corals and alcyonaceans, can use the bioconstructions as
secondary hard substratum to settle and form coral forests, increasing the three-
dimensionality of this habitat (Figure 1a and c).

The coralligenous habitat represents a hot spot of biodiversity whose importance
is comparable to that of the coral reefs in tropical ecosystems. In [25], the first
estimate of the number of species associated with coralligenous formations is made,
with about 1670 species. However, this is probably an underestimated number,
because the complex structure of coralligenous assemblages and their highly
diverse composition suggest that they probably host more species than any other
Mediterranean habitats. This associated biodiversity includes species of conserva-
tion interest, as well as crustaceans and fish of high commercial value [32]. Thanks
to the activity of its bioconstructors, coralligenous habitats represent an important
CO; sink, playing a relevant role in the regulation of ocean acidification associ-
ated to global warming [25]. Moreover, the spectacular coralligenous formations
distributed over 50 m depth (accessible to scuba diving activities) represent a great
touristic attraction for their high esthetic value and are among the most preferred
diving spots worldwide [33]. The main ecosystem goods and services provided by
coralligenous habitats (sensu [34, 35]) are reported in Table 1.

2.2 CWC frameworks

There is not a general consensus about the use of the terms “reef” or “framework”
to describe those marine bioconstructions structured by the so-called cold-water
corals or white corals (subclass Hexacorallia, order Scleractinia), namely the colonial
species Madrepora oculata Linnaeus, 1758 and Lophelia pertusa (Linnaeus, 1758)
(recently renamed as Desmophyllum pertusum), as well as the solitary or pseudo-colo-
nial coral Desmophyllum dianthus (Esper, 1794) (Figure 1b). These species can form
extensive three-dimensional habitats in the Mediterranean Sea, from 180 to more
than 1000 m depth [36], identified as biodiversity hot spots [37, 38]. Despite still
far from being fully understood, the current known distribution of CWCs reveals
some dozens of coral sites all over the Mediterranean Sea, form single occurrences to
large CWC provinces [39]. These habitats provide a suitable hard ground for sessile
species and act as shelter, feeding, spawning and nursery area for a variety of vagile
species, representing an Essential Fish Habitat (EFH) for several commercial and
non-commercial fish and invertebrate species [22, 40-49] (Table 1). For instance, it
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Category Ecosystem goods and Habitat
services Coralligenous CcwcC Coral Sea
framework forest pen
field
Supporting Habitat forming X X X X
Larval and gamete supply X X X X
Breeding, spawning and X X X X
nursery area
Refuge and settling potential ~ x X X X
Primary production X
Nutrient cycling X X X X
Provisioning Food provision X X X X
Active substances X X X X
Genetic resources X X X X
Regulating Climate regulation (CO, X X
trapping)
Biological control X X X X
Disturbance regulation X X
Bioremediation of waste X
Erosion control and X X X
sediment retention
Cultural Recreation and tourism X
Research and education X X X X
Esthetic X
Table 1.

Ecosystem goods and services provided by the mesophotic and deep-sea vulnerable habitats of the
Mediterranean Sea characterized by corals.

has been recognized that the presence of CWC habitats benefits adjacent fisheries
in the central Mediterranean [50]. Moreover, the massive amount of calcified
colonies that constitute the bioconstruction represents an important CO, sink and,
between the branched colonies, large quantities of sediment and larvae are also
retained (Table 1). Furthermore, it is becoming well known that CWC frameworks
are hot spots of global biogeochemical cycling [51-53].

Solitary scleractinians such as, among others, Stenocyathus vermiformis

(Pourtales, 1868), Javania cailleti (Duchassaing & Michelotti, 1864), Anomocora
fecunda (Pourtaleés, 1871) and Caryophyllia spp. can be present in CWC habitats, but
they have not been reported so far with a relevant aggregative behavior and their
role in the bioconstruction is often minimal [54].

The colonial yellow coral Dendrophyllia cornigera (Lamarck, 1816) can occur on
flat or gently sloping hard bottoms, as well as on flat muddy bottoms without any
consistent anchorage, from the mesophotic to the aphotic zone [39]. This CWC
species can occasionally form coral habitats that are mostly known as Dendrophyllia
beds rather than frameworks, because the density of the colonies does not reach
high-enough values to give the appearance of a compact structure to the habitat
[19]. On the contrary, the congeneric Dendrophyllia ramea (Linnaeus, 1758) has a
shallower distribution (from 80 to more than 700 m depth, although more common
within 200 m depth) and it is present both on hard and sedimentary bottoms, as
well as within coralligenous formations [54, 55].
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The hydrocoral Errina aspera (Linnaeus, 1767) can also be included in the CWCs
sensu lato, because it is an habitat-former species of the mesophotic and the upper
aphotic zones, where it can occasionally form monospecific stands showing high
densities and being similar to CWC habitats [56].

2.3 Coral forests

Coral forests are marine habitats created by the aggregation of arborescent
coral colonies belonging to one or few species of alcyonaceans and antipatharians
[39]. These communities can develop both on hard and soft substrata, including
detritic bottoms with small scattered substrata, such as small rocks, shells or coral
rubble. Hard-bottom coral forests can be settled on both mesophotic rocky bottoms
and deep coralligenous bioconstructions (Figure 1a and c), while in the deep sea,
they can develop on rocky bottoms, hardgrounds or CWC frameworks [57-60]
(Figure 1d). Antipatharians, also known as black corals (subclass Hexacorallia,
order Antipatharia), form monospecific or multispecific forests on hard bottoms
in both mesophotic and aphotic zones. In particular, Antipathella subpinnata (Ellis
& Solander 1786) is much common on mesophotic bottoms (Figure 1c), Antipathes
dichotoma Pallas, 1766 and Parantipathes larix (Esper, 1788) thrive from the
mesophotic to the upper aphotic zones, while Leiopathes glaberrima (Esper, 1788)
develops mostly on deep bottoms [20, 37, 39, 57, 60, 61].

Several species of alcyonaceans (subclass Octocorallia, order Alcyonacea) are
present on hard bottoms, covering a wide bathymetric range (from 15 to more
than 1000 m in depth, depending on the species). For instance, the gorgonians
Paramuricea clavata (Risso, 1826) (Figure 1a), Ellisella paraplexauroides Stiasny,
1936 and Eunicella spp. are among the most common species that form large
aggregations on mesophotic coralligenous habitats, as well as on other coherent
substrata, often on the continental shelf [59, 62-65]. Acanthogorgia hirsuta Gray,
1857, Callogorgia verticillata (Pallas, 1766) (Figure 1d), Paramuricea macrospina
(Koch, 1882), Placogorgia coronata Carpine & Grasshoff, 1975, Viminella flagellum
(Johnson, 1863) and the precious red coral Corallium rubrum (Linnaeus, 1758) can
act as habitat formers from mesophotic to deep bottoms [39, 57, 66-68].

On soft bottoms, the bamboo coral Isidella elongata (Esper, 1788) can form
extensive populations on compact mud between 110 and 1600 m depth, on rela-
tively flat or gently inclined seabed [69] (Figure 1e). This typology of substratum is
also suitable for bottom trawling, which has a strong mechanic impact on I. elongata
colonies as well as on other sessile species. For this reason, the Mediterranean popu-
lations of I. elongata are in strong decline and the species has been categorized as
“critically endangered” by IUCN [16]. Fortunately, some populations of the species
are currently surviving in places where trawling is not carried out [39, 69].

The presence of a coral forest enhances the three-dimensionality of the seabed,
often representing a hot spot of biodiversity. In fact, some recent new records of
deep-sea invertebrates in the Mediterranean Sea occurred within I. elongata popula-
tions [70-72]. Among the suite of ecosystem goods and services that these habitats
provide (Table 1), they are known to act as refuge, feeding, spawning and nursery
areas for many associated species, including species of commercial value [69, 73-75].

2.4 Sea pen fields

Sea pens (subclass Octocorallia, order Pennatulacea) live on soft bottoms, from
shallow to deep waters, and they can form dense aggregations known as sea pen
fields which increase the complexity of an otherwise flat and monotonous seabed
[76, 77]. Pennatula rubra (Ellis, 1761) (Figure 1f), Pteroeides spinosum (Ellis, 1764)
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and Veretillum cynomorium (Pallas, 1766) are typical field-forming species of the
continental shelf, being occasionally present form the euphotic zone but forming
true fields only in the mesophotic [24, 78-80]. Pennatula phosphorea Linnaeus, 1758
and Virgularia mirabilis (Miller, 1776) can occur from mesophotic to deep seabed,
often in mixed aggregation with other soft-bottom anthozoans, while Funiculina
quadrangularis (Pallas, 1766) and Kophobelemnon stelliferum (Miiller, 1776) rep-
resent deep-sea pennatulaceans able to form dense fields on the aphotic muddy
bottoms [31, 81, 82].

Sea pen fields can act as refuge and nursery area for small-size specimens of
many taxa, among which some crustaceans and fish, attracting the vagile fauna and
enhancing the biodiversity of the area [24, 82-84] (Table1).

3. Conservation status

Coral habitats are considered valuable and productive fishing areas due to the
presence and abundance of species of commercial interest, whose capture using
bottom-contact or bottom-tending fishing gears represents the major threats to
the habitats [22, 85]. These gears can be towed (e.g., trawl nets and dredges) or
fixed (e.g., longlines, gillnets, trammel nets, traps and pots; although static on the
seabed, they may be pulled across the bottom for short distances during retrieval or
storms).

Trawl nets, as well as bottom-contact longlines, gillnets and trammel nets are
the most destructive fishing gears in the mesophotic and aphotic zones of the
Mediterranean Sea. Trawling has a high mechanical impact on soft-bottom commu-
nities, while on hard bottoms, it affects the vulnerable filter- and suspension-feeder
fauna both directly (e.g., sediment resuspension, destruction of benthos, dumping
of processing waste) and indirectly (e.g., post-fishing mortality and long-term
trawl-induced changes to the benthos) [85-87]. Bottom longlines, widely deployed
all over the basin, can have a significant mechanical impact and their coral bycatch
can be high, particularly during retrieval operations [42, 74]. Moreover, longlines
can easily remain entangled in the rocky bottoms, thus becoming lost and damaging
the benthic communities. Artisanal fishing practices, such as gillnets and trammel
nets, are usually deployed on coastal areas in close proximity of cliffs and steep
topographies; thus, the chance to catch corals and the possibility of being entangled
on them are high. Mechanical injuries on benthic species are even higher when the
entangled tools are abandoned on the seabed, altering habitats [85].

Trawling is forbidden in areas deeper than 1000 m depth all over the
Mediterranean Sea. However, this conservation measure is not enough, consider-
ing that the majority of the coral habitats known so far is present within this depth
limit [36, 39]. For this reason, the limitation of trawling up to 800 m depth would
be more effective for the conservation of deep-sea coral habitats. During the last
decades, the deep-sea habitats have been protected through the institution of
Fishery Restricted Areas (FRAs), established by the General Fishery Commission
for the Mediterranean and Black Sea (GFCM) with the aims of protecting VMEs
and/or Essential Fish Habitats (EFHs). However, only one of the six existing FRAs
of the Mediterranean Sea has been created to target the conservation of a CWC
habitat, such as the Lophelia Reef off Santa Maria di Leuca (Italy, Ionian Sea) [21].
Two FRAs, namely the Strait of Sicily (northeast and northwest Malta) and the
Gulf of Lion, include some CWC sites but they have been created to manage fishing
stocks; so trawling is present although somehow regulated. The Jabuka/Pomo
Pit FRA aims to protect EFHs and an unquantified sea pen field [88], while the
Eratosthenes Seamount FRA targets the protection of peculiar geologic formations
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Figure 2.

Distribution of the deep-sea fishery restricted areas in the Mediterranean Sea, three of them created for
the management of fishery vesources and three for the conservation of benthic habitats (vulnerable marine
ecosystems, VMEs).

(with only few specimens of solitary sleractinians recorded) [89] and the Nile
Delta FRA is characterized by the presence of chemosynthetic fauna (Figure 2).
Trawling and dredging are forbidden in the FRAs for the conservation of VMEs,
while they are regulated in those for the management of EFHs. Bottom longlining
can be allowed, often in a buffer zone and under authorization, depending on the
regulamentation of the single FRA, while artisanal fishing practices are usually

not performed in offshore areas as the existing FRAs. These FRAs result actually
isolated, while a desirable network of FRAs is far to be created. This network should
be established in the pathway of the Mediterranean water mass circulation in order
to connect the different FRAs all over the basin by means of larval dispersal ([39]
and references therein). For instance, along the southern Apulian margin, an
almost continuous belt of CWC communities are crossed by the water masses that
flow between the Southern Adriatic and Northern Ionian Seas [45, 58, 81, 90]. In
this respect, the establishment of a FRA for the Bari Canyon has been proposed and
the relative institution process is in progress [50].

The analogues of the Mediterranean FRAs are the Offshore Special Areas for
Conservation in the North-Atlantic, such as the Darwin Mounds (northwest of
Scotland), whose CWC ecosystem was discovered in 1998 and, from 2003, bottom-
contact fisheries were banned in the area [91]. Also in the Sula Reef (Norway), one
of the first reefs of L. pertusa discovered, trawling activities are banned [87].

Several actions have been undertaken also in the United States to address impacts
of fishing on VMEs, such as banning of bottom trawls throughout the large area of
the Western Pacific Fishery Management Council (3.9 million km?) [92], as well as
adoption of closed areas on Georges Bank in New England (Northwest Atlantic) [93].
Other solutions can include the shifting from gears with higher impacts to gears with
lower impacts, as happened along the coast of California, where bycatch in the fish-
ery of the California spot prawn Pandalus platyceros ].F. Brandt in von Middendorf,
1851 has been greatly reduced by shifting from bottom trawls to traps [94].

In the Caribbean, the Parque Nacional Natural Corales de Profundidad (Colombia)
is the only deep-sea coral area actually under protection measures [95, 96].

Further extra-Mediterranean examples of effective conservation initiatives are
those carried out by the Department of Fisheries and Oceans (DFO) in the North
Atlantic which, during 2002, implemented its first fisheries closure to protect CWC
populations in different areas of the Northeast Channel Coral Conservation Area
(southwest of Nova Scotia, Canada) [97]. The management measures used in each
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area are different and the permitted activities vary from fishing regulation (though
a limited number of licenses released and only for certain practices) to fishing
closures and relative buffer areas, depending on each area features. In specific areas,
such as the Northeast Channel Coral Conservation Area, a precautionary zone
where fishing is not allowed has been identified below 500 m [97]. Management
activities include logbooks, at-sea observers, vessel monitoring systems and sur-
veillance overflights against illegal fishing practices. For instance, in 2004, DFO
successfully prosecuted a longline fisher who did not have a fisheries observer
onboard while fishing in the limited fisheries zone of the Northeast Channel [97].
Canada has undertaken a series of successful conservation actions also in the waters
off British Columbia (Northeast Pacific) [98], with the concomitant adoption of
four measures, such as: (1) identification of ecosystem-based spatial boundaries for
the bottom trawl fleet to prevent further spatial expansion of fishery areas, exclu-
sion of areas of historically high coral and sponge bycatch, as well as control that
the area opened to bottom trawling did not disproportionately impact any single
habitat type; (2) establishment of an habitat quota (i.e., a bycatch quota for habitat
formers) through onboard observers; (3) development of an encounter protocol,
such as a set of defined management steps to be applied when a fishing vessel
encounters a significant amount of VME indicator taxa; and (4) implementation of
the monitoring systems and formation of a scientific committee. Ten years before,
the National Marine Fisheries Service in Alaska formulated a habitat protection
alternative for the Aleutian Islands (North Pacific) based on an interdisciplin-

ary cost-effective model for mitigating the adverse effects of fishing on deep sea
developed by Oceana [99]. Working with the fishery operators, Oceana identified
and delimited the actual fishing grounds where bottom-contact gears are deployed,
avoiding the exploitation of further areas. This approach also uses observer data to
identify VMEs, mostly as areas of high coral and sponge bycatch rates, to develop

a comprehensive management policy that allows bottom trawling only in specific
designated areas with current low habitat impacts and consistent fish harvest.

All areas not specified as open and historically not exploited are closed to bottom
trawling [99]. The Oceana’s approach also includes coral and sponge bycatch limits
in the trawled areas, as well as a plan for comprehensive seafloor research, mapping
and monitoring [99]. Its enforcement is based on increased observer coverage,
vessel monitoring systems and electronic logbooks, as well as its application for
other fishing practices such as bottom longlining and artisanal fishery. The same
approach has been adopted in the United States [100], freezing the existing bottom
trawl footprint, regulating areas that have low fishing effort, closing sensitive areas
such as coral gardens and seamounts and calling for further research and monitor-
ing. According to the freezing-the-footprint approach, also the National Oceanic
and Atmospheric Administration (NOAA) proposed a precautionary approach to
manage adverse impacts of fishing on VMEs [101].

In the Mediterranean Sea, MPAs usually do not overlap with deep-sea VMEs,
with the exception of the National Park of Calanques (France) and the Chella Bank
(Seco de los Olivos, Spain); the latter declared also a Site of Community Importance
(SCI) [102]. Mesophotic VMEs can be more or less accidentally included in MPAs,
sometimes at the borders of the protected area and without a real awareness of
their presence. On the contrary, a habitat-based maritime spatial planning of MPAs
is needed to guarantee the strategic protection of mesophotic important sites,
such as particular coralligenous formations, as well as forests of black corals and
alcyonaceans. Although several MPAs have been designated where seascapes are
particularly attractive for scuba divers and “beauty” has been the main reason for
their proposal [103], including some spectacular coralligenous formations, in some
areas, it is still present a limited overlap between the most visited diving sites and
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the presence of some forms of regulation, suggesting the presence of further areas
worth of protection [33].

Generally speaking, most of the VMEs identified so far are not included in
the existing FRAs and MPAs, as well as in others local form of protection. New
conservation measures, which are comprehensive of the high diversity of habitats
present all over the Mediterranean Sea, are difficult to be achieved. Recently,
several attempts have been made to identify those strategic areas whose protection
is of priority importance [6, 33, 39, 88], although they were biased by the targeted
habitats, with different scenarios depending on whether the priority is given to
deep-sea vs. coastal habitats, soft-bottom vs. hard-bottom communities, etc. For
instance, bioconstructions such as coralligenous and CWC frameworks are often
the result of centuries or even millennia of biological activities; their destruction
can be almost irreversible, and for this reason, they require the greatest attention in
any conservation measures [6]. Black coral forests can take long time to be formed
and are highly sensitive to artisanal fishery, as well as to indirect effects from trawl
fishing; thus, protected areas should be created to protect the last surviving forests
of the Mediterranean Sea [104]. Soft-bottom habitats such as I. elongata gardens
are the most sensitive to fishing pressures, particularly to trawling; they are criti-
cally endangered, representing a priority for conservation measures [39, 69]. In the
same way, sea pen fields are sensitive to trawl fishing and are very important to be
protected [88, 105]. All these priorities could be confounding for decision-makers,
and usually it is not possible to give a hierarchy of priorities for conservation since
all the habitats mentioned above are under urgent need for protection.

Despite the fragmented geopolitical scenario, the heterogeneity of fishing
practices and the different fishery resources and local settings characterizing the
Mediterranean, the abovementioned conservation approach adopted in Northeast
and North Pacific could be taken into account also in this basin for a future compre-
hensive protection of VMEs from bottom-fishing activities, particularly trawling
and longlining (Figure 3). The logbooks and Vessel Monitoring by satellite System
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Mediterranean vulnerable marine ecosystems. Modified from [101].
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(VMS), together with the closed season and closed areas, such as FRAs, are measures
already adopted for the management of fishery resources on the northern side of the
basin. All these measures could combine VME conservation and fisheries manage-
ment objectives according to the Ecosystem Approach to Fisheries (EAF) [106].

In European waters, these measures are coupled with a large-scale monitoring
of the fishing impact as part of the Marine Strategy Framework Directive [107].
The existing measures related to fisheries management could be implemented to
include the assessment of VME incidental catches and to enforce controls for illegal
fishing activities in restricted areas. However, the complex geopolitical setting of
the basin, the distance of the fishing grounds from the coasts and the lack of proper
controls do not favor its implementation. For instance, logbooks have been formally
adopted, but the information reported is often incomplete and unreliable, for both
commercial catches and discard. The use of observers onboard is still missing in
commercial fishery, while it is limited to few research projects for a short time.
Moreover, VMS data are not easily accessible and are scantly used for control,
although they can reveal certain illegal fishing activities inside a FRA [21].

The regular use of observers onboard the fishing boats could help to collect a
suite of reliable data about catches of commercial species and bycatch of vulnerable
or protected species, as well as to avoid infringements and illegal fishery on VMEs
or no-fishing areas. Observers would be also involved in the adoption and imple-
mentation of commercial encounter protocols for VMEs in order to limit impacts
by fishing practices [92, 98]. These protocols can be set up after ad hoc studies that
assess a maximum distance that a vessel should have to move after the catch (either
shallower or deeper) of a specific quota of VME indicator taxa, which would vary
depending on the species. Considering that many areas of the deep Mediterranean
Sea are still scantly explored or unknown, the report of VME incidental catches
could improve our understanding about the occurrence and distribution of these
habitats on a basin scale, representing a needed effort for a comprehensive conser-
vation of VMEs, including coral habitats (Figure 3).

Management measures, such as encounter protocols with associate thresholds
and closure areas, can be developed and implemented according to the FAO’s
International Guidelines for the Management of Deep-sea Fisheries [108] in order
to ensure VME protection from significant adverse fishing impacts. The use of
onboard observers and the correct adoption of digital logbooks could be applicable
to trawl fishing vessels and to most of the deep-sea benthic longlining vessels, which
must be equipped with VMS and/or Automated Identification Systems (AIS) in cor-
rect working order. On the contrary, the management and control of the numerous
and small artisanal fishing boats, which use gillnets and trammel nets in meso-
photic habitats, could be done though the designation of landing points, obligations
of notice of arrival in port and control of landings.

4, Conclusions

Although our understanding on the distribution and the main features of
vulnerable coral habitats in the Mediterranean Sea is still incomplete, the informa-
tion available is strong enough to support conservation strategies, based on what
is currently known. Control enforcements, employment of onboard observers and
implementation of a network of protected or fishing restricted areas are urgently
needed measures to guarantee a proper conservation of these VMEs. A network of
protected areas (mostly MPAs and FRAs) would satisfy both conservation of coral
habitats and management of fishery resources according to the EAF. Conservation
planning should take into account ecological issues and socioeconomic aspects
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related to the cost of preventing the use of these areas by humans. Public aware-
ness, stakeholder involvement and a credible system of monitoring, control and
surveillance will be fundamental to meet such conservation and management
objectives. However, it is unlikely that all the Mediterranean benthic habitats will
be comprehensively mapped in the near future. Thus, a precautionary approach for
conservation is needed to ensure that, after the closure of a specific area to destruc-
tive fishing practices (at least trawling and longlining), fishing effort is properly
managed and does not move into further areas that may be susceptible to damage
(i.e., VMEs). This approach, combined with the identification of hot spots for
conservation, would trigger an iterative process to develop effective management
solutions to protect VMEs under a precautionary approach, combining habitat
protection with maintaining commercial fishing opportunities.
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Chapter 7

Mitochondrial Group I Introns in
Hexacorals Are Regulatory
Genetic Elements

Steinar Daae Johansen and Ase Emblem

Abstract

Hexacoral mitochondrial genomes are highly economically organized and
vertebrate-like in size, structure, and gene content. A hallmark, however, is the
presence of group I introns interrupting essential oxidative phosphorylation
(OxPhos) genes. Two genes, encoding NADH dehydrogenase subunit 5 (ND5) and
cytochrome c oxidase subunit I (COI), are interrupted with introns. The ND5
intron, located at position 717, is obligatory in all hexacoral specimens investigated.
The ND5-717 intron is a giant-sized intron that carries several canonical OxPhos
genes. Different modes of splicing appear to apply for the ND5-717 intron, including
conventional cis-splicing, backsplicing, and trans-splicing. Three distinct versions of
hexacoral COI introns are noted at genic positions 884, 867, and 720. The COI
introns are of the mobile-type, carrying homing endonuclease genes (HEGs). Some
COI-884 intron HEGs are highly expressed as in-frame COI exon fusions, while the
expression of COI-867 intron HEGs appear repressed. We discuss biological roles of
hexacoral mitochondrial ND5 and COI introns and suggest that the ND5-717 intron
has gained new regulatory functions beyond self-splicing.

Keywords: backsplicing, colonial anemone, mitochondrial genome, mtDNA,
mushroom corals, sea anemone, stony corals

1. Introduction

Hexacorallia (hexacorals) represents an ecological important subclass of
Anthozoa with about 4300 extant nematocyst-bearing species [1]. Well-known
hexacoral orders include Actiniaria (sea anemones), Zoantharia (colonial anem-
ones), Scleractinia (stony corals), Corallimorpharia (mushroom corals), and
Antipatharia (black corals). Ceriantharia (tube anemones) was previously consid-
ered to be a hexacoral order, but recent studies suggest tube anemones to represent
a distinct subclass of Anthozoa [2].

Hexacorals have a global marine distribution pattern typically recognized in
tropical seas at shallow waters living in close relationships with endosymbiotic
photosynthetic alga. However, coral reefs and sea anemones in deep offshore waters
have more recently been investigated [3-6]. These cold-water hexacorals occur in
low temperatures at high latitudes or great depths. Among the approximately 1500
stony coral species known, 50% are located in cold-water habitats [7, 8]. A common
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feature among cold-water deep-sea hexacorals is that they are non-endosymbiotic
in respect to the photosynthetic alga.

Mitochondria are essential organelles of animal cells, involved in processes like
cell metabolism, cell signaling, and cell death [9, 10]. Hexacorals, like all other
animals, contain mitochondrial genomes (mtDNAs) encoding a subset (approxi-
mately 1%) of the gene products involved in mitochondrial structure and function
[11]. Complete mtDNA sequences have been determined from approximately
200 hexacoral specimens representing 133 species and 51 families from sea
anemones, colonial anemones, stony corals, mushroom corals, and black corals
(Appendix Table 1). In general, hexacoral mitochondrial genomes are vertebrate-
like in size (17-22 kb), structure, and coding capacity (Figure 1A). The circular and
economically organized mtDNA encodes the same set of 2 ribosomal RNAs and 13
hydrophobic proteins involved in the oxidative phosphorylation (OxPhos) system
[11]. However, noncanonical and optional mitochondrial genes may occur in some
hexacoral species [11-16]. More unusual features, however, are the highly reduced
tRNA gene repertoire (only 1-2 tRNA genes) and the presence of complex group I
introns [11, 17-20].

Group I introns are intervening sequences interrupting functional genes in
eukaryotic (mitochondrial, chloroplast, nuclear, viral) and prokaryotic (eubacterial,
archaeal, phage) genomes [21]. Like other mobile genetic elements, horizontal
transfer of a group I intron can affect the host by altering the function of surround-
ing genes, potentially interrupting vital processes but also creating diversity and
beneficial alterations. Mitochondrial group I introns in metazoans are rare and
restricted to some orders within the basal phyla of Placozoa, Porifera, and Cnidaria
[11, 22]. Unlike spliceosomal introns, which are abundant in the nuclear genome of
eukaryotes, group I introns encode catalytic RNAs (ribozymes) with the unique
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Figure 1.

Mitochondrial genome and group I intron. (A) Circular map presenting gene content and organization of the
sea anemone Urticina eques mtDNA. The mitochondrial genome harbors 14 protein coding genes, 2 TRNA
genes, and 2 tRNA genes. All genes arve encoded by the same DNA strand. The tRNA genes M and W (tRNA™
and tRNAT'?) are indicated by the standavd one-letter symbols for amino acids; SSU and LSU, mitochondrial
small- and large-subunit rRNA genes; ND1-6, NADH dehydrogenase subunit 16 genes; COI-IIL, cytochrome ¢
oxidase subunit I-III genes; Cyt b, cytochrome b gene; ATP6 and 8, ATPase subunit 6 and 8 genes; and HEG,
homing endonuclease gene. The ND5-717 and CO-884 introns are indicated. Photo: SD Johansen. (B) A
geneval diagram of group I ribozyme secondary and tertiary structure, according to the representation by [23].
The nine conserved secondary structuve paired segments of the catalytic cove (P1-P9) are shown, and the three
tertiary domains (scaffold, substrate, catalytic) are indicated by blue, yellow, and green boxes, respectively.
Essential nucleotide positions in P1 (U, G), P7 (G, C), and P9 (G) are indicated in ved. 5', upstream exon
sequence; 3', downstream exon sequence.
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ability to self-splice as naked RNA. These introns sometimes even code for homing
endonucleases, giving additional mobility to the ribozymes. The intron RNA
processing reaction is catalyzed by the ribozyme, which folds into at least nine
conserved paired segments (P1-P9), further organized into hallmark helical stacks
named the catalytic domain, the substrate domain, and the scaffold domain
(Figure 1B) [23-25]. Group I intron sequences are removed from precursor tran-
scripts in a guanosine-dependent two-step transesterification reaction, leading to
exon ligation and intron excision [21].

This chapter reviews recent developments in the characterization of hexacoral
mitochondrial genomes with a focus on gene organization and rearrangements, com-
plex obligatory group I introns in the NADH dehydrogenase subunit 5 (ND5) gene,
and mobile-type group I introns in the cytochrome c oxidase subunit I (COI) gene.

2. Mitochondrial gene organization and expression in hexacorals

Five common features in the gene organization can be drawn from the 200
available mitochondrial genome sequences representing all five hexacoral orders
(Appendix Table 1). (1) The 13 annotated OxPhos genes encode the same set of
proteins as in vertebrate mtDNA [26], representing Complex I (ND1, 2, 3, 4, 4L, 6,
and 6), Complex III (CytB), Complex IV (COI, II, and IIT), and Complex V
(ATPases 6 and 8). The additional approximately 70 OxPhos proteins are nuclear
encoded [27]. (2) All canonical mitochondrial genes (OxPhos genes, rRNA, and
tRNA genes) are encoded by the same DNA strand. (3) The tRNA gene repertoire is
highly reduced, corresponding to tRNA™et 3nd tRNAT™ in sea anemones, stony
corals, mushroom corals, and black corals, and only tRNA™¢ in colonial anemones
[14, 28, 29]. This indicates extensive tRNA import into mitochondria [20]. (4) The
ND5 gene is split into two exons at nucleotide position 717 (human ND5 gene
numbering [19]) by a group I intron found in all hexacorals studied so far (see
Section 3 below). (5) The mitochondrial gene synteny appears highly conserved
within, but not between, different hexacoral orders.

2.1 Order-specific gene organization

Each hexacoral order harbors a closely related primary mitochondrial gene
organization (Figure 2A). This is an interesting notion since the orders have been
separated from each other for 100 million years or more [28]. Stony corals and
mushroom corals share some mtDNA synteny [28, 30], and similarly, some seg-
ments of synteny appear conserved between sea anemones, colonial anemones, and
black corals [30]. The only mitochondrial gene synteny common to all species in all
five orders is the upstream proximity of the tRNA™* gene to the large-subunit
(LSU) rRNA gene (Figure 2). This suggests co-expression similar to that of tRNAVA!
and LSU rRNA genes in vertebrate mitochondria [26]. Recent studies in human and
rat conclude that the mitochondrial encoded tRNAV* has replaced the 55 rRNA and
become an integrated component as a structural rRNA of the mitochondrial ribo-
some [31]. Thus, tRNA™¢* is considered as an interesting candidate for a similar
dual function in hexacorals.

Deviations from the primary order arrangements have been reported in some
sea anemones, stony corals, and mushroom corals and apparently confined to non-
endosymbiotic deep-water species. Among the stony corals (Figure 2B), Madrepora
has a rearrangement in the COII and COIII gene order, and Lophelia and
Solenosmilia have a more dramatic rearrangement involving three genes (CytB,
ND2, and ND6) [19, 32]. The latter example involves a dramatic shift in the size of
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Figure 2.

Gene organization of hexacoral mitochondrial genomes. Linear presentations of circular maps. Intron-
containing OxPhos genes (yellow); intron-lacking OxPhos genes (blue); structural RNA genes (ved). The
obligatory ND5-717 introns are indicated by black lines, and the optional COI introns by arvows. (A) Primary
arrangement in the five hexacorval ovders Actiniaria, Antipatharia, Zoanthavria, Scleractinia, and
Corallimorpharia. (B) Deviations from the primary arrangement seen in the deep-water species Madrepora
oculata, Lophelia pertusa, Solenosmilia variabilis, Corallimorphus profundus, and Corynactis californica.
(C) Deviation from the sea anemone primary arrangement seen in the deep-water Protanthea simplex. MCh-I
and MCh-II, mitochondrial chromosome I and II. SSU-a and SSU-b, two alleles of the small subunit ribosomal
RNA gene. Genes located on the opposite strand in MCh-I are indicated by red dots.

the ND5-717 intron from approximately 10 kb (primary arrangement) to 6 kb (see
Section 3.1 about transfers of OxPhos genes into the intron). Two different devia-
tions were noted in the mushroom corals Corallimorphus and Corynactis [30]. These
rearrangements appear complex and involve a drastic size reduction of the ND5-717
intron from approximately 18 kb (primary arrangement) to 12 kb and 10 kb,
respectively (Figure 2B).
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The most dramatic mitochondrial genome rearrangement is seen in the deep-
water sea anemone Protanthea [16]. Here, the 21 kb mtDNA is arranged along two
circular mitochondrial chromosomes, MCh-I and MCh-II (Figure 2C). The mito-
chondrial gene order is heavily scrambled compared to the primary sea anemone
arrangement. Different from all other hexacorals, genes at MCh-I are coded on both
DNA strands. The ND5-717 intron size was increased from approximately 2 kb
(primary sea anemone arrangement) to 15 kb in Protanthea (Appendix Table 1).
Interestingly, the smaller MCh-II encodes the mitochondrial COII and one allele of
the small subunit (SSU) rRNA. Phylogenetic analysis indicates that MCh-II is hori-
zontally transferred into Protanthea from a distantly related sea anemone [16]. Not
all deep-water hexacorals have mtDNA rearrangements. The Relicanthus sea anem-
one, sampled at a depth of 2500 m, [4] harbors the primary arrangement [33].
Similarly, Bolocera specimen samples at 40 m (Atlantic Ocean) [12] and at 1100 m
(Pacific Ocean) [5] contain the same primary sea anemone arrangement.

2.2 Mitochondrial RNA in hexacorals

Mitochondrial RNAs have been investigated in a few hexacoral species
representing sea anemones, colonial anemones, and mushroom corals [6, 12,
14-16]. RNAseq data were obtained from 454 pyrosequencing and Ion Torrent
PGM sequencing. Several general features are noted: (1) ribosomal RNA constituted
more than 90% of the reads and is found to be at least 10-20 times more abundant
than most OxPhos gene transcripts; (2) all the conventional genes were transcribed,
and the Complex IV OxPhos genes appeared most expressed; (3) group I introns
were perfectly spliced out from ND5 and COI mRNA precursors; (4) COI-884
intron splicing appeared more efficient than that of the ND5-717 intron, suggesting
intron retention of ND5 mRNA [16]; and (5) noncanonical mitochondrial genes,
such as the intron-encoded HEG and non-annotated open reading frames (ORFs),
were clearly expressed. One of these ORFs, corresponding to a 306-amino-acid
unknown protein in the mushroom coral Amplexidiscus, was highly expressed and
located at the opposite strand compared to canonical OxPhos genes [16].

3. An obligatory group I intron in the ND5 gene

All hexacoral mitochondrial genomes harbor ND5-717 introns (Appendix
Table 1), making this group I intron an obligatory feature. Evolutionary analyses of
ND5-717 introns have previously been performed and show a strict vertical inheri-
tance pattern and a fungal origin [19]. Homologous group I introns at the ND5
insertion site 717 are frequently noted in the fungi Ascomycota, Basidiomycota, and
Zygomycota [34], which include mobile-type versions with HEGs [35, 36]. This
supports an ancient transfer with a subsequent progression into an obligatory strict
vertical inherited intron. Interestingly, HEG-containing ND5-717 was also reported
in the mitochondrial genome of choanoflagellates, species considered as the animal
ancestors [37].

3.1 The ND5-717 intron is a giant group I intron

Phylogenetic analysis supports the early version of hexacoral ND5-717 introns to
harbor two OxPhos genes (ND1 and ND3) in P8 [19]. This ancient organization is
represented by sea anemones, colonial anemones, and black corals (Figure 2A).
Insertions of ORFs into loop regions are a common feature in group I introns, and
engulfing these compulsory genes might be a strategy for the intron in becoming
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essential to the host genome. RNA secondary structure folding of the ND5-717
ribozyme reveals that the catalytically important G (last nucleotide of the intron)
is replaced by wA (Figure 3). This replacement is likely to have a dramatic effect on
intron biology, leading to host-factor dependent splicing and inhibition of 3’
hydrolysis-dependent intron RNA circularization [38].

In some hexacoral orders, mitochondrial genome rearrangements resulted in
additional transfers of canonical genes into the P8 segment. In stony corals two
versions of 6 and 11 genes are intron-located (Figure 2A and B). Furthermore, it
was noted that robust-clade species have developed a highly compact ribozyme core
compared to complex-clade species (and all other hexacorals) [19]. The most com-
plex ND5-717 introns are found in mushroom corals and in the Protanthea sea
anemone [6, 16, 28, 30]. Whereas three versions of 9, 11, and 15 intron-located
genes are noted in mushroom corals, 14 genes are present in P8 of Protanthea
(Figure 2B and C). The ND5-717 intron in mushroom corals represent the largest
group I intron known to date with an approximate size of 19 kb.
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Figure 3.

Structure diagram of Urticina eques ND5-717 group I intron. Conserved helical segments (P1-P10) are
indicated, and flanking ND5 exon sequences ave shown in lowercase letters. The three helical stacks, named
scaffold domain, substrate domain, and catalytic domain, are indicated by blue, yellow, and green boxes,
respectively. The last nucleotide of the intron (w), which is considered as a universally conserved guanosine
(wG) in group I intvon, is wA in hexacoral ND5-717 introns (ved circle). The P8 segment harbors the two
OxPhos genes ND1 and ND3.
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3.2 Unconventional splicing of ND5-717 introns

Mitochondrial RNA sequencing reveals perfectly ligated ND5 mRNA exons in
sea anemones [12, 15], colonial anemones [14], and mushroom corals [16], which
support a biological splicing activity of ND5-717 introns. In the mushroom corals
Ricordea and Amplexodiscus, the splicing efficiency of the ND5-717 intron was
reported to be about 10% of that of the COI-884 intron located in the same mito-
chondrial genome [16]. The complex ND5-717 intron contains 2-15 mitochondrial
genes within P8 that challenges its mode of splicing. The shortest forms of ND5-717
introns (approximately 1.6-2.4 kb) detected in sea anemones, colonial anemones,
and black corals are likely to be excised by conventional group I intron cis-splicing
from one single precursor RNA (Figure 4A).
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Figure 4.

Different modes of NDs5-717 intron splicing. A schematic group I ribozyme (Rz717; green box) is indicated
above each precursor map, and ligated ND5 mRNA is shown below. Splice sites (5'SS and 3'SS), initiation
codons (AUG/GUG), and stop codons (UAA) are indicated. (A) Cis-splicing performed from a single
precursor RNA wheve both ND5 exons are in a conventional ovder (exon 1-exon 2). (B) Backsplicing
performed from a single precursor RNA where both ND5 exons ave in a non-conventional order (exon
2-exon 1). (C) Trans-splicing performed from two separate precursor RNAs, each containing one ND5 exon.
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The longest forms of ND5-717 introns (approximately 15-19 kb), present in
mushroom corals [28, 30] and the deep-water Protanthea sea anemone [6], contain
almost the entire mitochondrial genome within P8. Recently, experimental support
of intron removal by backsplicing in mushroom corals was reported [16]. It was
found that the primary ND5 transcript contains a permuted exon arrangement
where exon 2 is followed by exon 1 (Figure 4B). Correct ND5 exon ligation was
achieved by involving a circular exon-containing RNA intermediate, which is a
hallmark of intron backsplicing [16]. This is the first example of a natural group I
intron removed by backsplicing and may explain why some hexacorals tolerate
giant ND5-717 group I introns.

How the ND5-717 introns in stony corals are removed from their precursors by
splicing is currently not known. These introns (sizes from approximately 6-12 kb)
[19, 39] may be too large and complex to be removed by conventional cis-splicing,
and the ND5 exons may be too distant apart for backsplicing. Thus, a more plausible
alternative is trans-splicing that generates a ligated ND5 mRNA from two separate
precursor RNAs (Figure 4C). An interesting notion is that group I intron trans-
splicing has been reported in mitochondrial transcripts of placozoan animals [40].

4. Mobile-type group I introns in the COI gene

The gene encoding COl is a frequent host of group I introns in hexacoral mito-
chondrial genomes. Of the total 133 species inspected (Appendix Table 1), about
50% harbor an intron insertion. COI introns are present in all five hexacoral orders,
but at different distribution patterns.

4.1 Three different insertion sites in the COI gene

The COI gene is interrupted by group I introns at three genic positions, where each
intron site represents a unique evolutionary history [14, 41]. The intron insertion sites
correspond to positions 720, 867, and 884 (human COI gene numbering [19]). The
COI-884 introns are widespread in hexacorals, present in most investigated species
of sea anemones, mushroom corals, and black corals, as well as a few stony corals
(Appendix Table 1) [12, 41, 42]. Colonial anemones harbor COI-867 introns [14],
and some Indo-Pacific stony coral species contain COI-720 introns [41, 43]. It appears
that hexacorals are infected at least three times by COI introns or that this mitochon-
drial gene is subjected to recurrent group I intron invasion and extinction.

COl introns at different insertion sites are distinct in their ribozyme secondary
structure, exemplified by the Urticina sea anemone and Zoanthus colonial anemone
introns COI-884 and COI-867, respectively (Figure 5A and B). A common feature,
however, is the large insertion within helical segment P8 harboring a HEG that
codes for a homing endonuclease of the LAGLIDADG family. These HEGs extend
beyond P8 and into the ribozyme domains [12, 14, 15, 43]. Thus, COI-720, COI-867,
and COI-884 intron sequences possess dual coding potentials of catalytic RNAs and
homing endonucleases. This integration of the endonuclease into the ribozyme core
structure ties the two elements closer together, making the endonuclease less prone
to degradation.

4.2 Expression of intron-encoded homing endonucleases

Mobile-type introns, like the hexacoral mitochondrial COI introns, promote
homing into cognate intron-less alleles by gene conversion [44, 45]. Intron homing
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Figure 5.

COlI introns and HEG expression strategy. (A) Secondary structure diagram of the sea anemone Urticina eques
COI-884 group I intron. The conserved paired segments of the catalytic core (P1—P10) are shown, and flanking
COI exon sequences are in lowercase letters. The P8 extension containing the HEG is indicated. Note that the
HEG stop codon (UAG; ved box,) refers to the last three nucleotides of the intron. The three helical stacks are
indicated by blue, yellow, and green boxes. (B) Secondary structure diagram of the colonial anemone Zoanthus
sansibaricus COI-867 group I intron. The P1—P10 core segments are shown, and the P8 extension containing
the HEG is indicated. Flanking COI exon sequences are in lowercase letters. Note the HEG initiation codon
(AUG; green box) and stop codon (UAG; red box) are located in the 5" end and 3' end, respectively, of the
intron sequence. The three helical stacks are indicated by blue, yellow, and green boxes. (C) Organization of
homing endonuclease transcripts from the COI-884 intron (Urticina eques; left) and the COI-867 intron
(Zoanthus sansibaricus; right). While the COI-884 intron transcript is in-frame with the COI exon 1 and
highly expressed, the COI-867 intron transcript is freestanding within the intron and repressed. HE, homing
endonuclease.

is initiated by a DNA double-strand break catalyzed by the intron-encoded homing
endonuclease. Expression of HEGs has been studied in COI introns of sea anem-
ones, colonial anemones, and mushroom corals [12, 14-16]. Two main versions
were noted, leading to either highly expressed or repressed HEGs (Figure 5C).

(1) The most successful mode of expression is the in-frame COI-HEG fusion
strategy. The HEG, which covers most of the intron sequences (including the
ribozyme encoded parts), is fused in-frame with the 5" COI exon. Highly expressed
in-frame HEGs are observed in the sea anemones Urticina and Bolocera [12], and
similar in-frame organizations appear common in other sea anemones such as
Isosicyonis, Phymanthus, Actinia, and Stichodactyla ([15, 46, 47]; our unpublished
results). A COI fusion strategy for intron HEG expression in mitochondria, how-
ever, is not unique to sea anemones since several fungi are using this approach

[44, 48]. (2) Truncated in-frame fusions or freestanding intron HEGs result in
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significant lower expressions. This is observed for COI-884 introns of Hormathia
and Anemonia sea anemones [12, 15], COI-884 introns of mushroom corals [16],
and COI-867 introns of colonial anemones [14].

5. Concluding remarks

A hallmark of hexacoral mitochondrial genomes is the presence of self-catalytic
group I introns. What is the biological role of these mitochondrial introns—are they
purely selfish genetic elements, or could they have gained new regulatory functions
beyond self-splicing? Current knowledge suggests a fungal origin of the hexacoral
introns [19, 34, 49]. The group I introns in the COI gene encode LAGLIDADG-type
homing endonucleases, consistent with intron mobility between cognate intron-less
alleles [12, 45]. The hexacoral COI introns appear gained and lost in multiple cycles
during the last 0.5 billion years [42], which supports a selfish intron behavior.

The ND5-717 intron is apparently obligatory in hexacoral mitochondrial
genomes, making this genetic element an interesting candidate in gene regulation.
Similar obligatory group I introns have been noted in the chloroplast tRNA™" gene
of all green plants and in the nuclear LSU rRNA gene of all Physarales myxomycetes
[50, 51]. These obligatory mitochondrial, chloroplast, and nuclear introns are con-
sidered domesticated group I introns that may have gained new host-specific func-
tions beyond self-splicing [21, 25]. The mitochondrial ND5 mRNA stability has a
key role in respiratory control in higher animals; it is tightly regulated and contains
m'A base modification [52-54]. Intron retention of ND5 mRNA was recently
reported in mushroom corals [16], suggesting possible host regulatory functions in
hexacorals. Thus, further investigations on hexacoral mitochondrial intron func-
tions and biological roles are needed and highly welcome.

Acknowledgements

We thank current and former members of the research teams at the Genomics
Group (Nord University) and the RNA Group (UiT—The Arctic University of
Norway) for discussion and support. A special thanks to the former PhD students
Sylvia Ighem Chi and Ilona Urbarova for thoroughly investigating hexacoral geno-
mics.

Conflict of interest

The authors declare that they have no conflict of interest.

A. Appendix

In January 2020 about 200 hexacoral mitochondrial genomes have been
completely, or nearly completely, sequenced. These mitochondrial genomes repre-
sent all 5 hexacoral orders, 51 families, 77 genera, and 133 distinct species. All
specimens (100%) harbor ND5-717 and approximately 50% harbor COI introns.
Key features are summarized in Appendix Table 1.
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