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    This book, edited by De-Sheng Pei and Muhammad Junaid, emphasizes that the oceans are a vast but fragile resource that must be protected if we want to protect our livelihoods and our planet. Although marine pollution is a topic of concern for a long period of time, it has recently attracted the significant attention of scientific and non-scientific debate circles, including environmentalists, economists, and politicians. The chapters on methods to assess pollution provide important information for identifying, measuring, and remediating various pollutants, while the chapters on known pollutants and their management point out how widespread the problems are and how intense international effort is required to resolve the problems.




    Besides providing food, transportation and lifestyle resources, the oceans serve as a vast sink to absorb increases in global heat, mitigating at least temporarily more extreme changes in global climate. But in doing so, oceans also present a threat to coastal communities by altering local weather patterns and disrupting local livelihoods with changes in acidity and temperature.




    This book will prove to be a useful resource for students, researchers, and policymakers, who are working on the management and protection of the world’s valuable marine resources and environment.
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    There are increasing environmental concerns about the current status of the world’s oceans. The rapid development of industrial zones and growth of human population in coastal areas have led to exploitation of marine resources resulting in chemical pollution from industry, domestic wastewater intrusion, invasion of non-native species, toxic algal bloom, and microbial pathogens. On the other hand, earth’s oceans offer abundant food resources, easy shipping, and coastal living. In this book, the experts from different countries in Asia, Europe, and America give their overviews and opinions about the current status of marine pollution, environmental impacts, and possible remedies.




    Introductory Chapter 1 highlights the overall theme of this book: the importance of oceans in the 21st century. This chapter orderly presents an overview of pollution dynamics including inorganic pollutants (heavy metals, metalloids), organic pollutants (POPs-persistent organic pollutants, PAHs-polycyclic aromatic hydrocarbons, and PCBs-polychlorinated biphenyls), microplastics, and algal blooms in the marine environment. The second section specifically introduces the negative impacts of marine pollution and assessment methods to highlight the toxicity of marine pollutants. The last section of Chapter 1 is an overview of various remedial techniques, such as bioremediation, phytoremediation, and the challenges related to marine pollution. Chapter 2 describes common sampling procedures for the most diverse and abundant marine organisms that comprise ecosystem components under the Essential Ocean Variables (EOVs), such as phytoplankton, zooplankton, and fish. In this framework, biodiversity is assessed based on the status of ecosystem components, including phytoplankton biomass and diversity, zooplankton biomass and diversity, fish abundance and distribution, as well as marine turtle, bird and mammal abundance and distribution.




    Chapters 3 & 4 highlight the important reactions of metals and non-metals with inorganic and organic constituents in marine water and sediments. In addition to these reactions, Chapter 3 also covers biokinetic aspects of two major marine environmental problems: eutrophication and the release of organotin compounds and copper from antifouling paints used on ships’ hulls, as an example of the effects of uncontrolled introductions of metals and non-metals on marine ecosystems. Chapter 4 highlights natural and anthropogenic sources of metals and non-metals, as well as their toxicity and accumulation in different marine organisms. Chapter 5 discusses pollution dynamics of organic contaminants and associated impacts in marine ecosystems. These contaminants include persistent organic pollutants (POPs), such as pesticides, brominated flame retardants, perfluoroalkyl compounds, fluorotelomer alcohols, perfluoroalkyl sulfonic acids (PFSAs), perfluorocarboxylic acids (PFCAs), fluorotelomer carboxylic acids, fluorotelomer sulfonic acids, and fluorinated polymers. Apart from POPs, microplastics and accidental oil spills are also highlighted in terms of their growing concern in oceanic gyres. Chapter 6 explores monitoring of organic pollutants in the marine ecosystem, including fate, distribution, and behavior of PCBs, as well as uptake of organic contaminants/PCBs by marine organisms.




    Chapter 7 describes pollution dynamics along the Pakistan coast with special reference of nutrient pollution. In this Chapter, the magnitude of pollution (organic and inorganic) in coastal environments of Pakistan is discussed including plastic pollution, and enrichment of macro-nutrients in coastal waters leading to the explosion in frequency of harmful algal blooms. Chapter 8 explores ecotoxicology of heavy metals in marine fish. The authors review the occurrence and chemistry of heavy metals in the marine environment, as well as the bioaccumulation and toxicity of heavy metals in marine fish. Chapter 8 also summarizes the public health risks due to the consumption of heavy metals’ contaminated fish. Chapter 9 highlights the effects of microplastic on the marine ecosystem. Further, several aspects related to research gaps for the management of microplastic waste are proposed. Chapter 10 explores methods to measure toxicity in flora and fauna exposed to different categories of marine pollutants, their sources, various exposure routes, and associated toxicological impacts on marine organisms. Chapter 11 covers the topic of chemical toxicity screening by using marine medaka (O. melastigma) as a model system. This chapter provides the recent research progress in the toxicological impacts and responsive biomarker of O. melastigma caused by various marine pollutants, such as heavy metals, endocrine disruptors, and organic pollutants.




    Chapter 12 reviews the problems of invasive species in Andaman and Nicobar Islands, Andaman Sea, India. Chapter 13 highlights the problems of dispersal of invasive species through marine ecosystems with a special focus on the case study of five invasive species and associated problems. Chapter 14 describes the effects of the disturbing unique island biodiversity of marine protected areas linked with the environmental changes influenced by anthropogenic activities, overexploitation of resources, and the habitat loss due to developmental activities and natural change in climate. Chapter 15 presents information on monitoring environmental indicators and bacterial pathogens in aquaculture practices impacted the Muthupettai Mangrove Ecosystem, Tamil Nadu, India. This chapter, a research article instead of a review, reports on the vulnerability of the mangrove ecosystems after continuous discharges of untreated aquaculture effluents have caused water quality to deteriorate so far that physiochemical parameters and bacterial pathogens highly exceed WHO, EU, and CPCB standard permissible limits.




    Chapter 16 highlights the vast potential of marine microbes (bacteria and fungi) for their application in bioremediation of heavy metals. This chapter also discusses the specific factors influencing heavy metal bioremediation including biotic and abiotic factors. Chapter 17 focuses on bioremediation of low and high-molecular-weight polycyclic aromatic hydrocarbons (PAHs) in the marine environment through bacterial and fungal strains (lignolytic fungi and non-lignolytic fungi). Further, recent advancements in applications of genomics, proteomics and metabolomics technologies for in-depth investigation of microbial communities involved in PAHs remediation are summarized. Chapter 18 provides final thoughts and concluding remarks.




    This book contains the latest progress in the theoretical background of marine pollutants, occurrence, distribution, risk assessment, and the bioremediation in the marine environment, which will be of specific interests for academic scientists, students, and government officials to develop background knowledge of marine pollution based multidisciplinary research.
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      Abstract




      Marine ecosystem covers two-thirds of the earth’s surface, and is characterized by its rich biodiversity and endemism of marine life. However, like many other ecosystems, it has been subject to diverse anthropogenic pressures, such as climate change, pollution, and biodiversity losses. In the first part of the book, we discussed the pollution dynamics of the inorganic pollutants (heavy metals, metalloids) and organic pollutants including persistent organic pollutants (POPs), polycyclic aromatic hydrocarbons (PAHs), polychlorinated biphenyls (PCBs), microplastics, nutrients, and algal blooms in the marine environment. Marine pollutants can have a wide range of pollution sources that are able to cause deleterious effects on marine flora and fauna. The second section of the book specifically elucidates the toxicity assessment by using marine model organisms. It provides extensive new insight into screening biomarker genes combined with advanced gene editing applications. In the last section of the book, various remedial techniques, such as bioremediation and phytoremediation, were discussed whether it could be beneficial to deal with the challenges of marine pollution.
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    According to the United Nations Convention on the Law of the Sea (UNCLOS), the marine pollution is defined as “the introduction by man, directly or indirectly, of substances or energy into the marine environment, including estuaries, which results or is likely to result in such deleterious effects as harm to living resources and marine life, also hazardous to human health” (Williams, 1996). The driving factors for emissions of marine pollutants include infrastructure development, human settlements, anthropogenic interventions, resource utilization, agriculture




    activities, industrialization, and tourism (Derraik, 2002). The prominent marine pollutants of major concern include inorganic elements, persistent organic pollutants, microplastics, radionuclides, and oil spills. Most of these pollutants are interlinked in terms of their sources, jeopardizing the marine environment, and ecological resources. However, the existing classification of marine pollutants needs to be redefined (Islam & Tanaka, 2004). Due to the marine fisheries and commercial exploitation of coasts, most of the coastal areas in the world have been severely affected by marine pollution. Therefore, control of marine pollution is critically important and immensely needed for the conservation of marine ecology and sustainable management of resources. In addition, there is a scientific knowledge gap about marine pollution, which is also a constraint for controlling marine pollution.




    The problem of marine pollution is dated back to the history of human civilization due to the anthropogenic interventions (Islam & Tanaka, 2004). However, this issue failed to receive considerable attention until recently when the consequences of marine pollution reached a threshold level and resulted in adverse impacts on the ecosystem and climate change. Now, marine pollution and associated hazards have become major environmental concerns around the globe. Among marine pollutants, persistent organic pollutants (POPs) are carbon-based legacy organic pollutants, which exhibit a high environmental persistence and toxicity (Tieyu et al., 2005). POPs have attained a considerable global attention due to their potentials for long-range transport, persistence behavior, lipophilic nature, bio-accumulation, and biomagnification in the ecosystems, as well as their pronounced adverse effects on the environment and human health (Harrad, 2009). POPs usually include polychlorinated biphenyls (PCB), organochlorine pesticides (OCPs), brominated flame retardants (FBRs), polyfluorinated sulfonamides (FSAs), and other industrial chemicals, such as unintentional by-products of many industrial processes, especially polychlorinated dibenzofurans (PCDF) and dibenzo-p-dioxins (PCDD), commonly known as 'dioxins' (Tieyu et al., 2005). In 2001, the Stockholm Convention under the umbrella of United Nations Environment Programme (UNEP) enlisted the sources, behavior, fate, and effects of POPs. This Convention was enacted in 2004. In 2008, 180 parties had accredited the Stockholm Convention in order to cope with POPs mediated hazardous impacts on human health and the environment. Initially, the Convention had listed 12 POPs for eradication and named them as “dirty dozen” that included DDT, aldrin, dieldrin, chlordane, heptachlor, hexachlorobenzene, mirex, polychlorinated biphenyls, polychlorinated dibenzo-p-dioxins, polychlorinated dibenzofurans, and toxaphene (Xu et al., 2013).




    A comprehensive study reported the contamination of POPs (organochlorine compounds) in the coastal water samples collected from 30 beaches of 17 countries, and the highest concentration was found at the coasts of USA, followed by Western Europe and Japan; while the lowest levels of POPs were reported at the coasts of tropical Asia, Australia, and Southern Africa (Ogata et al., 2009). POPs also include polycyclic aromatic hydrocarbons (PAHs) as the priority class of organic pollutants, which are primarily emitted from incomplete combustion of petroleum products in automobiles, industries and also through the pyrolysis of organic materials. In the marine environment, several processes, such as deposition through the atmosphere, industrial sewage, transport (marine ships), oil spills, and terrestrial runoff, are the potential sources of PAHs (Hamid et al., 2016). POPs exhibit exceptionally long retention time in the living bodies, pass through different stages of the food chain, and result in biomagnification at higher trophic levels. Further, persistent compounds can be bio accumulated and bio concentrated at the low trophic levels (Hamid et al., 2016).




    PCBs, organochlorines, organometallics, polychlorinated dibenzodioxin (PCDDs), and polychlorinated dibenzofurans (PCDFs) are compounds, which are usually present in elevated concentrations in the tissues of the exposed animals at higher trophic levels (Pérez-Carrera et al., 2007). Bioaccumulation and bioconcentration may be the consequences of biomagnification process along the food chain in the marine ecosystem. The vertebrates and invertebrates in the aquatic ecosystem absorb different pollutants that can cause acute and chronic toxicity after magnification (Islam & Tanaka, 2004). Although many studies are available on the levels of pollutants in the marine ecosystems and their consequences, the precise and conclusive review of those studies is still elusive, which has been summarized in this book. This issue of organic contamination in the marine pollution is alarming to the extent that the Scientific Committee of International Whaling Commission (IWC) devised and launched a comprehensive program “Pollution 2000+” to elucidate the cause-and-effect relationship in cetaceans (Helmerhorst et al., 1999). The objective of this program was to develop a predictive model that can link the concentration of the pollutants in the tissues with its effects at the population level. Pollution 2000+ specifically focused on PCBs as model organic pollutants to determined effects for organochlorine pesticides (OCs) pollution (Helmerhorst et al., 1999).




    Inorganic components include inorganic nutritive ions such as phosphates and nitrates, sulfur, arsenic, aluminum, cadmium, lead, mercury, and nickel, gases like carbon dioxide and metals. All of these inorganic ions are essential for maintaining ecological balance (Islam & Tanaka, 2004). Nevertheless, when these ions occur in higher concentrations, they affect the natural ecological harmony also affect the aquatic organisms. For example, Nitrogen and Phosphorous act as a stimulus to increase the algal production. If the biomass production remained increased, then the algal layer becomes thick that prevent the sunlight and oxygen to reach the lower part (Almeida et al., 2007). Hence, low level oxygen deteriorates the marine life mainly invertebrates such as mollusks, worms, crustaceans and fish. However, aluminum, cadmium, lead, and mercury represent the group of toxic metals that are hazardous for human health. It is worth mentioning that the concentrations of aluminum in marine organisms is of extreme importance because this element is neurotoxic to humans and it may be responsible for Alzheimer’s disease (Xu et al., 2013). Moreover, the increase in cadmium, sulphate, and nitrate concentrations with depth are due to the decomposition of organic matter and consequent release of both nutrients as well as cadmium (Fergusson, 1990). Elevated Cadmium ions are distributed and accumulated in marine organisms and caused kidney failure, bone diseases, infertility, and different types of tumors in humans (Craig & Jenkins, 2004).




    Furthermore, some inorganic compounds are microelements such as organometallic compounds which are emitted from agriculture and industrial activities are exhibiting high toxic potentials for the marine ecosystem. The toxicity of such compounds depends on both the metal atom and the organic compound bound to the metal (Craig & Jenkins, 2004). The toxicity of metals (mercury, chromium, selenium, cobalt, molybdenum, vanadium, iron, rhodium, iridium, silicon, germanium, tin, tungsten, manganese, and platinum) bearing organic compounds is elucidated not only through the inductive and composition resonance with steric characteristics, but also by using polarizability (Almeida et al., 2007; Mantoura, 1981).




    Organometallic compounds, such as methylmercury, butyl tin, phenyl tin, and diethyl lead, are predominantly presented in the marine ecosystem (Wong et al., 1982). These compounds enter the aquatic ecosystem from the shipyard cleaning activities and landfill leaching. Similarly, the organolead compounds are persistent in the marine environment, because they had been used as anti-knocking agents after 1920s for almost more than a half-century (Craig & Jenkins, 2004). Mercury is also abundantly distributed in the marine ecosystem due to the natural earth process and anthropogenic activities. Methylmercury (MeHg) is a highly toxic organometallic compound, which is produced by marine microbes through using inorganic mercury. MeHg exhibited an augmented potential for bioaccumulation and biomagnification in the food chain at higher trophic levels (Almeida et al., 2007).




    The 21st century has been termed as the plastic age because of the widespread use of plastics. Plastics are being abundantly consumed in the industries and households, which can be observed almost everywhere due to their specific characteristics, such as good malleability, low density, low cost, and durability. It was estimated that the global production of plastic reached 335 million tons in 2016 (Jambeck et al., 2015). According to the annals of UNEP for 2014, marine plastic pollution was listed as one of the ten alarming environmental problems that need an urgent and sustainable solution (UNEP, 2014). The distribution of marine plastic greatly influenced by the water currents in the sea, whereas they are more evenly distributed in the oceans with high density in specific regions (Browne et al., 2015). According to estimates, about 480-1279 tons of plastic debris entered the ocean annually (Jambeck et al., 2015). Plastics are usually non-degradable and can last several hundred to thousand years in the environment. Alarming concerns of plastics are raised because of their persistent nature and their potential to transport POPs into the marine environment (Ng & Obbard, 2006).




    Microplastics (MP) are known as the small particles of plastic size less than 5 mm defined by the National Oceanic and Atmospheric Administration (Jambeck et al., 2015). They enter into the marine environment from the direct sources such as industrial accidental spillages and usage or the release of microbeads used in cosmetics through wastewaters (Browne et al., 2015). MP is considered as a new emerging pollutant and concerned researchers have started to study their effects and risks in marine environment. MP pollution has been listed as the second major scientific problems in the field of environmental and ecological science in 2015. The plastic (including the MP) pollution of the marine environment was also considered as the major global environmental problems together with ocean acidification, de-oxygenation, ocean warming (Almeida et al., 2007).




    Due to the ever-increasing pollution in the marine environment, many of the aquatic organisms have been recommended as suitable environmentally relevant models, which are used as the indicators of ecotoxicity research. Among these model organism, fish species are of particular importance. Fish is more sensitive to many toxicants, compared to other invertebrates. The presence of pollutants in the marine environment can be monitored directly in the environmental matrices or through analyzing them in the fish, such as tissues, body fluids, and liver (Sures, 2001). In fact, the response of biomarkers is relatively quick and they prove as an indicator or initial warning system for biological effects to predict the toxicity of environmental pollutants. For instance, cyp1a1 is a specific biomarker for organic aromatic chemical exposure, which can be estimated by determining the level of ethoxyresorufin-O-deethylase (EROD) activity in the liver of fish.




    Among fish models, zebrafish (Danio rerio) and Japanese medaka (Oryzias latipes) are fresh water, while marine medaka (Oryzias melastigm) is an emerging marine model to study the ecotoxicology in the aquatic environment (Dodd et al., 2000; Wittbrodt et al., 2002). Further, the transgenic fish are also employed for toxicity screening, which offers more precise and advanced systems to unveil the mechanistic toxicity (Lele & Krone, 1996; Nebert et al., 2002). Similarly, there are different fluorescent protein reporter systems (e.g., GFP, RFP) that are capable of tracking pollutants by real-time visualization of fluorescence signals in living embryos and organisms (Sures, 2001). In addition, the toxicity of the organic chemical is also measured through quantifying the transcriptional levels of heat-shock proteins, which are activated via aryl hydrocarbon receptor pathway usually together with cyp1a1. Toxicity of estrogen-like compounds can be quantified through assessing the expression levels of vitellogenin (Vtg), choriogenin H (ChgH), and choriogenin L (ChgL) (Sures, 2001).




    Regarding the marine flora, seagrass is well known for its potential to interact and bioaccumulate with pollutants. The hazardous pollutants severely affected its growth (Cabaço et al., 2008; Gacia et al., 2003). Sometimes the turbidity of marine water increase due to the high amount of suspended particles, which cause growth difficulties for photosynthetic micro aquatic plant species and other benthic organisms that need larval settlements (Gallegos, 2001). Moreover, turbidity also increases the temperature of water, because the suspended particles tend to absorb more heat (Glynn, 1993). It is worthy to mention here that some of the host plants are not merely affected by turbidity, but also leave elevated stress on their associated epiphytes, such as microalgae and microphytobenthos. (Glynn, 1993). Some of the coastal areas and estuarial environment are also observed with high eutrophication episodes. Eutrophication can be defined as “the process by which water becomes enriched in dissolved nutrients (such as phosphates), and the dissolved nutrients stimulate the growth of aquatic plant life”. Various pollutants, such as domestic sewage, detergents, industrial effluents, and agriculture run-off, cause eutrophication when they enter the marine environment (Edinger et al., 1998). Eutrophication can cause severe damage to the marine flora, e.g. the biodiversity of coral reefs reduced up to 60% due to the alarming levels of eutrophication caused by nutrients. (Edinger et al., 1998).




    For the bioremediation of marine contaminated media, such as water, sediments, and subsurface materials, many techniques have been employed based on microorganisms (Bouwer & Zehnder, 1993). Microorganisms can extract energy from all the organic and inorganic pollutants through various pathways, therefore 80% of the microbial bioremediation studies employed bacterial strain to achieve high treatment efficiency. Further, the microbial remediation of heavy metals’ contamination has several benefits, such as environment-friendly process, cost-effective, self-reproducible, and bio-products reuse. In addition, the microorganisms are adaptable, therefore, they have intensively used for the treatment of inorganic and organic contamination (Biache et al., 2017). Microbial remediation is usually a long-term approach to marine pollution (Alvarez et al. 2017). In fact, microbial bioremediation of heavy metals and other compounds lead to their immobilization and solubilization in the media, which is a critical step for treatment of pollutants (Kuppusamy et al., 2017). Generally, oil or petroleum contaminated sites exhibit POPs (specifically PAHs) degrading microbial community to a large extent (Zafra et al., 2017). Many of the previous studies have reported for isolating various types of bacteria from the contaminated sediments, which have been involved in the degradation of PAHs, especially the low molecular weight PAHs, such as naphthalene and phenanthrene, which usually present in high concentrations. (Kuppusamy et al., 2017; Li et al., 2017).




    For the bioremediation, the bioavailability of the target pollutant is the most critical and important criterion. Under certain circumstances, the adverse effects caused by heavy metals and PAHs in the marine environment rehabilitate by surfactants up to a smaller extent (Ron & Rosenberg, 2002). Surfactants can act as metal complexing agent, increase the hydrophobicity of the cell surface, and promote the transmembrane transport (Zafra et al., 2017). Microbial responses to pollutants through uptake, bioremediation, and tolerance vary with different organisms. Similarly, organisms use various strategies to cope with the stress caused by heavy metals and their responses may vary at genus as well as species level. For example, A. sydowii showed maximum tolerance to as among different species of marine-derived Aspergillus fungus, such as A. sydowii, A. niger, A. flavus, and A. candidus (K. et al., 2011; Vala, 2010; Vala & Dave, 2017). The freshwater microalgal species, C. reinhardtii, C. vulgaris, and C. miniata, can be used to remove the divalent heavy metals (Cd, Pb, Hg, Cu, Ni, and Zn), whereas S. platensis and C. vulgaris can remove trivalent metals (Cr and Fe). C. vulgaris and C. miniata can remediate the hexavalent metals (Cr) (Suresh Kumar et al., 2015).




    

      CONCLUSION




      This book comprehensively highlighted almost entire aspects of the marine pollution, initiating from the current status, distribution, sources of legacy and emerging pollutants in various marine environmental and biological matrices from diverse spatial and temporal scenarios, then advancing with the direct or indirect impacts of marine pollution on the marine flora and fauna in terms of mechanistic toxicity via various exposure routes and associated pathways. The second last portion of this book especially provided useful insights about the monitoring of marine pollution using advance, efficient, and environmental friendly biological methods. The last section of this book focused more about indirect effects of marine pollution or problems of invasive species and challenges to the marine protected area, and most importantly this section also provided biological solutions and remedies for marine pollution. Considering the vast nature of this book, editors are hopeful that it will prove as a useful resource for students, researchers, and policymakers, who are working on management and protection of marine resources and environment. Hence, the precise and filtered knowledge about the current dynamics of pollution in the marine ecosystem, associated ecological losses, and possible remediation strategies is still elusive. The implementation of existing regulations to abate and control marine pollution is urgently needed. It is essential to devise more international agreements to address the problems related to marine pollution to achieve the targets of sustainable development. A policy framework is also required that include marine environment protection laws, source-based monitoring, control of marine pollutants, waste disposal, and management strategies. Importantly, the rational uses of plastic and microplastic materials should be promoted to control plastic waste in the marine environment. Forums should be established for public awareness about the hazardous impacts of marine pollution and introduce an innovative solution to reduce the number of pollutants entering the marine environment. Lastly, the cutting edge scientific research should continue to understand the scope and scale of marine pollution. Future studies may focus on the most urgent topics, such as devising the standard methods for precisely analyzing the emerging pollutants in environmental. These studies ultimately can assist to understand the global distribution of marine pollution, and are also useful to assess the long-term effects of pollutants on marine biodiversity and trophic transfer of pollutants along the food chain.
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      Abstract




      Marine life remains far less well documented than terrestrial biodiversity. The main reason resides in the vastness of the ocean. Ocean waters, with an average depth of ≈3,800 m, cover 71% of the world’s surface. The difficult access, the complexity of the logistics (any study below the top few meters of the ocean requires large means, specialized personnel, and equipment), and the high cost of research have determined the majority of studies being performed in the terrestrial environment. However, in recent times, this severe imbalance has started to reverse. This is mainly due to the implementation of supra-governmental cooperation programs. Due to human-driven ecosystems alteration, over-fishing, ocean acidification, and chemical pollution (together with other threats), multiple marine species are endangered, so this effort is more than ever relevant and eminently urgent. Recently, the Global Ocean Observing System (GOOS) has proposed, the development of an integrated framework for continued and systematic ocean observation. This framework is based on Essential Ocean Variables (EOVs) aiming to provide a credible response to scientific and societal issues, a high feasibility for sustained observation, and cost-effectiveness. Ecosystem EOVs have been developed. In this framework, biodiversity will be assessed based on the status of ecosystem components, nominate phytoplankton biomass and diversity, zooplankton biomass and diversity, fish abundance and distribution (as well as marine turtle, bird and mammal abundance and distribution). Recommendations for each EOV, including what measurements are to be made, but up to this point those recommendations do not exist. This chapter will try to identify common sampling procedures for the most diverse and abundant marine organisms considered as ecosystem components under the EOVs, i.e., phytoplankton, zooplankton, and fish.
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      INTRODUCTION




      The most consensual agreed definition of biodiversity, “the variability amongliving organisms from all sources including, inter alia, terrestrial, marine and other aquatic ecosystems and the ecological complexes of which they are part; this includes diversity within species, between species and of ecosystems”, can be found in article 2 of the Rio de Janeiro Convention on Biological Diversity (GBO, 2014). This binding agreement had the conservation of biodiversity at its core, and it makes clear that already by 1992 (when realities like global warming and climate change were just the concern of a few), biodiversity was recognizably facing accentuated alteration under the pressure of growing anthropogenic impact. Two and a half decades later, protection measures, either at species or ecosystems levels, are still infrequent. Moreover, a broad understanding of all of the components and functions of marine ecosystems as well as a thorough registry of marine biodiversity are lacking. Biological diversity has to be documented and understood before it can be totally preserved (Zampoukas et al., 2014).




      Marine life remains far less well documented than terrestrial biodiversity. Considering the major taxa, current knowledge indicates that diversity is much greater in the sea as compared to freshwater or land. Thirty-two of the currently recognized 34 animal phyla occur in oceanic waters, being 16 exclusively marine. Other major animal phyla, including the cnidarians, sponges, as well as the non-metazoan brown (Phaeophyta) and red algae (Rhodophyta) are largely marine (Chapman, 2009). This reflects the ocean as the cradle of life. However, species diversity is far lower in the sea (≈250,000 species registered) than on land (1.4 - 1.7 million). The main reason possibly resides in the vastness of the ocean. Ocean waters, with an average depth of ≈3,800 m, cover 71% of the world’s surface. As a result, the marine environment is physically much less variable in space and time than the terrestrial environment, lowering genetic connectivity and speciation rates (Paulay & Meyer, 2002). Additionally, the most diverse group within the animal kingdom, the insects, together with that in the plant kingdom, the angiosperms, is largely restricted to terrestrial and freshwater environments. The higher species richness of the terrestrial and freshwater habitats together with a comparatively higher easiness of access (any study below the top few meters of the ocean requires large means, specialized personnel and equipment being, thus, highly expensive) have determined the majority of studies being performed in the terrestrial environment. According to Hendriks and Duarte (2008), of the 13336 articles concerning biodiversity published between 1987 and 2005, 72% addressed terrestrial ecosystems. However, in recent times, this severe imbalance has started to reverse. This is mainly due to the implementation of supra-governmental international cooperation programs, such as the United Nations’ The World Ocean Assessment, the Oslo and Paris Commissions (OSPAR and cooperating entities on data collection, e.g., ICES), the HELCOM Monitoring and Assessment Strategy, the Convention on Protection of the Black Sea Against Pollution, and multiple EU funded projects.




      Human-driven ecosystems alteration, over-fishing, ocean acidification and chemical pollution (together with other threats) endanger marine species. Many mammals, birds, reptiles, and fish are currently in danger of extinction (Mark J. Costello, 2015; Mark J. Costello & Scott Baker, 2011; Webb & Mindel, 2015). Global, regional, and local scale assessments need data collected by similar methods and procedures in order to produce variables that can be integrated for analyses (Pereira et al., 2013). The EU Marine Strategy Framework Directive (2008/56/EC) requires that European marine waters achieve a Good Environmental Status (GES) by 2020 (Boero, Dupont, & Thorndyke, 2015). It links ecosystem components, anthropogenic pressures and impacts on the marine environment and it contains the explicit regulatory objective that “biodiversity is maintained by 2020”, as the cornerstone for achieving GES. For this, an extensive system of measures of biodiversity and ecosystem functioning was determined. The European Commission produced a set of detailed criteria and methodological standards (Commission Decision 2017/848 of 17 May 2017) to obtain and report those measures in order to help Member States implement the Marine Directive at local and regional scales. Similarly, UN’s World Ocean Assessment emphasizes the need for more standardized reporting of information (Inniss et al., 2016).




      The ocean environment is vast, the marine biosphere difficult to access. The remoteness, harshness, and depth of the ocean make them challenging to study and dramatically raise the cost involved in its observation. Duplication of efforts should be avoided. Cutting across observing platforms and networks, and the adoption of common standards for data collection and dissemination to maximize the utility of data are imperative. Recently, the Global Ocean Observing System (GOOS) has proposed, under the umbrella of the Intergovernmental Oceanographic Commission (IOC) of UNESCO, to develop an integrated framework for continued and systematic ocean observation. This framework is based on what was defined as Essential Ocean Variables (EOVs). By definition, an EOV should provide i) a credible response to scientific and societal issues; ii) a high feasibility for sustained observation, and; iii) cost-effectiveness. Among other domains, ecosystem EOVs have been developed in collaboration with the Group on Earth Observations (GEO BON) (Pereira et al., 2013). Up to this point, the defined ecosystem component EOVs directly dealing with biodiversity consist of those related to the status of ecosystem components and those related to the extent and health of ecosystems. The former is phytoplankton biomass and diversity, zooplankton biomass and diversity, fish abundance and distribution, marine turtle, bird and mammal abundance and distribution; the latter, cover and composition of hard coral, seagrass, mangrove, and macroalgal canopy. Additionally, “emerging” EOVs “benthic invertebrate abundance and distribution” and “microbe biomass and diversity” are being put forward “to be developed based on emerging requirements and new technologies” (Miloslavich et al., 2018). In order to maintain common standards, GOOS will put forward a series of recommendations for each EOV including what measurements are to be made, various observing options, and data management practices. Up to this point, those recommendations do not exist.




      Miloslavich et al. (2018) recently applied a driver-pressure-state-impact-response (DPSIR) model testing the EOVs on such principles such as relevant for science, society information, and technologically feasibility. They concluded upon the relevance of the different priority variables (based on the measurement of undergoing or past monitoring programs) that microorganisms, birds, and mammals were the ones with lower Relevance Index (RI) that based on the SCOPUS database estimates how each of the variables addresses the convention's drivers and pressures.




      For the above reasons, this chapter will try to identify common sampling procedures for the organisms considered as ecosystem components under the EOVs, i.e., phytoplankton, zooplankton, and fish.




      The structure and organization of aquatic communities are molded in each environment by combinations of abiotic factors, recruitment, and productivity rates, and rely upon complex interactions among organisms that are both pairwise and transitive (Piraino, Fanelli, & Boero, 2002). As such, biological diversity can solely be maintained when the quality and occurrence of habitats and the distribution and abundance of species are in line with favorable physiographic, geographic and climatic conditions that need to be measured and correctly interpreted. Spatial and temporal variation in biodiversity (and its differential loss) from local to global scales drive the need for measurement. So in order to be able to know and understand the role and patterns of marine biodiversity, marine ecological research should take resource on experts from all scientific (Guerra-Garcia, Espinosa, & Garcia-Gomez, 2008).




      Along these lines of thought, the measurements being proposed by GOOS will have to reflect the idea that only monitoring biodiversity with a long-term approach at a large scale can fulfill the objectives underlying the formulation of EOVs (Andréfouët, Costello, Rast, & Sathyendranath, 2008; Bianchi et al., 2000; Mark J. Costello et al., 2017; Krug et al., 2017). Moreover, despite their formulation in the context of a big consortium, consideration on field observations and sampling operability and robustness should be granted in order to allow their scaling down and adaptation to local or regional surveys.




      Since, as yet, how to measure and manage these variables and analyze the resulting data have not been object of detailed technical reports (only generic spec sheets are available), as already noted, here we review methods used for field observations and sampling marine biodiversity that seem to us as being good candidates for inclusion in those recommendations. However, a complete review of methods for the study of all marine biodiversity is outside the scope of this chapter. We will include those conventional methods that have been established as suitable, valid and cost-effective for monitoring biodiversity as well as less prominent, new approaches being currently implemented in hopes that this will provide a window into future marine biodiversity biomonitoring and assessment.


    




    

      SAMPLING THE MARINE ENVIRONMENT




      Sampling is the process of picking out single objects, items, or organisms on which to take the measurement(s). The collection of measurements (the sample) should reflect or represent the population under study. In practical terms, this means that the sample should be a small version of the studied population and should contain all the characteristics (and their variability) inherent to the population in general (Bar-On, Phillips, & Milo, 2018). For marine species, a wide array of methods has been used in order to achieve this objective. In general terms, they allow capture, detection and/or observation of marine organisms and include observation instruments (e.g., cameras), nets, hooks, traps, grabs, sound, chemicals and electricity (Eleftheriou, 2013; Elliott & Hemingway, 2002; Hiscock, 2014; Kingsford & Battershill, 1998; Santhanam & Srinivasan, 1994; Tait & Dipper, 1998). Since any of these methods is selective (a good example are nets that according to mesh size, select organism size by exclusion/inclusion), a comprehensive sampling of marine biodiversity ideally needs to apply complementary methods. The overlapping of methods can produce an inventory of species present that reflect the environment, habitats, and ecology of an area.




      In classic ecology, biodiversity measurement has two components: species richness and evenness. Of the two, species richness is by far the most common measure of ‘diversity’ used in science and conservation management and it is usually reached by the establishment of species inventories than can estimate that parameter (M. Costello, Pohle, & Martin, 2004; Gotelli & Colwell, 2001). Only by knowing which species are present can we determine those that are pests, those who are introduced, endemic, of ecological importance, socio-economically relevant, or most importantly, threatened with extinction (McGeoch et al., 2016).




      On the other hand, there is not a priority method to evenness, and several metrics have been applied including numbers of individuals, areal cover, and/or biomass within samples (Hiscock, 2014). Measurements in marine biodiversity thus need, as already established, to acknowledge that due to intrinsic bias, various methods have to be utilized, but also that different methods assess different components of biodiversity. For instance, the measurement of particular species populations dynamics is better achieved through quantitative sampling, the same not being true for measuring biodiversity across species. For the latter, the comparison of relative abundance of species on semi-quantitative (e.g., log 10) abundance scales delivers much better results (Haegeman et al., 2013; Hiscock, 2014).




      Communities and biotopes are defined by the more abundant species and provide an indication on the functioning of the ecosystem functions in parameters like habitat, productivity, and food webs. A dominant species change can be interpreted as a space-time change in the communities present, and consequently ecosystem change. This, however, can be proven to not hold true as often abundance or body size do not relate to their effects upon the ecosystem, being top predators a fine example. This leads to the evidence that in order to monitor ecosystems, species from different guilds and body sizes should be simultaneously sampled (Hiscock, 2014). Additionally, makes evident that the time and place of sampling are also determinant.




      If the objective is to maximize the potential biodiversity encountered, then the selected site should have high habitat heterogeneity. However, considerations of the area to sample and accessibility to a laboratory should weigh in on this decision. The past has proven that for the results of a survey, it is most effective to choose accessibility over diversity. Covering remote, extensive areas from a shore-based field lab is logistically difficult and ultimately inefficient. When using small vessels in pelagic and benthic sampling, the nearby presence of a mooring station equipped to provide logistic support (ideally, a lab equipped for the immediate sorting and processing of samples), has proven well advised. Sampling stations should be selected in order to span the range of target habitats, at each of which a broad range of sampling techniques should be utilized. Collecting background information from the literature, and the inclusion, if possible, of preliminary sampling of the area, are very useful in acquiring a scope of a region, identifying a balanced survey site, and on the choice of sampling stations.




      During the field surveys design phase the stratification of sampling has to be made very clear: what habitats, body sizes, and taxa are the focus on, and what has to be excluded. These decisions should be as well informed as possible and the knowledge of environmental variables such as depth, salinity, temperature, substratum, topography variation can provide a powerful aid. The geographical mapping of these variables has been effectively performed by remote sensing (from satellites, aircraft and ships) (Andréfouët et al., 2008) constituting a powerful aid in the determination of essential variables modelling ecosystems providing information on seabed depth, topography, and roughness, temperature, salinity, estimations of phytoplankton biomass and dominance, and acoustic signatures of zooplankton and pelagic megafauna. More than environmental variables, remote sensing provides information on distribution and extent of intertidal and shallow-water habitats such as coral reefs, kelp and seagrass beds, mangrove forests, and salt marshes (M. Costello et al., 2004; Mark J. Costello, 1992; M. J. Costello, 2009; Hiscock, 2014). The use of new technologies does not end at remote sensing. The proliferation of remotely operated (ROVs) and autonomous vehicles (AUVs) has made them affordable. Together with the development of highly sensitive, miniaturized, detection devices that can be mounted into these ROVs and AUVs, have created a new era of underwater and aerial monitoring capability. As a result, undergoing research is evaluating the potential of sound signatures as indicators of biodiversity in the marine environment (Harris, Shears, & Radford, 2016). These advices not only act as effective data gatherers but also can effectively complement and fill in gaps in larger-scaled datasets obtained by more complex and sophisticated means (e.g., satellites, airplanes) thus complementing in situ observations and enabling habitat and biotope mapping (Hiscock, 2014; Leleu, Remy-Zephir, Grace, & Costello, 2012; Remy-Zephir, Leleu, Grace, & Costello, 2012). Other technological contributions come in the form of data processing. Examples are the automated recognition of species from videos or photos aiding in population census or the growing computing power used in bioinformatics.


    




    

      BIODIVERSITY OF OCEAN ZONES




      The different ocean zones and major ecosystem are shown in Fig. (1). The pelagic realm is characterized by marked vertical gradients of light, temperature, pressure, nutrient availability and salinity that contribute to creating a vertical stratification of pelagic species assemblages that normally fluctuate in time and space. The surface, euphotic waters are dominated in numerical terms by plankton. These are passively floating, drifting or weakly swimming organisms, and include a wide range of bacteria, protists, tiny algae, small animals, and developmental stages (eggs, larvae, etc.) of larger organisms. Those that possess the ability to swim freely are collectively termed nekton. Both plankton and nekton usually concentrate along gyres (major circulation currents), upwelling areas and contact zones, resulting in wide variations in abundance and diversity. Some elements of the epipelagic and mesopelagic plankton and nekton (in its majority) execute diel migrations. They will rise to surface waters during the night only to dive during the day (Groombridge & Jenkins, 2002). These migrations aim at feeding and predator avoidance, respectively. For the pelagic inhabitants of the aphotic zone, the main sources of foods are the molted exoskeletons, feces, and corpses from the organisms inhabiting the euphotic zone. The biomass of the mesopelagic area has been proved to be high, with around 160 fish genera being recognized as important components of the mesopelagic fauna (Groombridge & Jenkins, 2002).
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Fig. (1))


      Ocean zones and major ecosystems.



      The sampling methods used in the study of pelagic fauna are mainly those employed in fisheries and oceanography, needing the use of sea-worthy vessels. There is an entire branch of science dedicated to nektonic species (“fisheries oceanography”) with extensive bibliography published in dedicated journals and well-established techniques, among which are tagging and real-time tracking, which can provide estimates of the global distribution and abundance of the largest animals in this realm. Only consortia with large financial capacity can perform this expensive research. This assertion is even truer regarding deep-sea. There is not one overall accepted definition for “deep-sea” (for a review see M. J. Costello (2009). However, the more frequent operative definition is usually the one that considers it as the part of marine realm from zero light compensation depth (usually considered 200m) up to the bottom of an ocean, which in the case of approximately 50% of the Earth’s surface has a depth of over 3,000 m. This makes deep-sea sampling costly and time-consuming. For instance, collecting a sample from a depth of 8,000m with towed gear, requires a very powerful winch with and at least 11 km of cable, taking up to 24 hours to let out the wire, obtain a sample, and retrieve it, costing on the excess of 20,000$ in ship time. Trawls, bottom sledges, dredges, grabs, box samplers and corers, as well as several acoustic and optical approaches have been classically used in these surveys. During the 1970s, the introduction of submersibles in deep-sea research became well established during the FAMOUS project (French-American Mid-Ocean Underwater Study) which used the manned submersibles Cyana, Archimède, and Alvin (Heirtzler & Grassle, 1976). More recently, several types of remotely operated vehicles (ROVs) from surface vessels or autonomous underwater vehicles (AUVs) pre-programmed to perform their tasks independently of direct human control, have been using recording equipment to document deep-sea organisms, with some being equipped to collect samples (Chave, 2004; Clarke, 2003).




      The discovery, in 1978, of new and abundant sea life around deep-sea hydrothermal vents near the Galapagos Islands subverted the idea that the deep oceans to be relatively simple ecosystems that made little contribution to global species diversity, and proving that this diversity could rival that of coral reefs (Grassle & Maciolek, 1992). It has been determined that the distribution is patchy, which makes sampling more difficult, but the increase on gear sophistication has contributed to the knowledge of deep-sea biodiversity. The growing knowledge as indicated that areas such as seamounts and rock outcrops, submarine canyons, beds of manganese nodules, deep-water reefs of ahermatypic corals, hydrothermal vents, cold seeps, and other chemosynthetic ecosystems such whale skeletons or sunken wood are areas of unusual diversity, particularly that of benthic organisms (Dybas, 2004).




      It is easy to acknowledge that deep-sea and deep-water samplings demand a set of procedures, techniques, and equipment that are different from those used in near-shore surveys, and that only great joint, usually international efforts can proceed these kinds of studies. For that reason, this review will not undergo their description. Several authors have extensively reviewed deep-water (Arkhipkin et al., 2015; Gabriel, Lange, Dahm, & Wendt, 2007; Siebert & Nielsen, 2001) and deep-sea (Gage & Tyler, 1991; Wenneck, Falkenhaug, & Bergstad, 2008) and can be consulted by for those searching for more information on these disciplines.




      Coastal waters are richer than open ocean areas due to the greater range of habitats. This is particularly true for benthic ecosystems whose biodiversity is much higher than that of pelagic ecosystems (Grassle & Maciolek, 1992). Despite representing less than 10% of ocean area, the continental shelve sustains most of the documented marine biodiversity, with estimations pointing to more than 75% of known marine species (Appeltans et al., 2012). Because of the economic benefits obtainable from access to coastal fisheries, ocean navigation, tourism, and recreation, human settlements are concentrated in the coastal zone. According to the UN Atlas of the Oceans (http://www.oceansatlas.org/subtopic/en/c/114/), 44% of the world's population (more people than inhabited the entire globe in 1950) live within 150 kilometers of the coast. Simultaneously, the coastal population is increasing disproportionately to the global population increase. As population density and economic activity in the coastal zone increases, pressures on coastal ecosystems increase, with key coastal habitats being lost globally at rates 2 to 10 times faster than those in tropical forests (M Reaka-Kudla, 1997). This awards enormous importance and urgency to the study of coastal areas biodiversity.




      Fig. (2). illustrates the sampling techniques used in biodiversity surveys for each of the EOVs defined by GOOS regarding ecosystem component, more specifically those related to the status of ecosystem components, nominated phytoplankton, zooplankton and fish. The details are discussed in the following section.
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Fig. (2))


      Generic illustration of the several sampling methods described. ROV – Remotely Operated Vehicle; AUV- Autonomous Underwater Vehicle.



      

        Phytoplankton




        Phytoplankton, also known as micro-algae, are single-celled, photoautotrophic microorganisms. Phytoplankton are present in all surface ocean waters although densities can vary greatly between localities and with seasons. Photosynthesis by marine phytoplankton contributes roughly half of the total global primary production, being oceanic phytoplankton the major contributor, with a smaller contribution (approximately an order of magnitude lower) belonging to coastal phytoplankton (Cermeño, Teixeira, Branco, Figueiras, & Marañón, 2014). Phytoplankters dependence on sunlight for photosynthesis means they are restricted to the euphotic zone in the upper 50–100 m of the pelagic area.




        Towed nets have been and are still the primary means of collecting many plankters, being this true for both phyto and zooplankton. Nevertheless, even when only nets are considered, both groups cover a large number of taxa whose members vary widely in size, meaning that there is not an “ideal” net for the entire plankton community. The choice is conditioned by which organisms are to study and by the available resources. In general, nets vary in length, shape and mesh size but all are designed to extract from the water column drifting or relatively slow-moving organisms, which will be retained by the mesh. The simplest model for these nets (“ring net”) consists of a cone-shaped mesh with a wide open end supported by a metallic ring, whereas the opposite side (the “cod end”) is closed by a collecting jar. This kind of net can be towed vertically, horizontally, or obliquely through the desired sampling depths. More sophisticated nets can be opened and closed at selected depths in order to obtain more detailed information on the vertical distribution of plankton. The additional possibility of attaching several of such nets to the same frame exists (e.g., the computer controlled MOCNESS - Multiple Opening/Closing Net and Environmental Sensing System(Wiebe et al., 1985) and the, either manual or automated MultiNet - Multi Plankton Sampler (Weikert & John, 1981) allowing sampling of different discrete depths during a single tow. Many authors have described plankton with different, complementary degrees of detail and their reading can cater to different needs in terms of sampling (Goswami, 2004; Harris et al., 2016; Suthers & Rissik, 2009; Tranter and Fraser, 1968).




        A phytoplankton net is a generic term for a sampling net with a mesh size of 150 μm or less. The phytoplankton version of the ring net has 10μm mesh size, a 36 cm diameter mouth (0.1 m2), and a length of 90 cm. The collection bottle has side windows covered in the same mesh as the body of the net allowing water to pass while retaining organisms. The net can be pulled vertically from depths of 50 m to the surface at 0.1 m.sec−1.




        An alternative in terms of quantitative phytoplankton studies in the open sea, is the collection of samples using a hose. An integrated sample from between 0-10 m depth is obtained by pooling equal amounts of water from the depths 0 – 1 m, 2.5 m, 5 m, 7.5 m and 10 m with the several fractions collected to the same bucket and thoroughly mixed (Lindahl, 1986). Quantitative phytoplankton counts can be obtained from an aliquot of 200 cm3 of this composite, well-mixed sample. If logistics allow, an additional sample should be obtained from 10 – 20 m by a similar process at the same depth intervals. A similar volume (200 cm3) of the same integrated sample should be used for chlorophyll a determination and, if desired, primary production. A ring net sample from the 0 – 20 m water column should be collected. This will render a concentrated plankton sample that will support species identification. In cases of high phytoplankton densities, it is advisable to use a net with 25 µm mesh-size instead of the regular 10μm. It is important to make here a note regarding the referenced volume. Cermeño et al. (2014) examined large volumes of seawater to explore the limits of phytoplankton diversity and concluded that estimates of species richness depend critically on sampling effort. Necessary volumes of sample needed to detect 90% of the species varied between 250 and 1000 cm3 depending on the concentration of phytoplankton biomass.




        Abundance is strongly influenced by the highly abundant picoplankton and small nanoplankton, which can be analyzed only with limited certainty. Biomass data are a much better descriptor of phytoplankton, being preferred for characterizing spatial and temporal phytoplankton patterns and modelling. Phytoplankton biomass can be expressed as cell volume (or weight), and Olenina et al. (2006) thoroughly describes the necessary steps to perform the necessary calculations. However, carbon content should also be calculated, since organic carbon is the universal energy currency transported along the food chain.




        Additionally, to direct sampling methods such as fixed survey stations, and ships-of-opportunity transects, indirect observation methods such as satellite images and aerial surveillance can add to the identification of temporal and spatial variability in phytoplankton. By using sensors, aircraft or satellites can detect reflected (external) or emitted (internal) energy from the earth. Electromagnetic radiation (EMR) from the sun, reflected back from the ocean is one example of an external force detectable by satellites. EMR received contains information, being this information influenced by particulates in the atmosphere or in the ocean water. This knowledge allows the interpretation of phytoplankton variation, since photosynthetic pigments contribute to the spectral change in radiance, particularly during blooms. Pigment composition varies with the type of microalgae, absorbing a specific wavelength of the visible spectrum. This, together with the specific light scattering pattern promoted by differing structural components (e.g., size, shape, type of cell covering) creates an optical signature for each microalgae species, permitting recognition by the satellite. A number of tools, including computer algorithms, makes this recognition. The evolution of algorithms has been very important in the detection and monitoring of algal blooms (Blondeau-Patissier, Gower, Dekker, Phinn, & Brando, 2014).




        Planktonic assemblages are strongly affected by physical and chemical characteristics of water masses on scales ranging up to entire ocean circulations. The vertical structure of the water column is also important, especially the depth of the mixed layers, as this influences nutrient and light levels that control phytoplankton growth and assemblage composition. For this reason, phytoplankton shows a substantial seasonal variation, and obliging sampling to cover the entire growth season, which in parts of the ocean extend over the entire year.




        Pronounced nutrient enrichment may give rise to dramatic shifts in phytoplankton species composition and biomass, with these blooms becoming dominated by harmful species. This proliferation of microalgae in marine or brackish waters is known as Harmful Algal Blooms (HAB) and can cause massive fish kills, contaminate seafood with toxins, and alter ecosystems in ways that humans perceive as harmful. When such events take place, sampling methods include plankton net hauls, water samples collection and detection of species-specific algal toxins in fish and shellfish using molecular techniques (Reguera, Alonso, Moreira, & Méndez, 2011). To this day, even by using a light microscope, the identification of certain HAB species is difficult or impossible. There has been a great effort from the scientific community on developing a consistent taxonomy and make observation and quantitative methods uniform (Babin, Cullen, & Roesler, 2008; Hallegraeff, Anderson, & Cembella, 2003; Karlson, Cusack, & Bresnan, 2010). Despite these efforts, synoptic surveys are necessary for the study of the extension of phytoplankton blooms.




        Due to its uniqueness, a survey has to be mentioned here: The Continuous Plankton Recorder (CPR). Being held since 1931, it is the longest sustained and geographically most extensive marine biological survey in the world regarding phyto and zooplankton. The survey is operated by the Sir Alister Hardy Foundation for Ocean Science (SAHFOS), which by cooperating with 30 different shipping companies, collects samples at monthly intervals on 50 trans-ocean routes. These ships of opportunity cover a total of approximately 20,000 km/month and collect plankton on a band of silk that subsequently undergoes identification by experts, with 698 taxa being routinely surveyed (Martin Edwards, Beaugrand, Hays, Koslow, & Richardson, 2010). In 2011 SAHFOS, joined forces with 12 other research organizations using a CPR type of approach on plankton survey (low cost, application of new technologies) formed a Global Alliance of CPR surveys (GACs). The objectives are the harmonization and development of new surveys and the establishment of a centralized global database, and producing a global ocean status report (M Edwards et al., 2012). Working together, centralizing the database and working in close partnership with the maritime shipping industry, this global network of CPR surveys with its low costs and new technologies makes the CPR an ideal tool for an expanded and comprehensive marine biological sampling program.


      




      

        Zooplankton




        Zooplankton are consumers that eat other plankton and thus provide an important link between primary producers (phytoplankton) and higher trophic levels. Some are herbivorous, whilst others are carnivorous predating on smaller zooplankters. Zooplankters are found in all oceans, from the surface to the deepest trenches. However, despite the extremely high biomass, their diversity is low. This reality, extensible to phytoplankton, finds its foundations in the dynamic mixing of oceans that heavily contributes to limiting geographic differentiation. Of the animals that spend their entire lives as plankton, the holoplanktonic zooplankton, which dominate both numerically and in total mass, only ≈3,700 species were described (Groombridge & Jenkins, 2002). However, since many benthic species have a planktonic larval or egg phase (meroplankton), most animal phyla are represented in the zooplankton. Of the 34 marine animal phyla, only 13 have representatives in the holoplankton.




        Similar to phytoplankton, zooplankton pumps can also be used, operating at selected depths; these will pull water that will be filtered through a mesh. These can be portable or moored with some of the latter being automated (e.g., the Moored Automated Serial Zooplanktic Pump - MASZP). In this case, discrete plankton samples are immediately preserved within two interwoven meshes and stored for posterior microscopic identification. Since this process generates a large number of samples, species-specific immunofluorescent markers have been developed in order to accelerate processing (Garland & Buntman, 1996).




        Small dredges, grabs, traps, plankton nets, and other gear have traditionally been deployed from small boats in zooplankton research, bypassing the necessity of large, expensive research vessels. Small boats can accommodate small cranes and/or pulley systems, aiding on the retrieval of deployed gear.




        It should be noted that, evidently, large surveys using great means are also undertaken in the context of institutional and international initiatives and that zooplankton is one of the focal points of the already described Continuous Plankton Recorder (CPR) survey.




        The standard zooplankton net is a simple, conical shaped ring net. It is usually employed to sample planktonic organisms of sizes 0.2–10 mm from the upper 200 m of the water column. Among many varying designs, maybe the most famous model is the WP-2 net. This net was designed in an effort to standardize field equipment and best practices by a group of scientists that named themselves “the Working Party no. 2”, hence the name WP-2 (Tranter & Fraser, 1968). The WP-2 has a diameter of 0.57 m (0.25 m2) mouth opening and mesh size of 200 μm. The cod end is removable, being fitted with filtering side panels of similar mesh to the body of the net, so that the sample can be effectively concentrated. The end of the net is weighted down (15–20 kg) to aid sinking. A bottle type-closing device (e.g., Van Dorn, Nissen) can be fitted to the net in order to obtain samples from distinct depths.




        To obtain vertical samples, the net is hauled from the desired depth at a steady speed of 0.5m sec−1, after having been lowered at no more than 1 m sec−1. A wire angle of less than 30° has to be maintained during ascension. The calculation of filtered water volume is made by multiplying mouth area by distance. However, the generalization of flowmeters has permitted more accurate calculations, since the net can be clogged by, e.g., neston and not filtering as much volume of water as originally calculated. The sample is retrieved from the cod end with the help of a hose or squirt bottle with seawater, and taken into the lab for processing. It is of paramount importance that the samples are transported under stable, adequate temperature conditions. Other very frequently used net is the WP-3. Similar to the WP-2, but with an opening diameter of 113 cm (1 m2) and a bag with a length of 200 cm, this net was designed to sample large sized plankton (>1 mm). Due to the increased size and weight, towing the WP-3 has to be performed at speeds below 0.3 m sec−1. The cod end in this net does not possess side windows in order to be able to capture delicate zooplankton. Captures of delicate, sensitive zooplankton can also be attained by direct sampling by scuba diving or from submersibles. This enables the collection of important components in pelagic environments, such as large-bodied jelly-plankton (colonial radiolarians, medusae, ctenophores, salps, etc.) that were either undersampled or destroyed by traditional methods.




        Near-bottom zooplankton (usually meso- and macro-zooplankton) can be sampled by sledges (or sleds) towed from a boat. There are many designs of sledges, varying from exceedingly simple (e.g., a metal frame with a collecting net) to complex, e.g., multiple nets to allow sampling various distances to the bottom within one haul. Since damages to the net can occur, due to contact with the bottom (especially when operating above hard substrata), simple designs present an advantage by being simple to repair, which can be performed on board. These sleds typically are built in steel with some variations in size. A popular layout is a frame made with 2.4 mm thick, 20.6 mm diameter tubing and 4.8 thick stainless-steel sheet metal (for the skis), with a circular mouth 50 cm in diameter (0.16 m2 area). A conical macrozooplankton net, 2m long with a 500 µm mesh is secured to the frame, and the cod end receives a 1000 mL polyethylene jar screened with 400-500 µm wire mesh. An inner mesozooplankton housing is added, consisting of a 150 µm mesh conical net, with a 250 mL polyethylene jar with 140-150 µm wire mesh at the cod end. Since the overall weight is around 15 kg, a buoy is secured to the top of the frame, and differentially inflated to maintain neutral buoyancy at the desired depth.




        Multiple holoplanktonic species are identifiable by modern acoustic or optical imagery. These resources belong to the realm of Remote Sensing. Despite not being, by definition a sampling method, Remote Sensing is a powerful approach to the marine environment enabling better quantitative estimates of biomass and distribution of zooplankton. In the broadest sense, remote sensing is the measurement or acquisition of information of an object or phenomenon, by a recording device that is not in physical or intimate contact with the object. This is particularly important when dealing with delicate plankton forms that usually are destroyed when direct sampling techniques. In practical terms, it consists in the utilization from a distance (e.g., from aircraft, spacecraft, satellite, or ship) of one or various devices that allow gathering information about the marine environment.




        The instruments/techniques used include acoustics, optics, and Satellites. The deployment of the equipment used to measure or acquire information is frequently performed using autonomous underwater vehicles (AUV, essentially oceanographic robotic systems) and remotely operated vehicles (ROVs). The most commonly used AUVs are gliders: they use wings and small changes in buoyancy to move in an ascending and descending oscillating pattern. This will produce a profile of biological (and physical) measurements obtained by the sensors on-board that are transmitted each time the glider surfaces. Since typically these gliders need large horizontal pathways, they are more suitable for open ocean operation.




        An example of the use of optics in zooplankton science is the Video Plankton Recorder (VPR). It is essentially an underwater microscope that records images of plankton (from 100 µm up to a few centimeters in size). The VPR can be towed behind a research vessel at speeds ≈4-5 knots or mounted in ROVs. A much older technique, acoustics have been used to locate and visualize distribution, abundance, and behavior of living organisms for almost a century (Horne, 2000; Simmonds & MacLennan, 2005). In marine terms, acoustics is the sending of waves of sound energy through the water from an acoustic transducer, which is also capable of receiving sound. When hitting an object with a density contrast (positive or negative) to the surrounding seawater, the transmitted sound is reflected, and the transducer will receive part of the reflection (Simmonds & MacLennan, 2005). Originally, acoustics were used to locate dense aggregations by commercial fishers, but advances and developments resulted in the ability to make quantitative measurements of abundance and studies of fish behavior. The constant development and enhancement of equipment allowed for more extensive estimates, a growth in accuracy, affordability, and more importantly the possibility of transposition into plankton studies.


      




      

        Fish




        Fish make up the largest fraction of the nekton (large, pelagic, marine animals able to move independently of water currents). Fish species richness is much higher in coastal areas (≈13,000 species) than in the open sea (≈1,200 species) (Angel, 1993).




        In an Editorial covering the ‘Fish Sampling with Active Methods’ (FSAM) conference, Kubečka et al. (2012) indicated the relative frequencies of different gear used in marine sampling by the conference contributors. The most frequent was trawling, followed by acoustic surveys, visual surveys and gillnets, and the last with a significant use was seining. Since we already approached acoustic and visual surveys in the previous sections, we will focus on the remaining gears.




        Trawls are used to sample throughout the water column, from seabed to surface, providing samples and allowing estimation of species distribution and abundance, and biological parameters (e.g., age, sex, diet). A golden rule is that the trawl has to be towed at higher speed than the one that the target species can attain.




        Pelagic or midwater trawls are used to capture pelagic or benthopelagic species. The trawl is composed of pelagic trawl doors, bridles, and a cone-shaped net. The opening of the net has a frame with a headrope (on top) that receives floats and a footrope (the bottom) that is weighted down. The function of the trawl doors is to open the trawl horizontally by exerting an outward force while being dragged through the water column. The vertical opening is assured by the equilibrium between headrope, footrope and the pull form the vessel. Openings can measure tens of meters in height and width. These prevent fish from escaping an approaching trawl. It is frequent for these trawls to present large mesh in the forward section to herd fish to the bottom section (cod end) where mesh sizes are sufficiently small to capture species of interest by sieving. Towing speeds are usually superior to the ones used in other sampling gears (e.g., 2.5 m sec−1 when targeting fast swimming species).




        Several strategies of operation can be used with a trawl. If the aim is to determine species distributions or define community composition, then the used approach is fishing at fixed depth intervals. Diurnal changes in abundance or composition require sampling throughout the day and night. Investigating how different layers/patches/schools differ with respect to species, size composition or diurnal variations requires detection using acoustics and following these aggregations of fish and their regular sampling. This technique is commonly referred to as target registration towing.




        Originally designed for fish stock assessment, bottom (or demersal) trawl surveys are now increasingly being used to analyze trends in the abundance, distribution and diversity of both commercial and non-commercial species of fish and epibenthos (Atkinson, Leslie, Field, & Jarre, 2011). The design is similar to a pelagic trawl, but the trawl doors, lower bridles, and groundline are designed to be in constant contact with the seabed and adapted to operating over smooth seabed or rocky habitats. Demersal trawls used in research surveys are usually smaller than pelagic trawls (net opening of 2-4 m in height). Bottom trawls are customized for catching fish on different types of seabed. A horizontal metal beam is used in Beam Trawls to keep the mouth open while targeting flatfish and other near-bottom species. In otter trawls, the mouth of the net is kept horizontally open by attaching the doors to the trawl using wires. Besides sprawling the trawl horizontally, they create noise and sand clouds (especially, when being operated over fine sediments) as they travel across the seabed, which in combination with the bridles, herds fish into the path of the trawl opening. Mesh size in the front portion of demersal trawls rarely exceeds 200 mm. The cod end mesh size is, as in the pelagic versions, chosen to retain the target size individuals. A Typical trawling speed would be in the range of 1-2 m sec−1.




        MultiSampler equipment can replace the standard single cod end on the same logic as that used for zooplankton (Engås, Skeide, & West, 1997; Madsen, Hansen, Frandsen, & Krag, 2012) obtaining samples from distinct vertical layers, both when using a midwater trawl or from specific areas of seabed when using a bottom trawl.




        Some standardized bottom trawl surveys have been conducted for the last 50 years. For example, ICES created trawl survey data database the north eastern Atlantic (www.ices. dk/ marine-data/ data-portals/Pages/ DATRAS.aspx). In addition, NOOA possesses an online database for the Eastern Bering Sea and Gulf of Alaska (www.afsc.noaa.gov/RACE/ groundfish/survey_data). These datasets constitute a powerful window into marine fish distribution, abundance, and diversity.




        Nearshore areas with a low degree of inclination of the sublittoral slope can effectively be sampled by beach seine fishing. This method utilizes a seine or drag net, which consists of a bag with long wings that end in long ropes for towing the gear to the beach. The net is operated from the shore, usually with help of a small boat. The headrope is fitted with floats staying on the surface whereas the footrope is weighted down being in permanent contact with the bottom. The net is deployed in a wide arch, being one of the towing lines either fastened at shore or held by at least two people. The deployment is performed by wading, swimming or by a small boat being brought back to shore where other people are waiting to secure it. The drag lines are then hauled to shore simultaneously having care so that the footrope arrives first so that a barrier from which fish cannot be escaped is maintained it has become evident that the gear needs at least 4 different operators. This gear targets small fish and nurseries of larger species, being a prime instrument for monitoring annual variations in abundance. However, since disturbance of breeding or capture of commercial species’ juveniles can occur, the beach seine is regulated or restricted in a high number of countries. There are extensive data series obtained by beach seine, such as the “Flødevigen-series”, that represents results from 100 fixed stations since 1919 (Smith, Gjosater & Stenseth, 2002; Stenseth, 1999).




        There is a set of “passive gears” (e.g., gill, entangling and fyke nets; traps) that can be deployed either on the bottom or in the water column, and have the capacity of catching fish as they come in contact with these gears. In fact, this is one of their major criticisms: that the efficiency of sampling with passive gear depends on the activity of the fish to encounter the gear and the retention probability once a gear has been encountered.




        In gillnets and entangling nets, panels of single, double, or triple netting, are set at the surface, midwater, or at the bottom. Driftnets (those deployed near the surface), as the name implies, drift freely within the bound of their connection with a vessel or a buoy. They are used to catch schooling species (e.g., herring, tuna), but because of indiscriminate captures of non-target species, they have been forbidden, for instance in the EU. Bottom nets (attached to the seabed) target species living in the dependence of the bottom (e.g., monkfish).




        The fish are captured in by several methods. They are either gilled, i.e., the mesh becomes stuck behind the operculum; become wedged when attempting to swim through the net, as this becomes tight around the body; become entangled in a pocket made of net; or, by being caught by their own projections (e.g., spines, maxillaries). By using specific mesh size these are selective nets, targeting particular species and being able to capture certain length classes (Engås et al., 1997).




        Fyke nets are fish traps made to a cylindrical or cone shape by rings or other rigid structure forming a net bag. One or two leading nets will lead fish through a funnel structure to the bag from where they cannot exit.




        Hooks are probably one of the most ancient form of catching fish, appearing nowadays in a large range of hook-and-line gears. Some of these gears can be passive, such as the longlines that can be set vertically or horizontally, being one end of the line (at least) attached to a buoy for retrieval, and being frequently secured by an anchor to avoid drifting. Other gears are used actively, such as when they are fixed to a boat. However, recreational fishing is the best and better-known example. Angling can be useful for the capture of large predators, as these tend to evade capture by trawling. Hook-and-line gear includes the terminal tackle (e.g., floats, sinks, hooks, lure, and bait), the fishing line, and the rod and/or reel. Target species mostly determines tackle. Smaller lures and baits should be used for smaller individuals, the type of hook will determine the location of the hooking injury and potentially if the captured specimen will live, so this should be considered, as well as the weights since they regulate depth at which the lure or bait are going to be positioned. Other factors to be considered should be the area where captures are to be attempted and weather conditions.


      


    




    

      A FINAL WORD ON GENETIC SAMPLING




      The capacity to identify all living organisms from a specific sequence of their genome (“Molecular barcodes” - molecular sequence data, typically consisting of one or several small stretches of DNA) has become an important character set for delineating species in all eukaryotic kingdoms of life. In the case of animals, the proposed standardized DNA region was Cytochrome Oxidase 1 or COI (Hebert, Cywinska, Ball, & deWaard, 2003). Since high-throughput sequencing (HTS) platforms became widely available, the simultaneous detection of tens to hundreds of species in a matter of days became a reality. Reference libraries of DNA barcodes are used for comparisons of the results and permitting richness and community composition estimates (Hajibabaei, 2012). “DNA Barcoding”, “metabarcoding” or “metagenetics” is currently organized through CBOL (Consortium for the Barcode of Life: www.barcoding.si.edu) with membership from across the globe. More than the identification of organisms presents in the field, this capacity represents a window into (an uncertain) future. The fieldwork resulting from the sampling techniques described above provides continuous opportunity for the creation of DNA collections. Marine species biodiversity is under severe threat from pollution, climate change, and ocean acidification. The lack of a global effort for the creation of these libraries envisaging future genetic work (while is still possible), would be (literally) an irretrievable misstep.
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      Abstract




      In this chapter, aspects concerning the complexity of marine chemistry were discussed. In this scope, important reactions of metals and non-metals with inorganic and organic constituents of water and sediments were considered. In addition to these reactions, this chapter considers biokinetic aspects, which are responsible for very important regulations concerning the assimilation and biotransformation of many chemical elements. Finally, two major environmental problems (eutrophication due to the excessive supply of nitrogen and phosphorus, and release of organotin compounds and copper from antifouling paints used on ships’ hulls) were presented with the intention of discussing some forms in which uncontrolled introductions of metals and non-metals can change negatively the quality of marine ecosystems.
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      INTRODUCTION




      The oceans cover approximately 71% of the Earth’s surface, thereby playing an important role in human activities, including the transportation of millions of tons of cargo, as well as fishing activities. Additionally, the oceans are an important source of commercial extraction of sodium, magnesium, chlorine, and bromine. A large part of the world’s population conglomerates in coastal environments, and this situation is worrying because of the bulky discharges of domestic and industrial wastes. Approximately 40% of the world’s population lives near




      coastlines (up to 100 km away), thereby offering many opportunities for pollutant loading, including nutrients (nitrogen and phosphorus) that are able to promote eutrophication, as discussed later in the text (Wallace et al., 2014). As early as 1977, serious environmental problems had already been reported in coastal environments, when wastewater discharges, in the vicinity of five domestic outfalls in southern California, were responsible for remarkable decreases in the biodiversity of benthic organisms (Reish et al., 1977). According to the authors, the population of benthic organisms decreased because of the presence of high concentrations of some elements (nitrogen, for example) in the marine water, which were able to cause severe biological damages upon pelagic larvae of benthic organisms. Nowadays, many underdeveloped and developing countries still have serious problems related to basic sanitation and, consequently, coastal pollution.




      Besides the domestic wastewater discharges, several agrochemical and industrial pollutants are brought by the rivers, and this pollution has been responsible for severe degradation of estuarine ecosystems, as well as worrying decreases in the population of many species of fish and other marine organisms. Obviously, because of this estuarine pollution, fishing industries have been suffering economic losses for decades.




      The oceans are also hugely important from a biogeochemical point of view, since marine environments play important roles in the planetary distribution of several chemical elements. This fact is very important, for example, for regulating the atmospheric levels of CO2 and O2 with imperative consequences for the maintenance of life on our planet.




      Regardless of whether for economic purposes or for environmental regulation and preservation, the importance of the oceans is based on their biodiversity. In this regard, it is necessary to maintain satisfactory physical and chemical conditions in the oceans, including adequate concentrations of trace elements, such as cobalt, copper, iron, manganese, and zinc, in order to promote the development of life. At the same time, the contents of toxic elements, such as cadmium, lead, and mercury, should be very low. In this scenario, human activities are potential sources of harmful wastes capable of causing serious disequilibria in marine life and in its ability to control biogeochemical cycles over long periods of time. The next section deals with the capacity of marine life to regulate two of the most important of these cycles, namely the biogeochemical cycles of carbon and oxygen.




      

        The Importance of Marine Life for Carbon and Oxygen Biogeochemical Cycles




        The marine life has extreme importance concerning the regulation of the global climate. This control is realized by means of thermohaline currents, but the fluxes of CO2 between marine water and the atmosphere also effectively contribute to the regulation of atmospheric levels of this gas (vanLoon & Duffy, 2005), which is accomplished mainly by means of photosynthesis and burial of CaCO3 (in marine sediments). As discussed below, both situations need the participation of marine life.




        Photosynthesis is one the most important mechanisms for keeping concentrations of CO2 in Earth’s atmosphere well below those found in the atmosphere of Venus, for example (Rothschild & Lister, 2003; Allègre & Dars, 2009). In marine environments, a large proportion of the photosynthesis is carried out by phytoplankton, so that this wide group of living organisms is considered the fuel that moves marine ecosystems (Boyce et al., 2017). Photosynthesis uses atmospheric CO2 that is dissolved in marine water with the consequent production of carbohydrate, whose minimum formula is [CH2O], and oxygen gas. As indicated in Equation 1, this vital biochemical process also needs water and sunlight, whose energy is given by hν, where h is the Planck constant (6.63 x 10-34 J s) and ν is the electromagnetic radiation frequency (Hz).
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        The marine photic zone, with an average depth of approximately 250 m, is considered a soup of living organisms, and many of them belong to phytoplankton and zooplankton. In this zone, zooplankton eats phytoplankton and both classes of organisms are consumed by bigger animals. All these organisms breathe aerobically, thus releasing CO2 to marine water, the pH of which favors its conversion to bicarbonate (HCO3-). After the death of marine organisms, bacteria decompose their soft tissues, releasing organic molecules that are also dissolved in marine water. These bacteria continue decomposing the dissolved organic matter and more CO2 is returned to the photic zone, where, as discussed above, the formation of HCO3- is favored. In this sense, marine life recycles both organic and inorganic carbon in the photic zone. A large part of the atmospheric CO2 assimilated by the oceans tends to be returned to the atmosphere within days or months. However, carbon recycling is not 100% efficient, and approximately 4-5 x 1012 kg C year-1 escapes from the superficial waters, a small part of which is deposited, buried, and accumulated in deep marine sediments. The buried carbon, which is not recycled by benthic and pelagic organisms, does not return to the water column, and consequently, more atmospheric CO2 should be assimilated to support phytoplankton growth. This constant marine assimilation of CO2 to sustain the biological processes is called the biological pump of carbon dioxide (Cockell, 2008).




        The burial of CaCO3 in marine environments is a biogeochemical process, beginning with the weathering of silicate minerals (Equation 2) that removes atmospheric carbon dioxide (Cockell, 2008).
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        In Equation 2, the mineral albite (NaAlSi3O8) was used as an example, but other minerals containing silicon could be considered. The bicarbonate ions are carried by rivers to the oceans, where they are combined with Ca2+ to form CaCO3 and release CO2 (Equation 3). CaCO3 is biochemically formed by several aquatic species, including those belonging to phytoplankton (Cockell, 2008).
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        It is important to note that albite decomposition consumes 2 mol of atmospheric CO2, while the formation of CaCO3 by the marine organisms releases only 1 mol of CO2, which can return to the atmosphere. After dying, carbonate-containing marine organisms sink into deep waters, where their carbonate shells can be dissolved due to the greater acidity. As the acidic dissolution of carbonate has a stoichiometry of 1:1 in relation to the production of CO2, it is expected a gradual balance of the total amount of CO2 withdrawn from the atmosphere along the weathering of silicate minerals. Nevertheless, if part of the carbonate-containing marine organisms is buried in the deep sediments, CaCO3 dissolution does not occur, thus allowing an effective removal of carbon dioxide from our atmosphere, thus regulating the global climate (Cockell 2008).




        Photosynthesis (Equation 1) is one of the most important planetary sources of atmospheric oxygen (Rotschild & Lister 2003, Gargaud et al. 2012), thereby highlighting how marine life also contributes to the oxygen biogeochemical cycle. Thus, changes in the marine phytoplanktonic population can promote disturbances in the oxygen biogeochemical cycle.




        The participation of marine life in the control of atmospheric CO2 and O2 is enough to highlight the importance of marine life, and its preservation. Moreover, marine preservation has an imperative ecological relevance since the oceans house




        thousands of vegetal and animal species, thus representing a huge source of na- tural products that still are largely unknown.




        In the next section, we discuss how chemical elements can have toxic or beneficial effects in relation to all forms of life, including marine life.


      


    




    

      ESSENTIALITY AND TOXICITY OF THE ELEMENTS




      All forms of life need carbon, nitrogen, hydrogen, oxygen, phosphorus, and sulfur to produce vital biomolecules, such as nucleic acids, amino acids, proteins, lipids, and carbohydrates (de Duve 1995). Calcium, magnesium, potassium, and sodium are also needed in high amounts to sustain life, and they are called primary macronutrients. In turn, phosphorus and sulfur are classified as secondary macronutrients because they are required in small amounts. On the other hand, other metals and non-metals (trivalent Cr, Cu, Co, Mn, Ni, Se, V, Zn, among others) are required at trace levels (microelements) to assure a healthy life cycle for organisms. The microelements, which are essential elements at adequate doses, can cause several types of biological damage if they are excessively assimilated. In this case, they cease to be essential and become toxic (Tchounwou et al., 2014). In turn, there are elements (Cd, hexavalent Cr, Hg, Pb, Tl, among others) that will always be toxic, even when considering very small concentrations. The boundary between being essential or toxic is very subtle because it depends on aspects concerning the general health status of an organism and its age.




      The toxic effects of microelements also depend largely on their bioavailability, which is the capacity of a chemical species for being assimilated by cells of living organisms. For this, an element needs to be in a form in which it is possible to establish interactions with chemical groups belonging to the cell membrane or wall. It is necessary to predict how an element is found in aquatic ecosystems, and thus knowledge is required about the stability of chemical species.




      In this sense, it is necessary to know the oxidation state of the chemical element as well as whether it exists as an organic compound. This is the case for mercury, which is much more toxic as alkyl mercury than mercuric cation. In turn, organic forms of arsenic are less toxic than its inorganic compounds (Fergusson 1990, Emsley 2005).




      The effects of toxic metals and non-metals comprise a huge set of biological damage, but many of these elements replace enzyme cofactors, thus partially or totally inactivating these vital macromolecules (Nordberg et al. 2007). This is the typical case of cadmium in relation to zinc. Cadmium, a very toxic metal, has a




      strong chemical similarity to zinc, which is an essential element largely involved in several metabolic processes including those concerning the activity of enzymes.




      In the next section, we focus our attention on the processes that are able to change the chemical forms and bioavailability of the elements in marine waters.


    




    

      AQUATIC CHEMISTRY




      In marine ecosystems, several chemical and physical processes can modify the bioavailability of elements. In this section, we consider the combination of redox and proton-transfer reactions (pE x pH diagrams), as well as complexation reactions.




      Chemical equilibria in marine environments, where there is a high ionic strength, should be described in terms of chemical activity. However, many sources in the literature approximate the chemical activities to molar concentrations. Here, we follow the notation of vanLoon & Duffy, (2005).




      Although conditions away from equilibrium may occur in marine environments, we disregard these situations to simplify the explanations. All constants reported in the following sections were obtained considering the temperature to be 25º C.




      

        pE X pH Diagrams




        Of the forms that can be used to predict the chemical form of an element in the oceans, pE X pH diagrams are especially useful. Here, pE is defined as the anti-logarithm of electron activity, so that high values of pE indicate low electron activity (oxidating environment), while small values of pE correspond to high electron activity (reducing environment). In such diagrams, it is possible to identify the conditions responsible for changes in the oxidation number as well as the formation of insoluble compounds.




        In aquatic systems, pE X pH diagrams are limited by water stability. Thus, the inferior limit is defined in terms of water reduction (Equation 4), while the upper limit is demarcated by water oxidation (Equation 5).
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        Both reactions listed above have corresponding equations that relate pE and pH. These equations can be deduced using a general equilibrium condition (Equation 6), where A and B are the oxidized and reduced chemical species, respectively, while a and b are the respective stoichiometric coefficients of A and B. In turn, n is the number of electrons (e-) involved in the redox process.
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        The constant of equilibrium concerning the general reaction listed above (Equation 6) is given by Equation 7, where a is the chemical activity:
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        Equation 7 can be rearranged to give rise to Equation 8, which can be rewritten as Equation 9.
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        Equation 10 arises from Equation 9.
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        Keq is related to ΔGo (standard Gibbs free energy variation) according to Equation 11, where R is the universal constant of gases (8.314 J K-1 mol-1) and T is the absolute temperature (K).
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        In turn, Equation 12 defines ΔGo as the electrical work performed by the evaluated electrochemical system. In this Equation, F is the Faraday constant (96,485 C mol-1), and n is the number of electrons (in mol) involved in the electrochemical process, where εo is the standard potential concerning the electrochemical system.
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        Substituting Equation 12 into Equation 11, it is possible to obtain Equation 13.
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        Given the values of F and R and assuming that T is 298.15 K (25ºC), Equation 13 can be rewritten as Equation 14.
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        When Equation 14 is inserted into Equation 10, Equation 15 is obtained.
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        Equation 16 is obtained by dividing Equation 15 by n.
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        Rewriting Equation 16, we obtain Equation 17, where the term pE means -log ae-.
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        The mass action law concerning the equilibrium indicated in Equation 6 is written as Q = [(abB)/(aaA)], so that Equation 18 is defined as indicated below.
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        According to an IUPAC (International Union of Pure and Applied Chemistry) convention, water oxidation (Equation 5) must be inverted and, thus, represented by a reduction reaction (Equation 19). After applying Equation 18 to the reaction indicated in Equation 19, we obtain Equation 20. Here, we considered εo = 1.229 V, and a partial oxygen pressure of 101,325 Pa, or 1 atm (minimum pressure required for gas evolution from an aqueous ecosystem).
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        To deduce Equation 21, which relates -log ae- (or pE) with pH for the water reduction (Equation 4), we also used Equation 18 in which we considered the value of εo (-0.828 V) and a partial hydrogen pressure of 101,325 Pa, or 1 atm (minimum pressure required for gas evolution from an aqueous ecosystem).
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        The borders of water stability (Equations 20 and 21) in all pE X pH diagrams for aquatic ecosystems are illustrated in Fig. (1).
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Fig. (1))


        pE X pH diagram showing the boundaries of water stability. Lines 1 and 2 correspond to Equations 20 and 21, respectively.



        To illustrate that pE X pH diagrams can be used for a specific chemical element, we consider sulfur as an example, but the reasoning described below can be extended to any other element. In aquatic ecosystems, sulfur is involved in several equilibria, some of which are listed in Equations 22 to 28.
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        After applying Equation 18 to each reaction indicated in Equations 22-28, we obtained, respectively, Equations 29-35. Equations 29-35 represent the stability borders in a sulfur pE X pH diagram. To deduce Equations 29-35, we replaced the molar concentration of SO42-, HSO4-, HS-, and/or H2S in Equation 18, which were arbitrarily equal to 10-2 mol L-1. Moreover, we inserted in Equation 18 each value of εo, respectively indicated in Equations 23, 24, 25, 26, and 28 in order to achieve the Equations 30, 31, 32, 33, and 35, respectively.




        As the reactions indicated in Equations 22 and 27 are not redox reactions, values of εo were not considered. In this case, the stability borders related to the reactions indicated in Equations 22 and 27 do not contemplate pE, and Equation 18 cannot be applied. Thus, these stability borders are constant values of pH, as indicated in Equations 29 and 34.
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        To illustrate how Equations 29-35 were deduced, we selected Equations 29 and 30 as examples.




        For Equation 29, we started by considering the equilibrium constant for Equation 22, whose value is 101.995. The corresponding mass action law is defined by Equation 36, where [HSO4-] and [SO42-] mean, respectively, the molar concentrations of HSO4- and SO42-.
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        As [HSO4-] and [SO42-] are equal to 10-2 mol L-1 (arbitrary value), Equation 36 can be simplified to Equation 29.
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        Equation 34 was deduced in a similar way.




        In turn, all steps concerning the deduction of Equation 30 from the reaction indicated in Equation 23 are listed below. In this case, we applied Equation 18 using εo = +0.33 V and [HSO4-] = 10-2 mol L-1.
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        Equations 31, 32, 33, and 35 were similarly deduced.




        When Equations 20, 21, 29, 30, 31, 32, 33, 34, and 35 are plotted, the pE X pH diagram for sulfur in a typical marine ecosystem is built (Fig. 2).
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Fig. (2))


        pE X pH diagram showing boundaries of stability for different species containing sulfur. Lines 1, 2, 3, 4, 5, 6, 7, 8, and 9 correspond to Equations 20, 29, 30, 31, 32, 33, 34, 35, and 21, respectively.



        From the pE X pH diagrams, it is possible to predict situations in which an element can exist in a soluble form in aquatic ecosystems. These structural features are important prerequisites for its bioavailability, since its assimilation by a living organism requires high solubility, since these elements should firstly be adsorbed on chemical groups of the cell membrane. Nevertheless, high solubility is not enough to assure high bioavailability, because metallic cations dissolved in marine water can be complexed by several inorganic and organic ligands, thus decreasing their capacity of being retained on cells, and consequently their bioavailability (vanLoon & Duffy, 2005).




        To understand how metallic cations interact with other chemical species able to form complexes, in marine environments, the properties of different types of metals should be discussed. The next section deals with this subject.
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