

  

    

      

    

  




  




  

    

      Marine Ecology: Current and

    




    

      Future Developments

    




    

      


    




    

      (Volume 3)

    




    

      


    




    

      Marine Ecosystems: A Unique

    




    

      Source of Valuable Bioactive

    




    

      Compounds

    




    

      


    




    

      Edited by

    




    

      


    




    

      Hassan A.H. Ibrahim

    




    

      Marine Microbiology Laboratory

    




    

      Marine Environment Division

    




    

      National Institute of Oceanography and Fisheries (NIOF)

    




    

      Cairo, Egypt

    




    

      


    




    

      


    




    

      &

    




    

      


    




    

      Mostafa M. El-Sheekh

    




    

      Phycology, Botany and Microbiology Department

    




    

      Faculty of Science

    




    

      Tanta University

    




    

      Tanta

    




    

      Egypt

    




    

      


    


  




  




  




  

    


    


    


    


    


    


  




  

    

      BENTHAM SCIENCE PUBLISHERS LTD.




      

        End User License Agreement (for non-institutional, personal use)




        This is an agreement between you and Bentham Science Publishers Ltd. Please read this License Agreement carefully before using the ebook/echapter/ejournal (“Work”). Your use of the Work constitutes your agreement to the terms and conditions set forth in this License Agreement. If you do not agree to these terms and conditions then you should not use the Work.




        Bentham Science Publishers agrees to grant you a non-exclusive, non-transferable limited license to use the Work subject to and in accordance with the following terms and conditions. This License Agreement is for non-library, personal use only. For a library / institutional / multi user license in respect of the Work, please contact: permission@benthamscience.net.


      




      

        Usage Rules:




        

          	All rights reserved: The Work is the subject of copyright and Bentham Science Publishers either owns the Work (and the copyright in it) or is licensed to distribute the Work. You shall not copy, reproduce, modify, remove, delete, augment, add to, publish, transmit, sell, resell, create derivative works from, or in any way exploit the Work or make the Work available for others to do any of the same, in any form or by any means, in whole or in part, in each case without the prior written permission of Bentham Science Publishers, unless stated otherwise in this License Agreement.




          	You may download a copy of the Work on one occasion to one personal computer (including tablet, laptop, desktop, or other such devices). You may make one back-up copy of the Work to avoid losing it.




          	The unauthorised use or distribution of copyrighted or other proprietary content is illegal and could subject you to liability for substantial money damages. You will be liable for any damage resulting from your misuse of the Work or any violation of this License Agreement, including any infringement by you of copyrights or proprietary rights.


        




        

          Disclaimer:




          Bentham Science Publishers does not guarantee that the information in the Work is error-free, or warrant that it will meet your requirements or that access to the Work will be uninterrupted or error-free. The Work is provided "as is" without warranty of any kind, either express or implied or statutory, including, without limitation, implied warranties of merchantability and fitness for a particular purpose. The entire risk as to the results and performance of the Work is assumed by you. No responsibility is assumed by Bentham Science Publishers, its staff, editors and/or authors for any injury and/or damage to persons or property as a matter of products liability, negligence or otherwise, or from any use or operation of any methods, products instruction, advertisements or ideas contained in the Work.


        




        

          Limitation of Liability:




          In no event will Bentham Science Publishers, its staff, editors and/or authors, be liable for any damages, including, without limitation, special, incidental and/or consequential damages and/or damages for lost data and/or profits arising out of (whether directly or indirectly) the use or inability to use the Work. The entire liability of Bentham Science Publishers shall be limited to the amount actually paid by you for the Work.


        


      




      

        General:




        

          	Any dispute or claim arising out of or in connection with this License Agreement or the Work (including non-contractual disputes or claims) will be governed by and construed in accordance with the laws of Singapore. Each party agrees that the courts of the state of Singapore shall have exclusive jurisdiction to settle any dispute or claim arising out of or in connection with this License Agreement or the Work (including non-contractual disputes or claims).




          	Your rights under this License Agreement will automatically terminate without notice and without the need for a court order if at any point you breach any terms of this License Agreement. In no event will any delay or failure by Bentham Science Publishers in enforcing your compliance with this License Agreement constitute a waiver of any of its rights.




          	You acknowledge that you have read this License Agreement, and agree to be bound by its terms and conditions. To the extent that any other terms and conditions presented on any website of Bentham Science Publishers conflict with, or are inconsistent with, the terms and conditions set out in this License Agreement, you acknowledge that the terms and conditions set out in this License Agreement shall prevail.


        




        

          

            	

              Bentham Science Publishers Pte. Ltd.


              80 Robinson Road #02-00


              Singapore 068898


              Singapore


              Email: subscriptions@benthamscience.net


            



            	[image: ]

          


        


      


    


  




  




  




  

    PREFACE




    


    


    


    


    


  




  

    Each marine ecosystem, including the open ocean, the deep-sea ocean, and coastal ecosystems, has different components with different physical and biological characteristics. Therefore, marine ecosystems have variability with a wide array of habitats involving mainly seaweeds, seagrasses, coral reefs, and mangroves besides estuaries and various protected areas.




    Primarily, the productivity of a certain marine ecosystem refers to the organic matter production by producers or autotrophs (phytoplankton and algae), where the produced organic carbon is supplied to heterotrophs, which obtain their energy only from the organic matter respiration.




    Mangrove environment microorganisms provide a large supply of antimicrobial substances creating a broad spectrum of major health chemicals such as enzymes, antitumors, insecticides, and immune modulators. Although the ecology of mangroves is highly diverse in microbiological conditions, less than 5% of species are characterized. In many cases, their ecological role and their potential application are unknown. Recently developed molecular biology and genetics technologies hold a great promise for exploring the potential of microbial diversity. In addition, the antimicrobial potential of the “macroalgal epiphytic microbiome” and the application of “meta-omics” approaches are significant for further exhaustive exploitations of this unique microbiome for future drug discovery.




    Most marine biota can survive under stress conditions, as a result, they produce complex metabolites with unique biological properties. These natural substances could be used as functional constituents in the food sector. Moreover, they could aid in the treatment of a wide range of different diseases, including antitumor, anti-inflammatory, antimicrobial, etc.




    Microalgae and phytoplankton are rich sources of various pigments like carotenoids, beta-carotene, and polyunsaturated aldehyde. Seaweeds are abundant in vitamins A and C, and also in phenolic compounds, terpenes, etc. Primary consumers like crustaceans and mollusks are reported to produce steroids having high medicinal potential. Carnivorous fishes like herring, shad, and mackerel are the secondary consumers. Mackerel is a great source of the amino acid taurine, which is considered to have beneficial effects on heart health. Top carnivorous fishes like the haddock or cod belong to the category of tertiary consumers. Cod is popular for its “cod-liver oil” which has high contents of vitamins A, D, and E and omega-3 fatty acids whose health benefits are familiar to all. Even the decomposers like marine bacteria and fungi are effective manufacturers of alkaloids, terpenes, peptides, and mixed biosynthetic compounds derived from polyketides. Thus, it will not be an exaggeration to say that the marine ecosystem has a plethora of bioactive compounds, and it can easily be proclaimed that collective efforts in the form of copious research and documentation are required to enable sustainable utilization of this untapped bioresource. This confirms that marine organisms offer a delicate, yet plentiful source for a vast array of novel products whose unique structural features make them suitable drug candidates.




    Many challenges threaten the marine ecosystem like climatic change, biological invasions, overexploitation, overfishing, and water pollution. These challenges negatively affect marine biodiversity and then productivity. Human activities, also, place diverse stresses on marine ecosystems, which are predicted to increase, resulting in great impacts on marine ecosystems and then on biodiversity. So, they must be overcome for the potential preservation of various lives in the marine environment. Moreover, numerous challenges threaten the marine natural system, particularly in the field of marine drug discovery. The primary issues include the impact of climate change on marine biodiversity, biological invasions, overfishing, pollution, and habitat destruction, often occurring together in time and space, and have a cumulative effect. Although the additional costs, like specialized services for divers, submarines, staff safety, and costs, can add up quickly, several marine-based medications are actively being developed for commercial use.




    Natural bioactive products are up against vast chemical libraries and combinatorial chemistries in the fight for market share. As a result, each stage of a natural product program, from environmental sampling and strain selection to metabolic expression, genetic exploitation, sample processing, and chemical dereplication, must be more effective than ever. Oceans and their immense biodiversity have gifted humanity with a pathway out of the obstacles of health care. The constant need for innovation has been a great challenge for the pharmaceutical industry especially finding new sources for active compounds.




    The development of a certain marine drug involves the creation and analysis of large amounts of data, requiring the interaction of scientists from the scientific and industrial communities. Efficiently, the collaboration shares the knowledge, tools, finances, and administrative processes, hence increasing the innovation potential of all parties than a single one. Specifically, at the academic level, the quality of collaboration is evaluated in the number of co-authored articles over some time.




    Collectively, the current book has twelve chapters to highlight the biodiversity and productivity of marine ecosystems covering their protected areas and explaining all biotic and abiotic factors that affect the viability of this ecosystem. In addition, it spotlights the potentiality of the biological activities that have been detected by marine organisms. Moreover, it presents an effective strategy for drug discovery from these features. Indeed, this book aims at researchers’ students, ecologists, microbiologists, pharmacologists, and biotechnologists working with the living components of the marine environment providing those with the recent information and strategies in the field of drug discovery from unique marine features and resources.
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      Abstract




      The water covers about 71% of the earth's surface and occupies an area of about 361 million km2 and a volume of about 1370 million km3 of water. Oceans and seas are responsible for maintaining the global climate by regulating air temperature and supplying moisture for rainfall. They play a major part in the global carbon cycle, removing almost 25% of the carbon dioxide released by human activity. Furthermore, life would not have begun on Earth without seas, which support the planet's highest biodiversity. They also offer social and economic goods and services, as well as tourism and recreation, maritime transportation, security, and coastal protection. Marine ecosystems include the open ocean, the deep-sea ocean, and coastal marine ecosystems, each of which has different physical and biological characteristics. The variability of the marine ecosystem is the result of the wide array of habitats in seas and oceans. Coral reefs, seagrasses, estuaries, and mangroves are the most important types of marine ecosystems. Variations in the characteristics of the marine environment create different habitats and influence what types of organisms will inhabit them. The marine environment can be divided into zones based on physical features such as depth, temperature, light penetration, and other several factors. There are two main marine realms or provinces, a pelagic realm that includes the water column and a benthic realm that represents the sea floor. Each of these two domains has also been divided into other smaller domains or regions based on the prevailing environmental conditions. Pollution, habitat alteration, and overfishing are the most destructive impacts on the marine environments and their threats are very clear. So, marine ecosystems in oceans and seas should be protected through planned management in order to prevent the over-exploitation of these resources.
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      1. INTRODUCTION




      Since ancient times, man has been eagerly looking forward to the sea to reveal its mysteries. The sea was and still is an important source of food and entertainment for people in coastal areas. Although man is not a marine creature, he comes at the top of the marine food chain, where he extracts hundreds of species of fish, invertebrates, and algae on which he depends for his food. The value of what man extracts from the sea has been estimated at about 100 million tons.




      In recent decades, several marine organisms such as sponges, marine algae, soft corals, jellyfish, and others are utilized to extract thousands of compounds of medical and therapeutic significance that are used in the treatment of many fungal, bacterial, and viral diseases. The word ocean means the sea surrounding the world and it is derived from the Greek word “Okeanus” and the ocean is the largest body of water on the surface of the earth. It was previously well known that there are four oceans.




      The water covers about 71% of the earth's surface and occupies an area of about 361 million km2 and a volume of about 1370 million km3 of water. Hence the earth is called the water planet or the blue planet. Marine water constitutes 98% of the water on the surface of the globe distributed among 5 oceans, the Pacific Ocean, the Atlantic Ocean, the Indian Ocean, the Arctic Ocean, and the Southern Ocean arranged according to their area. The largest and deepest ocean, the Pacific Ocean, has an area of about 165 million km2, a maximum depth of 11,000 meters and an average depth of about 4000 meters. The Atlantic Ocean has an area of about 76 million km2 and a maximum depth of 9000 meters and an average depth of 3000 meters. As for the Indian Ocean, its area is about 68 million km2 and the average depth is 3000 meters. The area of the Arctic Ocean is about 14 km2. The Southern Ocean covers an area of about 20 million km2 [1].




      The distribution of marine waters on the earth is uneven, as it covers 60.7% of the earth's surface in the northern hemisphere and increases to reach 80.9% in the southern hemisphere. It covers about 62.1% of the Eastern hemisphere and about 81.2% of the surface of the western hemisphere. Freshwater constitutes only 2% of water around the world and includes rivers, fresh lakes, mountains, ice masses around the poles, and groundwater [2].




      Healthy ocean ecosystems are essential for the mitigation of climate change [3] and life would not have started on Earth without oceans [4]. Rising ocean temperatures and ocean acidification mean that the capacity of the ocean carbon sink will gradually get weaker. Oceans play an important role in the global climate by regulating the air temperature and by supplying moisture for rainfall.




      They also play a role in the global carbon cycle by removing large amounts of (about 25%) of the carbon dioxide emitted by human activities.




      The marine environment is considered as one of the most complex ecosystems on the earth, because it contains many chemicals, physical and biological features that interact together and lead to the creation of this unique ecosystem. Water currents, waves, tides, salinity, light, and sediments as well as the feeding and reproduction habits of marine animals, control the distribution of marine organisms in different zones and at different depths of the marine environment. Marine Environments contain about 90% of the animals on the surface of the earth, so it represents a very important vital stock for life on earth. Marine organisms represent all the different living phyla from the smallest organisms such as fungi and bacteria to the largest species such as whales, dolphins, and sharks such as the whale shark with about 13 meters in length [5].




      The marine environment supports many ecosystems in coastal and open ocean habitats that in turn support biodiversity in these ecosystems. Examples include coral reefs, rocky and sandy shores, mangroves, estuaries, kelp forests, and polar seas. These ecosystems provide many services to the society where a significant proportion of the world’s population depends intimately on these services. However, the pressure on marine ecosystems and the resources they provide is increasing and threats caused by land-use change, climate change, the invasion of non-native species and other impacts of anthropogenic activities affect biodiversity. As environmental conditions change, species need to evolve and adapt to these changing conditions [5].




      Marine ecosystems are closely related to the global climate and studying these ecosystems allows scientists to predict the impact of climate change on marine biodiversity. Monitoring of biodiversity and species distribution and density in the marine ecosystems help managers and policy makers respond to protect, and manage the threatened ecosystems [6].


    




    

      



      2. Comparison between Marine and Terrestrial Ecosystems




      Life has started in the oceans much earlier than on land and the diversity at higher taxonomic levels is greater in the ocean than land. Because life began in the oceans, oceans are believed to have more diversified genetic resources than land. A total of 14 animal phyla are restricted to the ocean compared to only one phylum on land (Tables 1 and 2).




      

        Table 1 Key differences between terrestrial and marine ecosystems after [7].




        

          

            

              	Feature



              	Terrestrial ecosystems



              	Marine ecosystems

            


          



          

            

              	Environmental


              Dimensions of the environment


              Prevalence of aquatic medium


              Scale of chemical and material transport


              Openness of local environment



              	



              Two-dimensional


              Less


              Smaller


              less



              	



              Three-dimensional


              greater


              greater


              greater

            




            

              	
Ecological


              Phyletic diversity


              Life history traits


              • Fecundity for invertebrates and fish


              • Fecundity for mammals


              Difference in dispersal between life stages


              Importance of pollination syndromes


              Rate of response to environmental variability


              Sensitivity to large scale variability



              	



              Less


              


              Lower


              Low


              Less


              Greater


              Lower


              lower



              	



              greater


              


              Higher


              Low


              greater


              minimal


              faster


              higher

            




            

              	
Population structure


              Spatial scale of propagule transport


              Spatial structure of population


              Reliance on external sources of recruitment


              Likelihood of local self-recruitment


              Sensitivity of habitat fragmentation



              	



              Smaller


              Less open


              Lower


              High


              greater



              	



              Greater


              More open


              Higher


              Low


              less

            




            

              	
Trophic


              Lateral transport of energy


              Turnover of primary producers


              Reliance of carnivores on external input of prey


              Influence of external predators


              Ontogenetic shifts of vertebrates



              	



              Low


              Slow


              Lower


              Lower


              rare



              	



              High


              High


              Higher


              Higher


              Very common

            




            

              	
Genetic


              Effective population size


              Spatial scale of gene flow


              Interpopulation genetic diversity



              	



              Smaller


              Smaller


              higher



              	



              Larger


              Larger


              lower

            




            

              	
Types and relative importance of human threats


              Habitat destruction


              Loss of biogenic habitat structure


              Trophic levels pf threatened or exploited.


              Degree of domestication



              	



              Widespread


              Widespread


              Lower


              higher



              	



              Spatially focused


              Spatially focused


              Higher


              lower

            


          

        




      




      

        Table 2 Productivity of terrestrial and marine ecosystems.




        

          

            

              	Ecosystem



              	Production (gram carbon/m2/year)

            


          



          

            

              	
Terrestrial


              Sugar cane


              Rain forest


              Temperate grassland


              Desert




              	



              1700


              Up to 1000


              150-500


              50

            




            

              	
Marine Benthic


              Spartina salt marsh


              Mangrove swamp


              Tropical sea grasses


              Kelp forest


              Tropical sargassum


              Coral reef




              	



              1250


              1500


              1000


              1700


              2500


              3000

            




            

              	
Marine Pelagic


              Open ocean


              High latitude


              Continental shelf


              NW Africa coastal upwelling


              Peru coastal upwelling


              Equatorial upwelling




              	



              50


              70


              Up to 150


              720


              670


              1050

            


          

        




      




      Marine ecosystems are more open than terrestrial ecosystems, allowing species to disperse over much larger areas. Although most ocean species are benthic, meaning they live adhering to or buried in a substratum, several have planktonic larvae that float in the water column for a week to several weeks, increasing their dispersal abilities. These great dispersal capacities are frequently accompanied by extremely high fecundities, which have significant implications for their genetic structure and evolution [7].




      The main primary producers in the oceans are tiny planktonic organisms (phytoplankton), compared to large and static primary producers (plants) on land. The standing stock of grazers in the sea is higher than that of primary producers; the opposite is true on land. Ocean productivity is on average far lower than land productivity. The deep sea, the largest part of the ocean lies below the photic zone where light is not enough for photosynthesis [7].




      In comparison to attached and static primary producers (plants) on land, the predominant primary producers in the oceans are microscopic planktonic organisms (phytoplankton). In the ocean, the standing stock of grazers is greater than that of primary producers; on land, the converse is true. On average, ocean productivity is far lower than terrestrial productivity. The deep sea, which makes up the majority of the ocean, is located below the photic zone, where light is insufficient for photosynthesis [7].




      Despite their key roles in structuring marine biodiversity, high-level carnivores are subjected to continuous and unquantified exploitation. This situation is altered on land, where the ecosystems are dominated by large herbivores and increasingly by humans, who utilize almost half of the total world’s primary production [7].




      Man exploits a greater variety of species at higher trophic levels as food resources in the seas than on the land (over 400 species from the marine environment vs tens of species on land). Marine biodiversity is less well maintained than terrestrial biodiversity, and exploitation technology of the marine environments is advanced to the point that many marine species are overexploited [8].




      Pollution from the air, land, and freshwater all ends up in the ocean. As a result, marine biodiversity is the most vulnerable to and influenced by various contaminants, and marine species are likely the least resistant to toxicants. Man cannot regulate the spread of pollutants in marine food systems, and consequently the quality of marine food [7].


    




    

      



      3. Importance of Marine Environments




      Marine ecosystems are an important part of the world since they give a place to live, survive and hunt different forms of marine life. They harbor thousands of species of plankton, fish, crustaceans, invertebrates, reptiles, marine mammals, sharks, and rays. Oceans are important sources of living and non-living materials. Living materials include fisheries of fishes and invertebrates whereas non-living materials include oil, minerals, freshwater, salts, and tidal energy. Some resources are easy to get (extractable resources), whereas others are very difficult to obtain (non-extractable resources). Oceans also serve as transportation waterways for ships and people [6].




      Marine biotechnology is the application of biotechnology to the synthesis of material processes such as bioactive compounds from marine creatures. It's a scientifically exciting and financially lucrative venture that taps into the vast yet unexplored gene pool and functional variety of marine life to discover novel genes, creatures, biosensors, natural products, and odd biochemical processes required by industry [9].




      Marine ecosystems provide a variety of functions that are critical to the proper functioning of the earth. They regulate climate, produce organic material, store carbon, buffer climate changes, detoxify pollutants, protect coastal ecosystems (mangroves, dune-beach systems, coral reefs), and regulate the biogeochemical 4 cycles. They also provide humans with many living and non-living resources such as fisheries and minerals [10].




      Many biogeochemical processes that keep the biosphere alive are dependent on marine organisms. Ocean processes and microorganisms dominate the carbon and nitrogen cycles, but the interaction between natural processes and human activities is becoming increasingly essential [11].




      Two major processes that involve carbon and nitrogen are primary production and nitrogen fixation. Phytoplankton is responsible for 50% of oxygen in the globe through the process of photosynthesis through which phytoplankton absorbs carbon dioxide and delivers oxygen back to the air. Without plankton, carbon dioxide will accumulate in the air. Estuaries and coral reefs are the most important marine ecosystems since estuaries are considered one of the most important breeding and nursery grounds for many marine animals, and coral reefs provide shelter for various species. Coral reefs are also the most diverse ecosystem in the whole aquatic system. All marine ecosystems are inter-dependent and without all of them, the marine food web and the whole ocean would be in danger with a great possibility of losing its current state and functions [10].


    




    

      



      4. Diversity of Marine Ecosystems




      The great diversity of marine ecosystems is the result of the high variability of habitats in the seas and oceans. The ocean is a three-dimensional environment with thousands of meters of depth. There is sandy, rocky, shallow, and open water, which covers thousands of square kilometers [12].




      In general, marine ecosystems and organisms take the name of the marine zone they inhabit. For example, the marine organisms that live on the bottom-regardless of the depth - are called “benthos” or “benthic organisms”. Also, the organisms that live in the water column and that move and swim or float on their own are called “swimmers” or active animals (nekton), including fish, whales, mermaids, dolphins, and some crustaceans. Organisms that are motionless or weak in motion, which are moved by water currents against their will, are called “plankton” [10].




      

        



        4.1. Divisions of the Marine Environment




        

          



          4.1.1. The Continental Shelf




          The geomorphology of the ocean floor begins with a continental shelf which constitutes between 7-8% of the total area of the oceans, covered by a shallow layer of water with a depth of up to 200 m. It extends from the shore for varying distances ranging from a few kilometers, as on the western coasts of the Pacific Ocean and the Red Sea, to 1500 km (e.g., the Arctic coast of Siberia) [10].




          Continental shelves are the most productive areas in the ocean because they receive high levels of terrestrial sediments and nutrients from land. Moreover, they are shallow with enough light and little stratification because of tidal currents and wind mixing, which bring nutrients back to the surface. Although they constitute less than 5% of the ocean’s area, they harbor between 70-80% of marine resources [13]. Coastal upwelling is also an important source of nutrients to coastal seas in the western sides of the continents such as Peru [5].




          The soft edge of the continental shelf descends sharply towards the bottom, with an angle of inclination that revolves around 45 degrees to the continental slope, which in turn extends to depths ranging from 3-5 km to the oceanic basins (Abyssal plains). The latter is characterized by an extended and flat bottom covered with high layers of sediment. However, the bottoms of the oceanic walls or basins are often located at many different heights known as submarine ridges forming mountain ranges often 2-3 km above the ocean floor. Sometimes these mountains reach the surface and emerge from the oceans, forming volcanic islands, including the Azores, Trinidad, and other islands, but they are characterized by great volcanic activity [13].




          On the other hand, ocean bottoms decrease in some areas especially around the islands and continents to form troughs or trenches, reaching depths of 7 to 11 km. The Marianas Trench is the most famous and deepest one (11 km) in the Pacific Ocean [10].




          The marine environment can be divided into zones based on physical features such as depth, temperature, light penetration, and other several factors [14]. There are two main marine realms or provinces, a pelagic realm that includes the water column and a benthic realm that represents the sea floor. Each of these two domains has also been divided into other smaller domains or regions based on the prevailing environmental conditions [10].




          Pelagic and benthic environments are inter-dependent in many ways. For example, pelagic plankton is the main source of food for benthic animals on soft or rocky bottoms. Suspension feeders such as anemones and barnacles feed by filtration of living and dead particles from the surrounding water. On the other hand, detritus feeders graze on the accumulation of particulate material raining from the water column above. The molts of crustaceans, plankton feces, dead plankton, and marine snow all contribute to this rain of fallout from the pelagic environment to the ocean bottom. Plankton forms marine sediments, and many types of fossilized protistan plankton, such as foraminiferans and coccoliths, are used to determine the age and origin of rocks [12].


        




        

          



          4.1.2. Pelagic Realm




          The open and free water region of the ocean that lies between the surface and bottom of the ocean except the boundaries like shore, seafloor and surface is referred to as the pelagic realm. It is divided into neritic and oceanic zones. The neritic zone is the space between the seafloor near the shore and the edge of the continental shelf. It is also called the subtidal or sublittoral zone. The oceanic zone, on the other hand, is the deep open ocean beyond the continental shelf [10]. However, Table 3 shows the division of the pelagic and benthic environments, while Table 4 presents the percentage of the world’s ocean comprised of various habitats.




          

            Table 3 Division of the pelagic and benthic environments.




            

              

                

                  	Pelagic zone divisions



                  	Benthic zone divisions (Seafloor zones)

                


              



              

                

                  	Epipelagic (0-200 m)



                  	Supralittoral–shore above high tide

                




                

                  	Littoral–the intertidal zone (sometimes submerged and sometimes above water)

                




                

                  	Mesopelagic (200-1,000 m)



                  	Sublittoral–seafloor of the continental shelf (from low tide to the shelf break)

                




                

                  	Bathypelagic (1,000-4,000 m)



                  	Bathyal–seafloor of the continental slope to the deep ocean bottom

                




                

                  	Abyssopelagic (4,000-6,000 m)



                  	Abyssal–deep ocean bottom between the base of the slope and 6,000 m

                




                

                  	Hadalpelagic (6,000-10,000 m)



                  	Hadal–the deepest zone, below 6,000m

                


              

            




          




          

            Table 4 Percentage of the world ocean comprised by various habitats.




            

              

                

                  	Habitat types



                  	Percentage

                


              



              

                

                  	Littoral zone



                  	Negligible

                




                

                  	Continental shelf



                  	3

                




                

                  	Oceanic area



                  	97

                




                

                  	Continental slopes



                  	12

                




                

                  	Continental rise



                  	5

                




                

                  	Mid-oceanic ridges, mountains



                  	36

                




                

                  	Abyssal plains



                  	42

                




                

                  	Ocean trenches



                  	2

                


              

            




          




          

            



            i. The Neritic Zone (Coastal Area)




            This area includes the mass of water that extends over the continental shelf, starting from the surface of the water to a depth of 200 meters. The subtidal zone remains submerged and is thus the home of many important communities such as seagrasses and coral reefs [5, 10].




            This region is characterized by an abundance of oxygen because of the constant stirring of water resulting from the cracking of the waves, the high temperature, and the abundance of living creatures, and thus is the richest area in the sea, as it contains approximately 70-80% of marine organisms, in addition to mineral and petroleum wealth and other marine resources such as sand, pebbles, and gravel [10].




            The neritic zone is the highly productive area in the ocean. This high productivity is attributed to the flow of the rivers that contain runoff from the land to the neritic zone thus providing nutrients for phytoplankton. Besides, much of this zone’s depths receive enough light that algae, phytoplankton, and other autotrophic organisms can carry on photosynthesis [12].


          


        




        

          



          4.1.3. Benthic Realm




          The term benthic refers to the oceanic region that extends from the shoreline to the ocean floor. The benthic environment includes all areas of the bottom environment, starting from the coastal areas separating the land and water to the deepest depths in the oceanic basins and valleys. In the benthic zone, the highly productive region lies over the continental margin, which is largely not affected by tides. Benthic also refers to all organisms that live on the bottom [12].




          It is an especially rich environment for living organisms. About 98% of the total marine life is believed to living in or near the bottom. Most benthic organisms are attached to rock or other hard substrates, live in shells, burrow in the sand or mud or simply move about on the ocean floor. Some of the benthic organisms swim just above the ocean floor such as fish or shellfish [5]. The benthos is one of the largest components of the marine ecosystems that play key functions [15].




          The benthic organisms living in or on the sediment or other solid substrates are important in marine ecosystems because they act as prey for commercially significant fish and participate in nutrient recycling [16].




          In biogeochemical cycling, benthic organisms contribute to the nutrient fluxes between water and sediment through metabolic activity and physical activity in the sediment [17]. During metabolic activity, a portion of the organic matter eaten by the benthic organisms could be converted to inorganic compounds [17] However, the benthic zone can be divided into the intertidal region, the continental shelf, and the deep region.




          The intertidal zone (littoral zone) is the meeting point of land and sea, and it is the area located between the high and low tide zones. During low tines, the littoral zone is exposed to air and it is covered with salt water at high tides. Hence, the marine organisms living in this zone must have some adaptations to meet both very wet and very dry conditions. The littoral zone is practically a very tough area for survival due to the turbulence of water; particularly the wave action may dislodge the organisms. The temperature of this zone ranges from the ambient water or air temperature, but in some cases, it may range from freezing to scorching. The salinity of tidepools in intertidal regions also varies from the ambient salinity of the sea to higher salinity due to evaporation and salinity may be decreased during the rainy season due to runoff [18].




          

            i. The Subtidal Zone




            This is the area beyond the intertidal zone between the lowest water level and the continental break. The subtidal zone is always covered with seawater and is only exposed during the lowest low spring tide. It is the area that extends above the continental shelf (starting from the lowest sea level at the time of the spring peaks to a depth of 200 meters in most cases). This area is characterized by intense illumination and a high abundance of seaweed, which provide a suitable environment for many benthic organisms such as fish and marine invertebrates. The most important characteristic of this region in the tropics is the presence of coral reefs and seagrasses; however, it generally contains many other types of habitats [10].


          




          

            a. Bathypelagic Zone




            This area extends from the bottom of the continental shelf to a depth of 3-4 km and descends to the bottom at an angle of inclination of about 45 degrees mostly and contains many deep sea gorges (Submarine canyons) or shallow cracks (furrows) or sunken as well as channels and valleys. It is a somewhat poor area in its containment components due to the steep slope and the nature of its sediments, as well as the absence of plants because of the low light intensity needed for photosynthesis processes [19].


          




          

            b. Abyssal Benthic Zone




            This area includes the ocean floor, which extends to vast areas under a depth of 3-6 km, and is flat in most places, but there are many seamounts, hills, ridges, and submarine ridges that protrude above it. The best example is the Atlantic ridges which is a very poor area. The Abyssal benthic zone is inhabited by some types of fish, crustaceans, and echinoderms, which are characterized by strange shapes because of the high pressure [20].


          




          

            



            ii. Hadal and Trench Zone




            This zone includes sea trenches and extends down from 6-7 km up to about 11 km or more and these areas are almost devoid of living organisms. Among the benthic ecosystems, the coastal habitats are significant due to the abundance of species, inputs of nutrients and other pollutants from terrestrial sources [21].




            Anthropogenic stressors are one of the significant causes of the degradation of coastal ecosystems throughout the world. In addition to anthropogenic pressures, marine ecosystems are under constant threats from climate change-induced effects such as warming and ocean acidification [22]. Consequently, marine ecosystems are experiencing a considerable loss of biodiversity that affect ecosystem function [22, 23].




            The response of benthic as well as plankton food web to multiple environmental stressors is multifaceted and non-linear [24]. Moreover, changes in the community structure of benthos will affect the trophic relationships [25] that modify the interactions between the predator-prey relationships. Hence it is essential to understand the structure and ecology of benthic communities for predicting the distribution patterns in relation to changing environmental conditions [26].


          




          

            



            iii. Energy Pathways and Food Webs in the Marine Ecosystems




            Ecosystems consist of the physical environment and biotic communities. Mangroves, sandy beaches, rocky shores, estuaries, kelp forests, coral reefs, seagrasses, and open ocean are some of the examples of marine ecosystems. Most of the marine ecosystems are self-sustaining systems of organisms and the physical environment. For instance, materials are cycled and recycled in the ecosystems. Further, all ecosystems have some common properties, and marine ecosystems particularly have some exceptional characteristics to these cycles [27].




            Fig. (1) presents an energy pyramid, illustrating the amount of energy or biomass at each trophic level [10].




            In the ecosystems, communities are interacting through trophic relationships (food chains and webs) that describe the flow of energy from the producers to the consumers. The producers are found at the bottom of the trophic chain. The producers are depending on light and carbon dioxide for photosynthesis. Cellular respiration and photosynthesis are the two important processes that enable the cycling and recycling of gases in ecosystems [28].




            
[image: ]


Fig. (1))


            An energy pyramid showing the amount of energy or biomass at each trophic level [10].



            The ecosystem may be composed of a great number of species and the term Trophic level is very useful in that it helps arrange the large number of species into functional groups according to their feeding habits. It describes the role of the species within the community and its position within the food web. The trophic pyramids in marine ecosystems are either macroalgae-based (coastal regions) or phytoplankton-based (coastal areas and open ocean) [28].




            Energy transfer from one trophic level to a higher level resulted in a loss of biomass because only 10% of energy is transported from one level to another. For example, if we consider that there are 100 pounds of producers in an area, that would be enough for supplying food for 10 pounds of herbivores, but the 10 pounds of herbivores in turn could support only 1 pound of a carnivore. Hence, the upper level of the food chain (or trophic pyramid) has smaller and smaller biomass for the consumers [28].


          




          

            a. First Trophic Level




            This trophic level consists of organisms that are known as primary producers, which means they are able to use inorganic energy sources to synthesize energy-containing organic materials. So, they are called autotrophs, and all other organisms depend on their activity. Most organisms in the first trophic level obtain energy from the sun to manufacture organic matter through photosynthesis. A smaller portion uses the energy contained in reduced inorganic compounds in the process of chemosynthesis [29].




            A variety of marine organisms can carry out the photosynthesis process. They include photosynthetic bacteria, blue-green algae, microalgae, and macroalgae as well as flowering plants such as seagrasses and mangroves (Table 5).




            

              Table 5 High variability of the photosynthetic autotrophs in marine environments.




              

                

                  

                    	Prokaryotes



                    	Photosynthetic bacteria



                    	Blue-green algae

                  


                



                

                  

                    	Eukaryotes




                    	Phytoplankton



                    	Dinoflagellates


                    Diatoms

                  




                  

                    	-



                    	Macroalgae (seaweeds)



                    	Green algae


                    Red algae


                    Brown algae

                  




                  

                    	Flowering plants



                    	Seagrasses


                    Marsh grasses


                    Mangrove trees



                    	-

                  


                

              




            




            Chemosynthesis may occur at any depth in the sea, where there is a supply of reduced inorganic chemicals. These chemical compounds can be oxidized, or dehydrogenated, with the release of energy. This energy is used in the fixation of carbon dioxide. Examples of chemosynthetic bacteria include nitrifying bacteria, sulfur bacteria, hydrogen bacteria, methane bacteria, and iron bacteria [29].


          




          

            b. Second Trophic Level




            These are organisms that depend on the first trophic-level organism to obtain their energy, so they are called primary consumers. Since they are not able to make their own food, they are also called heterotrophs. They feed on plant materials, though this may be in the form of dead detritus. They can be divided into several categories based on the form and method by which they obtain food. Filter feeders or suspension feeders extract their food from the water column in the form of small particles through a filtration mechanism. Examples include crustaceans that use a network of setae and gastropods that use a system of cilia and mucus. Gorgonians and tunicates depend on the water current passing through their openings. Grazers depend on benthic plants which are mostly growing on hard substrates. They may feed predominantly on micro-algae, which they remove from substrate e.g., limpets. Others may feed on macroalgae removing small portions of the thallus (gastropods, sea urchins, and herbivorous fish) [30].




            On the other hand, deposit feeders feed on small particles of organic detritus, or on small living organisms lying on the surface of the deposit or mixed with it. Examples include lugworms and soldier crabs [31].


          




          

            c. Third Trophic Level




            These are the secondary consumers and they feed on animal material. There are three forms according to the relative sizes of feeder or food, and the way they are feeding. Predators normally kill the prey before feeding, and then consume it all such as fish and crabs. Scavengers, on the other hand, feed on the dead bodies of animals. Parasites consume only small parts without killing the prey. They may live outside, ectoparasite, or inside, endoparasite, the host [30].


          




          

            d. Fourth and Higher Trophic Levels




            These include the higher-level predators which feed on predators. Sharks and tuna are examples of this trophic level. Further, bacteria and fungi play an important role in nutrient cycling by decomposing the detritus and dead materials. Hence, food is cycled through the trophic pyramids in which the primary producers are at the bottom. Generally, the term ecosystems are referred to very large areas (like the entire planet Earth) or smaller subunits (like a tidepool) depending usage of the term 'self-sustaining' [30].


          


        


      


    




    

      6. Benthic Ecosystems




      In general, these ecosystems have high variations and consist of six main types. However, they will be briefly explained as follows:




      

        6.1. Estuary Ecosystems




        Estuaries are the places where river water meets sea water, where freshwater mixes with salt water. It is one of the most productive communities in the globe. The salinity of the estuarine waters varies depending on the tides and outflow from the river. Estuaries are found throughout the world and some of them are interpreted as large estuaries. Some of the largest estuaries that are located in North America have different names such as bay, lake, sound, or mile. Chesapeake Bay (along the coasts of Maryland and Virginia in the United States), the San Francisco Bay in California and the Gulf of Saint Lawrence in eastern Canada are some of the large estuaries in North America [12].




        Major cities around the world such as New York City and Buenos Aires are located on estuaries. As a result, estuaries are very important from an economic point of view. For instance, estuaries provide habitat for more than 75% of commercial fishing and contribute billions to the economy of the United States [32]. Besides, estuaries are also contributing to the local economies through tourism activities like boating and fishing. Estuaries also support important ecosystems like salt marshes and mangrove forests. Mangroves and salt marshes provide habitat for a number of organisms that include shrimps, crabs, oysters as well as nesting species such as pelicans and herons. The diversity of species in estuaries is generally lower than in the open ocean due to the fluctuating environmental conditions. Estuaries are also considered an important breeding ground for many fish species and shrimps [33].


      




      

        6.2. Mangrove Ecosystems




        Mangroves are the dominant coastal ecosystems in most of the tropical and subtropical coastal regions. They grow in the coastal belts and act as a barrier to protect the coastal environments from natural events. In tropical regions, mangroves are abundantly found in the intertidal zone, and only their roots are submerged by the tides. Though 54 species of mangroves are reported worldwide, red and black mangroves are the most important groups [34].




        Mangrove trees have simple leaves and complex root systems. The mangrove root grows in anoxic sediment and aerial roots (that have aerenchyma) are found in many species. Lenticels are found in the aerenchyme which is used for the supply of oxygen to the roots. The red mangroves have stilt roots that grow above ground and extend away from the tree to increase its stability. Cable roots that grow below the ground are found in black mangroves. From the cable root, the anchor roots grow that will support the tree. Also, pneumatophores (aerial roots) that have aerenchyma and lenticels for gas exchange grow out of the sediment [35].




        The mangroves have adapted to withstand the harsh environmental conditions of the coastal zones. Specifically, they exclude the excess salt through the leaves and the exposed root system allows oxygen intake. Mangrove ecosystems are considered highly productive and support a large number of benthic as well as planktonic organisms [34].




        Mangroves enhance the benthic biodiversity of coastal ecosystems by providing shelter to a number of marine invertebrates and fish species. The structural complexity of mangroves such as aerial roots and prop roots acts as refugia to juvenile fishes and small invertebrates [36].




        A previous study by Kon et al. [37] showed that the habitat complexity of the mangroves increased the abundance of the epifaunal community. In addition, organic matter is considered as a food source for many marine invertebrates. Hence, the high diversity of benthic organisms in the mangrove ecosystems may be due to the presence of shelter and abundant and diverse food sources [38].




        A mangrove swamp is like a natural wild sanctuary. Life in the mangrove swamps is a diverse web of interrelationships. Many marine organisms like land crabs, fiddler crabs and snails come out during low tide for searching food. Also, mangroves provide shelter to many marine organisms. Specifically, the root systems are occupied by sessile organisms such as barnacles, mussels, and oysters. Snails and crabs with herbivorous feeding habits usually feed on mangrove leaves, or the algae found on the roots [39].




        Most of the organisms inhabiting the mangroves are similar to the salt marshes except for sea stars, brittle stars, and sea squirts. These organisms are found in the mangrove habitat due to the comparatively stable environmental conditions than the salt marshes. Many birds such as pelicans, egrets, and roseate spoonbills nest in the upper branches of the mangroves [38].




        Mangrove forests protect the seashore from erosion since the extensive root system protects the sand from the waves and currents. Mangrove trees also protect other marine ecosystems from storms. The mangrove ecosystem plays a key role by acting as nurseries for many commercially important species like shrimps, crabs, and fish [39].


      




      

        6.3. Rocky Shore Communities




        Rocky shores are one of the common benthic habitats in the intertidal regions around the coastal areas throughout the world [40]. The rocks provide a stable substrate for the attachment of benthic communities, such as barnacles, mussels, gastropods and macroalgae. Among the macro-benthic organisms, crustaceans and molluscs are the most abundant groups [41, 42]. The organisms living in rocky intertidal habitats have physiological adaptations to overcome the changing environmental conditions [43].




        The exposure of organisms to the air leads to water loss due to evaporation during low tide. Hence, the organisms living in rocky shore regions must have some adaptations to tolerate or reduce the water loss. The adaptations that are found in the organisms living in the intertidal zone to overcome the wave action include a small body size, squat, with streamlined bodies which minimize drag (e.g., limpets, barnacles, chitons), or living in burrows (e.g., some urchins) [44].




        Mobile organisms can seek shelter in crevices and under rocks. The rocky shores also provide plenty of niches to the benthic organisms that increase the overall biodiversity of the coastal habitats.




        The zonation or vertical distribution of rocky shores is mainly determined by both abiotic factors such as temperature and desiccation and biotic interactions such as competition and predation [45]. The vertical distribution pattern of organisms on rocky shores has been studied extensively throughout the world [46, 47]. The results showed a spatial distribution of benthic communities depending on their physiological tolerance to abiotic and biotic factors [41, 48].




        Some previous studies stressed the role of interspecific competition for the vertical distribution of organisms on rocky shores. For instance, the competition between two barnacle species (Semibalanus balanoides and Chthalamus stellatus) was responsible for setting the lower distributional range of the C. stellatus in the vertical distribution pattern on rocky shores [49]. The role of biotic interactions on the vertical distribution pattern was further confirmed by Paine [50] which indicated that the lower limit of the mussel beds could be extended if the predator species like sea stars were removed from the rocky shores. In general, the physiological adaptations of the benthic organisms to wave exposure, temperature and salinity along with the biotic interactions may influence the structure of the macrobenthic community on the rocky shores.


      




      

        



        6.4. Sandy Beaches




        In many places, the shorelines are covered by loose sand deposits that include some gravel and shells. This area is known for its sandy beaches make up a large portion (about 30%) of the world’s ice-free coastlines. The beaches act as buffer zones and protect the coastline, sea cliffs or dunes from wave action. Beaches are a highly vibrant environment due to the interaction of water, sand, and air [10].




        The fauna is less abundant on sandy shores than it is on rocky shores. Competition is not a limiting factor, such as in rocky shores, as is suggested by the sparse populations, three-dimensional space, and abundance of food. There are fewer predators on sandy shores. The physical factors of wave action, particle size and beach slope may be more important than biological factors in determining the distribution patterns on sandy shores. High wave action leaves coarse material and low wave action deposits finer sediment. Sediment size influences the size of interstitial spaces (space between particles), which in turn affects porosity and water retention: fine-grained sediments retain water better and create a better habitat for aquatic organisms. However, very fine-grained material (silt and clay) does not allow much water exchange, and those sediments tend to become anoxic below the surface, as available oxygen is used up in respiration and decomposition. Sediment size also influences the ability of organisms to burrow; fine sand is easier to burrow into [5].




        The slope of a beach is determined by the interaction of waves, sediment size, and the relation between swash (water running up the beach after wave breaks) & backwash (water flowing down the beach). The slope of the beach in turn determines the extent of the intertidal zone for a given tidal range, a steeper beach results in a smaller intertidal area [5].


      




      

        



        6.5. Coral Reef Ecosystem




        Coral reefs are a special subtype of benthic ecosystems. They are one of the most spectacular and valuable ecosystems and among the most productive ecosystems on the planet. They are massive limestone structures that provide food and shelter for marine life. The earth boasts about 600.000 km2 of shallow living coral reef in its vast oceans and seas. They are distributed mainly in warm tropical waters of the Indian Ocean, Arabian Gulf, Red Sea, Caribbean/western Atlantic, western Pacific, central Pacific, and eastern Pacific regions [51]. Although they cover less than 1% of the Earth’s surface, their wealth and services are estimated at 375 billion USD annually. About 500 million people around the world directly and indirectly rely on coral reefs for their livelihood, food, and other resources [52, 53].




        Coral reefs are called the rainforests of the sea because of their immense diversity. The topographical complexity of the coral reefs provides extra space for other organisms and maintains overall biodiversity in the reef ecosystems [54]. Thirty-two out of the 34 described groups of organisms including algae, corals, sponges, worms, echinoderms, mollusks, crustaceans, and fish are found in coral reefs (vs only nine groups in tropical rain forests) [55].




        Hard corals are responsible for much of the solid, limestone (calcium carbonate) framework of the reef. Along with soft corals, hard corals are classified as coelenterates, organisms with a single body cavity and opening (coelenteron) through which the food is ingested and digested waste is released. The body of coral is called a polyp, which is a kind of hollow bag with a mouth and tentacles at the upper end, attached to a structural foundation at its base. The coral polyp has a large number of single-celled algae called zooxanthellae, inside the living tissue. The relationship between coral polyps and zooxanthellae is mutually beneficial, or symbiotic where zooxanthellae provide coloration, help the hard coral build their skeleton, and provide the polyp with energy through photosynthesis. The coral, being a very simple organism, needs a way to remove the carbon, phosphorus, and nitrogenous wastes that are the byproducts of its metabolic process, or it will be poisoned by its own waste product. These products, however, are the raw materials needed to carry out photosynthesis [54].




        

          



          6.5.1. Importance of Coral Reef Ecosystem




          Even though coral reefs cover less than 1% of the earth's surface, their wealth and services are worth $375 billion every year. Around 500 million people worldwide rely on coral reefs for their livelihoods, food, and other resources, both directly and indirectly [55]. Coral reefs provide a physical barrier to the shoreline, protecting it from tidal surges, harsh weather events, ocean currents, tides, and winds. They reduce coastal erosion, flooding, and infrastructure loss by doing so. As a result, they help to lessen the enormous costs of destruction and relocation caused by catastrophic weather events. The worth of coral reefs' protective service is estimated to be in the billions of dollars.




          Because of their great diversity and tremendous production rate, coral reefs have been termed the “rainforests of the sea”. Many species find refuge in the various types of microhabitats created inside reefs by the constant beating of waves, such as nooks and crannies. Algae, corals, sponges, worms, echinoderms, mollusks, crabs, and fish are just a few of the creatures that live in coral reefs. Coral reefs are home to 32 of the 34 recognized groups of creatures (compared to only nine in tropical rainforests) [55]. Coral reef primary productivity is predicted to be 5-10g C/m2/day [56]. A well-managed coral reef can cover an area of km2.




          Many coral species and reef-associated species have medicinal values. Some hard coral species are used in bone grafts. Sponges, soft corals, seaweeds, and many others contain chemicals that might be used as natural sunscreen products [57]. For example, about 500 species of cone snails that live in, and around coral reefs have a range of venom that are being investigated currently for use as non-addictive painkillers [58].




          Some hard coral species are employed in bone grafts because of the similar structure of the coral polyp and bones. Sponges, soft corals, seaweed, and a variety of other plants and animals possess compounds that could be employed as natural [57]. Cone snails, for example, which live on and around coral reefs, have a variety of venom that is currently being studied for use as non-addictive pain relievers [58].




          Many creatures find refuge in the nooks and crannies created by the relentless hammering of waves within reefs. Primary production is high in coral reefs because corals benefit from this relationship between the coral polyp and zooxanthellae which enable the ecosystem to fix nitrogen and make their own food (much like green plants do on land). Because of the enormous diversity of coral reefs, there is a lot of nutrient exchange, and primary productivity (food production) is quite high. Coral reefs are home to diverse and interdependent plants and animals. They are the home of 25% of marine fish (they provide shelter and nursery grounds) [59]. Algae, corals (up to 750 species can be found on a single coral reef), sponges, marine worms, echinoderms (sea stars and their cousins), mollusks (snails, mussels, and their relatives), crustaceans (crabs, shrimps, and their relatives), and fish all live on coral reefs [54].




          Coral reefs are important components of many cultures throughout the world because of their beauty and diversity. For snorkelers, scuba divers, recreational fishermen, and beachgoers, visiting coral reefs is a popular pastime due to their accessibility [53].


        




        

          6.5.2. Benthic Communities in the Reef Ecosystem




          The benthic fauna inhabiting the reef habitats include different types of sessile and mobile organisms [60, 61]. Most of these associated benthic organisms are considered as cryptic fauna due to their occurrence in the hidden spaces of the coral reefs [62].




          The diversity and distribution of benthic organisms associated with coral reefs depend on the abundance of coral species. The reduction in coral growth may enhance the overgrowth of reef benthos like macroalgae, coralline algae, bryozoans, sponges, and ascidians [51]. These benthic organisms possess superior colonizing ability on the substrates due to their fast growth. Specifically, many incidents of macroalgal overgrowth have been reported in the literature [63].




          Hence, macroalga-coral interaction may influence the coral reef benthic community structure. Generally, herbivory is the key biotic interaction that regulates the macroalgal abundance in the reef habitats [62]. Though many species are involved in the herbivory process of the reefs, fishes are the dominant organisms responsible for the grazing activity The reduction in macroalgal community abundance will increase the dominance of the coral species. Further, anthropogenic impacts such as pollution, overexploitation of fishery resources and coastal development activities are directly or indirectly responsible for the decline of the coral reef communities throughout the world’s marine ecosystems [64].




          Another major factor that induces coral species mortality is the bleaching events that indicate the loss of symbiotic zooxanthellae associated with corals [62]. The mass mortality of coral species due to bleaching was reported from various geographical regions [65]. Many environmental stressors are reported as a causative factor for the bleaching of the corals at local levels but the warming of the ocean is largely responsible for regional-level bleaching events [65]. In brief, the decline of coral species paves the way for the shifting of the dominance of corals to macroalgae in many reef ecosystems [66]. This may have profound impacts on the coastal ecosystem functioning.


        




        

          6.5.3. Impacts on the Coral Reef Ecosystem




          Climate change is now regarded as one of the world's greatest threats to coral reefs. While a changing climate poses many challenges to coral reefs, one of the most immediate and serious threats is bleaching from coral mass combined with exceptionally high temperatures at sea. Coral bleaching has resulted in substantial damage to coral reefs on a global scale (16% of reefs alone suffered sustained damage in 1998), with some areas losing 50-90% of their coral cover [55]. Further loss is predicted: extreme coral bleaching events, also under optimistic climate conditions, maybe an annual phenomenon by the mid-century [67, 68].




          Two general properties determine coral communities' ability to persist in the face of rising temperatures: their sensitivity and their potential for recovery. Sensitivity is linked to the capacity of individual corals to undergo unbleached light, and how they bleach to survive. Potential for recovery relates to the capacity of the ecosystem to preserve or restore its structure and function given coral mortality. These properties are called 'resistance' and 'resilience' respectively at the coral colony and coral community level [69]. Together they determine coral communities' resilience to temperatures rising at sea. Ecologically, resilience can be divided into resistance – when exposed to high temperatures and other mitigating factors, the capacity of individual corals to withstand bleaching, and when bleached to survive, resilience – following coral mortality, the capacity of the reef population to sustain or restore stability and work and remain in an equivalent 'process' as before coral mortality [70].


        




        

          6.5.4. Seagrass Communities




          Seagrasses are the only flowering plants that have evolved to thrive in seawater. They blossom, pollinate, and generate seeds all while remaining entirely submerged. Seagrasses, along with coral reefs and mangroves, are among the most productive and ecologically important maritime ecosystems on the planet. Seagrasses provide food for sea turtles, fish, and dugongs, and their physical structure and main productivity support complex food webs [71].




          Seagrasses exist in many locations worldwide and can grow on a variety of substances, including mud, rock, and sand. These plants can grow in warm or cold habitats and occur in bays, estuaries, and shallow coastal waters. According to Aims Research, seagrass communities “provide habitats and nursery grounds for many marine animals”. The plants provide shelter for small fish and crucial nutrients to microorganisms. They provide food for manatees, turtles, sea urchins, and birds, seagrass provides shelter for many animals, and the beds serve as nurseries for commercially raised bay scallops and shrimp [72].


        


      


    




    

      7. Marine Microbial Communities




      In marine environments, microorganisms (Archaea, Bacteria, and Eukarya) represent nearly 90% of the biomass, they can be found in the surface water to deep-sea sediment either as plankton or in association with biotic and abiotic surfaces [73, 74]. In terms of marine bacteria, the estimated population has approximately been reported as 106 cells/ml of seawater [75]. It has been assumed that about two million bacterial species could exist in the ocean [76].




      Reportedly, less than 4000 bacterial species belonging to the phylum, such as proteobacteria, firmicutes, actinobacteria, aquificae, bacteroidetes, armatimonadetes, chlamydiae, chloroflexi, chrysiogenetes, deferribacteres, dictyoglomi, acidobacteria, elusimicrobia, gemmatimonadetes, nitrospinae, nitrospirae, planctomycetes, spirochaetes, synergistetes, thermotagae, thermodesulfobacteria, deinococcus-thermus etc. have been identified [77-79].




      According to the estimation, only a fraction of the marine bacterial community has been identified which is comparatively very less than what has been estimated. About 99% of bacteria are unidentified because of our inability to cultivate them under controlled laboratory conditions. However, recent developments in biotechnology and bioinformatics have revealed the existence of novel unidentified marine bacteria [80]. To give an example, Tseng and Tang [81] identified 148 genomes of previously unidentified bacteria from the microbial community isolated from the Sargasso Sea using the metagenomics approach. Similar investigations revealed that most of the unidentified bacteria are found in extreme (high salinity, pressure, temperature and cold) environmental conditions which are termed extremophiles and polyextremophiles. Hence, what has been studied so far about marine bacteria is very little and there is a lot to be studied. However, in this chapter, we briefly discuss the bacterial diversity in the marine environment [82].




      

        7.1. Diversity Based on Environmental Conditions




        According to the published data, most of the identified marine bacteria are Gram-negative (e.g., microbial that are commonly dominant in seawater are Pseudomonas sp., Pseudoalteromonas sp., Pseudovibrio sp. Alteromonas sp., Vibrio sp., Aeromonas etc.) since the Gram-negative bacteria are characterized by the presence of a unique cell wall component termed as lipopolysaccharide (LPS), by which they can thrive in harsh extreme environmental conditions [83]. Typically, the marine environment has many extreme (physical and chemical) ecosystems which are characterized by high or low temperatures, high or low pH, high pressure, high salt concentrations, and low nutrients [84, 85].




        In terms of pressure, the bacteria can be characterized as piezosensitive and piezotolerant. Piezosensitive bacteria (e.g., Vibrio fluvialis, Phylum; Proteobacteria) are adapted to survive in surface water, while piezotolerant bacteria can grow under elevated pressure ranging from 0.1–110 MPa [86]. Marine piezotolerant bacteria can be grouped into piezophilic and hyperpiezophilic. The piezophilic bacteria (e.g., Georhizobium profundi, Phylum; Proteobacteria) could survive under pressure that is higher than the atmospheric pressure that ranges from 0.1–50 MPa [87]. On the contrary, the bacteria that grow under increasing pressure above 50 MPa are termed hyperpiezophilic (e.g., sediment bacterium Colwellia piezophila; Phylum- Actinobacteria) [88]. Piezophilic bacteria are generally found in the deep-sea habitat of the marine environment [87].




        Based on the temperature, bacteria can be categorized as psychrophilic and thermophilic. Psychrophilic bacteria are cold-adapted, able to grow and reproduce under low temperatures and are commonly found in the polar cold sea and deep-sea where the temperature ranges from -20 to +10 [89, 90]. For instance, [91] isolated the psychrophilic bacteria belonging to the phylum proteobacteria (Pseudomonas sp., Arcobacte sp., Psychromonas sp., Shewanella sp. and Herminiimonas sp.) from the Artic cold sediments where the temperature ranging from 1.3–6.5 °C. Contrarily, thermophilic bacteria grow between the temperature range of 60-80°C, and the bacteria that survive above 80°C are termed hyperthermophiles [92]. Typically, thermophilic bacteria are found in deep-sea hydrothermal vents and deep-sea sediments [93, 94]. For example, Maugeri et al. [95] isolated 87 thermophilic bacteria belonging to the phylum firmicutes (e.g., Geobacillus sp. and Bacillus sp.) from the hydrothermal vents of the Eolian Islands. Such varying environmental factors induce changes in microbial metabolism and lead to the production of sundry bioactive compounds [96].


      




      

        



        7.2. Diversity Based on Nutrition




        Marine bacteria can majorly be classified as autotrophs, heterotrophs and mixotrophs according to their mode of nutrition. The bacteria that synthesize their own foods are termed autotropic bacteria that are grouped into photoautotrophs and chemoautotrophs. Photoautotrophic bacteria (e.g., purple sulphur bacteria, green sulphur bacteria, etc.) survive in the photic zone (sea surface to a depth of about 200 m) of the ocean and utilize sun light as a source of energy (e.g., Enterobacter sp. anoxygenic phototrophs; phylum; Proteobacteria). While chemoautotrophic bacteria (e.g., nitrogen-fixing bacteria, sulfur-oxidizing bacteria, etc.) use inorganic (e.g., iron, sulfur, etc.) substances as the energy source and survive in the ocean floor (e.g., deep-sea vent) [97]. The Marine bacteria such as Rhodobacter sphaeroides, Allochromatium vinosum, Rhodovulum iodosum, Chlorobium phaeobacteroides, Chlorobium phaeobacteroides, Vibrio diazotrophicus, etc. come under marine autotrophic bacteria [98].




        On the contrary, heterotrophic bacteria use organic compounds as the source of energy; they can be categorized into photoheterotrophs and chemoheterotrophs. Photoheterotrophic bacteria harvest light for energy and obtain carbon from organic materials (other organisms e.g., seaweed). Aerobic anoxygenic phototrophic bacteria (e.g., Enterobacter sp. anoxygenic phototrophs; phylum; Proteobacteria) are examples of photoheterotrophic bacteria that belong to the phylum proteobacteria and commonly found in the open ocean [99]. Whereas, Chemoheterotropic bacteria obtain their carbon from organic substrates while using organic or inorganic sources for the utilization of energy. Chemoheterotrophic bacteria are a small group belonging to the family Pelagibacteraceae (Phylum; Proteobacteria) mostly found in the ocean floor [100].




        On the other hand, mixotrophic bacteria have both autotrophic and heterotrophic nutritional strategies thereby deriving energy and carbon from light, organic and inorganic sources. In short, a mixotrophic bacteria could maintain a photosynthetic and chemosynthetic mode of nutritional strategies to obtain their energy [101]. This means, they can utilize light energy in the presence of light, while they would use inorganic substances to obtain the energy in the absence of light [101]. Bacteria with mixotrophic metabolic strategy have been reported in the phyla including proteobacteria, Chloroflexi, etc. [102, 103]. The seaweed-associated bacterium Erythrobacter longus (a photoheterotrophic bacterium) is an example of a mixotrophic mode of nutrition [104].


      




      

        7.3. Diversity Based on Ecological Importance




        Marine bacteria have significant ecological roles such as the production of oxygen, biogeochemical cycling (carbon, nitrogen, and sulfur cycling), and degradation of organic matter [105-107]. For instance, Sulfate-reducing bacteria (SRB) are a group of anaerobes commonly found in marine sediments that play an important role in the environmental sulfur cycle by reducing sulfate into sulfide [108]. Whereas sulfur-oxidizing bacteria are a group of aerobic, anaerobic, or facultative that survive in deep-sea hydrothermal vents. Sulfur-oxidizing bacteria oxidize sulfur into sulfate and play a significant role in sulfur recycling [109].




        The nitrifying and denitrifying bacteria play an important role in the nitrogen cycle by fixing atmospheric nitrogen. Nitrifying bacteria (e.g., Nitrosocystis oceanus, phylum; Proteobacteria) are a small group of aerobic bacteria belonging to the family Nitrobacteraceae and found in the open ocean. Nitrifying bacteria also play a significant role in the global carbon cycle by capturing carbon dioxide, while denitrifying bacteria (e.g., Thiobacillus denitrificans, phylum; Proteobacteria) have a diverse group that can survive in marine sediments, high saline and temperature regions of the ocean [110].




        The halophilic bacteria (a group of salt-loving bacteria) favor the biodegradation of certain hazardous organic and inorganic compounds, thereby the level of environmental pollution is decreased significantly [111, 112]. Halophilic bacteria (e.g., Cellulomonas sp., Bacillus sp., Halomonas sp. etc.) thrive in high-salinity environments like the Dead Sea [113]. Decomposition is an important ecological process of marine bacteria [114]. By decomposition, bacteria obtain their nutrients, and the other simpler organic compounds are released into the environment and regulate nutrient recycling [115, 116]. Marine heterotrophic bacteria (e.g., proteobacteria) have a vital role in the degradation of organic compounds. Such heterotrophic bacteria are commonly found in association with marine organisms including seaweeds, etc. [117, 118].




        More importantly, the heterotropic bacteria that have a symbiotic association with marine macroorganisms (e.g., sponges, corals, seaweeds) have a significant ecological role of the host-chemical defence by producing biologically active substances like antimicrobial, antibiofilm, antifouling, etc. [119]. These bioactive compounds have the potential to fight off microbial pathogens, predators and biofoulers [120]. To give an example, the symbiotic bacterium Candidatus Endolissoclinum faulkneri has been found to be involved in the chemical defence of the host Lissoclinum patella (marine sponge) by producing the toxic patellazoles [121]. Similarly, the compound tropodithietic acid produced by the bacterial (Pseudovibrio sp.) symbiont of the sponge is involved in the chemical defence of the host sponge [122].


      




      

        7.4. Diversity Based on the Symbiotic Association




        In the marine environment, microbes (bacteria) prefer a symbiotic mode of life with macroorganisms and the reason behind the association could be the host that serves as a shelter for the symbiotic bacteria and provides consistent nutrients for their survival [123]. The symbiotic association of bacteria with higher organisms could either be an epibiotic or endobiotic association. Epibionts are the bacteria that are associated with the surface of the host, while endobiotics are bacteria living inside the host. The endobionts and epibionts are distinct from one other, and most of them have ecological importance [124, 125]. For example, endobiotic bacteria have ecological importance such as detoxification, nitrogen fixation, and photosynthesis [126, 127]. Whereas most of the macroalgae-associated (epiphytes) bacteria are decomposers and have an important role in biogeochemical recycling [117, 118]. Moreover, host-associated epibiotic bacteria are involved in chemical defence strategy by the production of bioactive compounds [79].




        Typically, the bacterial association with the host could vary from organism to organism or species to species, as the association of bacteria with higher organisms is the species-specific relationship to some degree [118, 128]. For instance, Lachnit et al. [129] and Nylund et al. [130] reported that the macroalgae belonging to the same species but occurring in different geographical locations had similar bacterial communities to those from different species in the same ecological niche. On the other hand, the association of bacteria in some organisms could be lower (equal to the bacteria present in the surrounding seawater) than some other species that have higher bacterial association [131]. To give an example, the association of bacteria with the host decorator crabs is usually higher than the bacterial association with the host didemnid tunicates [124].




        The bacterial community associated with the host coral is very higher than the surrounding water and the community is dominated by the bacterial species belonging to the phylum proteobacteria (Vibrionaceae, Alteromonadaceae, Gammaproteobacteria and Alphaproteobacteria [132]. Besides proteobacteria, the bacterial phyla firmicutes, bacteroidetes, acidobacteria, actinobacteria, fusobacteria, lentisphaerae and chloroflexi have also been identified from the bacterial community of corals [131, 133].




        In a coral-associated bacterial analysis, Mhuantong et al. [134] identified 307 bacterial genera belonging to 59 bacterial phyla from four coral species. Whereas Reveillaud et al. [135] reported that marine sponges could be the habitat for the bacteria belonging to more than 47 bacterial phyla like coral, the sponge-bacterial community is dominated by the bacteria belonging to phylum proteobacteria. Also, other bacterial phyla associated with marine sponges are acidobacteria, chloroflexi, planctomycetes, ctinobacteria, firmicutes, bacteroidetes, verrucomicrobia, nitrospirae and deferribacteres [78, 79]. Similarly, the bacteria come under the phyla proteobacteria, bacteroidetes, firmicutes, planctomycetes, verrucomicrobia, actinobacteria, planctomycetes, chloroflexi, etc. have been reported to keep symbiotic associations with the host macroalgae. Research in bacterial association with marine organisms has revealed that the bacterial phyla proteobacteria, firmicutes, bacteroidetes, acidobacteria and chloroflexi are dominant symbionts of marine organisms. Moreover, the bacterial species belonging to these phyla are well-known bioactive compound producers [136].


      


    




    

      8. Oceanic Zone




      The open ocean constitutes about 97% of the water on the planet and represents an immense area that contains 1.4 billion km2 of water, which is several hundred times the living space of all terrestrial habitats. However, productivity is limited in the open ocean in comparison to coastal seas due to the limited nutrient concentrations. The open ocean is a three-dimensional environment with few large animals and no space for animals to hide [5].




      This includes the open and deep regions immediately following the continental shelf. This area is divided vertically into several areas, either based on depth and temperatures, or the extent of light transmittance. It is divided first according to depth and temperature into five vertical regions and Fig. (2) shows the general divisions of the marine environments.




      

        8.1. Epipelagic Zone




        It is the upper area of the water column, starting from the surface to a depth of 200 meters, which corresponds to the coastal water area, and the continental shelf of the benthic zone. It is characterized by a high temperature that gradually decreases with depth. This area is also rich in oxygen, light, plankton, and many marine organisms and is considered the most productive area in the ocean. The epipelagic zone corresponds to the photic zone [5].
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Fig. (2))


        Divisions of the marine environments.

      




      

        



        8.2. Mesopelagic Zone




        It is also called the twilight zone because of the reduced amounts of light. This area extends from the ocean surface area to a depth of 700-1000 meters. Its temperature ranges from 18 degrees Celsius in the upper regions to 4 degrees Celsius in the lower layers of water. Oxygen is reduced to its lowest levels, and light is reduced, but vision is not lacking. This area is inhabited by many large fish, whales, and dolphins. The photosynthesis process is lacking [5].


      




      

        



        8.3. Bathypelagic Zone




        This area extends below the mesopelagic zone to a depth of 3-4 km. It is a dark area, and the only source of light is from bioluminescence. The temperature does not exceed 4 degrees Celsius. It was considered one of the areas rich in oxygen and nutrients, especially in the northern and southern regions of the globe as a result of the saturation of cold water with oxygen and its subsidence due to its high density [19].


      




      

        



        8.4. Abyssal Zone




        The zone extends between water depths of 2000-6000m. It is characterized by consistent environmental conditions, as indicated by the distinct forms of life inhabiting it. The upper boundary between the abyssal zone and the bathyal zone is conveniently defined as the depth at which the water temperature is 4°C [19].


      




      

        



        8.5. Hadal Zone




        The hadal zone, also known as the hadopelagic zone, is the deepest region of the ocean, lying within oceanic trenches. The hadal zone is found from a depth of around 6,000 to 11,000 meters and exists in long but narrow topographic V-shaped depressions. This area is considered the darkest and devoid of marine organisms due to the influence of many different physical and geological factors [137]. Ocean zones are divided according to light penetration into three vertical zones, photic, disphotic and aphotic.


      




      

        



        8.6. Photic Zone




        It is called the upper region of the water column that extends from the surface to a depth of 200 meters, and meets the surface of the ocean, where the process of photosynthesis takes place, so it is characterized by high levels of oxygen and high temperature, as it is an area very rich in plant and animal plankton alike [19].


      




      

        



        8.7. Disphotic Zone




        The disphotic zone, also known as the twilight zone, extends from the base of the euphotic zone at 200m depth to the upper limit of the aphotic zone at about 1000m. Sunlight in the disphotic zone is insufficient for photosynthesis to be greater than respiration, but sufficient for illumination for animals to see. At the base of this zone, the intensity of sunlight decreases to about 1% of its intensity on the water surface and the rate of photosynthesis is equal to the rate of respiration. This area corresponds to the mesopelagic zone [137].


      




      

        



        8.8. Aphotic Zone




        It is the lower area and extends below the visibility area, that is, between 700-1000 meters to the ocean floor. It is an area of complete darkness, and the three areas meet according to the previous divisions [19].


      




      

        



        8.9. Life in the Oceanic Zone (Open Sea)




        Organisms in the open ocean are divided into planktonic and nektonic organisms. Planktonic organisms cannot swim or have a limited ability to swim against strong currents and consequently, float or drift in ocean currents. Nektonic organisms, on the other hand, are active swimmers and are not dependent on current to move. They are characterized by large, streamlined, and strong bodies and always are considered as higher consumers in the marine food web. Plankton is more abundant and diverse than nekton in the open ocean [10].


      




      

        



        8.10. Food Web in the Open Water




        The food chain in the open sea depends mainly on phytoplankton due to the absence of benthic plants. Only a few seaweeds (only floating species such as Sargassum) can contribute to open sea productivity. The primary producers are small and the higher surface area to volume ratio enables them to absorb nutrients more readily. Therefore, plankton is well-adapted to survive in low nutrient levels characteristic of the open ocean. Nutrients are limited in the open water even in the photic zone because it is distant from land. However, areas of upwelling are rich in nutrients along some coasts and along the equator. Therefore, lower numbers of phytoplankton are found in the open ocean compared to coastal seas. All higher forms of life in the open sea are dependent on planktonic organisms for food [137].


      




      

        



        8.11. Adaptations of Organisms in the Open Ocean




        Organisms in the open ocean are asked to compete for very limited resources due to the very low concentrations of nutrients needed for photosynthesis. Some organisms require little silica for their cell walls and others reduce their metabolic rates. Importantly, open-ocean microorganisms are often relatively tiny, resulting in a high surface area to volume ratio, which improves nutrient absorption rates. The high surface area to volume ratio also aids plankton in slowing their sinking rate and allowing them to stay in the upper photic zone, where light levels are sufficient for photosynthesis. Many animals can also boost their buoyancy by storing low-density materials like oils, fatty acids, or other lipids, or by having flattened bodies or appendages. These include phytoplankton, zooplankton as well as large nekton such as whales and sharks. To minimize their overall density, gelatinous zooplankton dilutes their proteins and minerals with water [13].




        Squids and other nektonic creatures that require muscles and skeletons for locomotion, substitute heavier ions with lighter ones to achieve a lower density without altering their osmotic characteristics. Many other planktonic and nektonic animals diminish buoyancy by storing gas in gas bladders, chambers, or cytoplasmic vacuoles. For example, the Portuguese man-of-war, Sargassum sp., nautilus, radiolarians, and fish use swim bladders to provide buoyancy [13].


      


    




    

      



      9. Threats to Marine Ecosystems




      Pollution and overfishing are two issues that have harmed marine ecosystems. Because more carbon dioxide is released into the air, the ice caps are melting, which has an influence on marine ecosystems. As a result, sea levels are increasing, and salt levels are decreasing. Are posing a threat to aquatic life. If salinity levels continue to fall, marine species that thrive in saltwater will be unable to thrive in freshwater-rich environments. Pollution kills marine species not just by lowering salinity, but also by causing them to ingest or become trapped in toxic debris. Every day, marine life in the ocean dies from swallowing or becoming entangled in the trash. Every year, pollution kills almost one million sea birds. Every year, 300 dolphins and porpoises are killed by pollution, either by swallowing rubbish or becoming entangled in the trash, and 100,000 marine mammals are killed by consuming plastics and other pollutants [138].




      Pollution is a major reason why marine ecosystems are being threatened. But another threat to marine ecosystems is overfishing. Overfishing is a threat to marine ecosystems because a decrease in the number of species will affect the marine food web disrupting the whole ocean. If overfishing causes a species to become extinct in the marine ecosystem, then it will have one of the species in the ocean to become overpopulated. Once one species become overpopulated then that organism dominates the ocean making other species become endangered or extinct. The threats in the marine ecosystems can have an impact that the system will never repair itself, which will disrupt the world more than any other ecosystem would. However, the government stepped in and passed an amendment that decreases overfishing. This amendment helps the ocean to recover from the decrease in marine animals. The amendment puts a set limit for the marine species we manage [138].




      In 2014, 91% of annual limits were not exceeded and only 9% were exceeded. There is a numinous amount of reasons why catch limits are being exceeded such as: miscount of population, by catch in a fishery, and fishing rates are higher than estimated. Scientists track these numbers to manage overfishing, so population does not deplete more [137].




      Global climate change caused by humans has far-reaching consequences for marine ecosystems and the economic and social systems that rely on them. The relationship between temperature and individual performance is very well recognized, and much climate-related research has focused on anticipated temperature-driven variations in distribution and abundance. Recent research, however, has demonstrated that both abiotic and biological responses in the ocean will be significantly more complex. Changes in ocean chemistry, for example, may be more important than temperature changes for the performance and survival of many organisms. Ocean circulation, which drives larval transport, will also change, with important consequences for population dynamics [43].


    




    

      



      Conclusion




      Oceans play vital roles in life and provide humans with several services through their different habitats and organisms. Many marine ecosystems are now suffering from natural and anthropogenic impacts that lead to the destruction of these ecosystems. Pollution, overfishing, ocean acidification and habitat destruction as well as climatic changes are the most destructive impacts. Marine ecosystems in oceans and seas should be protected through planned management in order to prevent the over-exploitation of these resources. Hence, management strategies are needed for the conservation and sustainable utilization of marine resources.




      This requires shared governance principles and management tools and cooperation between regional and international organizations.




      In this context, the integration of scientific advice in environmental decision-making will become more widespread. This will be particularly pertinent as human activities venture further into the deep oceans that remain largely unexplored and, thus, necessitate environmental management in the face of very high levels of uncertainty. It will also be necessary for scientific advice to have a certain degree of uniformity. For instance, advice regarding the environmental management of deep seabed mineral mining should ideally be consistent with the advice regarding the emerging regime on the exploitation of living resources in areas beyond national jurisdiction. Again, cooperation between regimes will facilitate the exchange of scientific advice.




      Finally, in the future, we might see greater attention being paid to ocean-atmosphere interaction, even in the deep ocean. The 10 year ‘Census of Marine Life’ project found that:




      ‘past impacts in the deep sea were mainly from the disposal of waste and litter. Today, fisheries, hydrocarbon, and mineral extraction have the greatest impact. In the future, climate change is predicted to have the greatest impact’ (Williams et al. 2011: 3).




      As a result, a further set of challenges will be posed by mitigating the effects of climate change, potentially enhancing the use of oceans as carbon sinks through geoengineering methods such as ocean fertilization and carbon storage, as well as addressing the problem of ocean acidification and other climate-related effects, which ignore jurisdictional boundaries and sectoral divisions.




      In conclusion, governing our oceans will likely become more difficult, not less, in the future. As our uses of the oceans increase, so does the pressing need for governance solutions.
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