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		Introduction

								

	
				Welcome.
 Our publication is first and foremost  a compilation of lecture information used in teaching the Introduction to Aquatic Animal Medicine in the College of Veterinary Medicine at Iowa State University since 1998. The class roster has always striven to combine senior Animal Ecology students (many are Pre-Veterinary students) with Veterinary Medicine students interested in their first dive into fish medicine.
 Complementing veterinary programs that emphasize terrestrial species, Topics in Aquatic Animal Health explores the concept that any animal is a potential patient when a veterinarian obtains the essential foundational knowledge.
 The chapters provide an introduction of the fundamentals of working with fish in need of veterinary attention. How does an attending veterinarian beside an aquarium or fish pond formulate some plan of action on a species never seen or dealt with before? It is hoped this book will leave the reader impressed with both the diversity of fish and yet how comparable this group is to other vertebrates that experience life and survival through the multitudes of anatomical forms and functions, parasites, infectious diseases, nutrition, reproduction, and early life existence.
 These chapters do not raise the reader’s knowledge to an expert level. The chapters will lay the foundation for starting the journey of learning that may someday bring one to professional mastery. Many of the chapter topics have potential to be expanded to entire semester classes to provide veterinary students with appropriate and more advanced knowledge. There are also topics such as Welfare, Immunology, Reproduction, Anesthesia, and Surgery that do not yet have dedicated chapters. These topics and more are slated for the second edition. Realizing this vision remains the primary aspiration of the writers.
 We hope the reader begins to find empathy and compassion with a fish in need; to consider the basic needs of the living creature before you. Hopefully, the reader will be able to establish a list of necessities to consider for creating a suitable existence.
 Best Regards,
 David E. Starling, D.V.M., Editor
 Associate Teaching Professor
 
	

			
			


		
	
		
			
	
		

		1.0 Aquaculture Industry Overview

	

	
		 Contributors: David E. Starling, D.V.M.
 with A. Andrews, H. Burling, E. Fine, P. Higby, G. Rigdon, W. Schafer, & V. Richter
 If you have an interest in fish and farming, you may find yourself interested in aquaculture. Aquaculture is viewed as the aquatic side of livestock and crop rearing and is defined as the “culture of organisms in water.” Aquaculture has recently overtaken fisheries in total tons of seafood production in the world, as the ecosystems supporting the wild catch are not sufficient to support the taking in most areas. Hence, fisheries are plateauing or declining. This chapter will focus on the basics of aquaculture from its history to sustainability, common fish raises, and even the struggles and future prospects for the practice.
 
 Aquaculture can focus on fish, shellfish, and even aquatic plants and follows many of the same practices as its terrestrial counterpart, including feeding, housing, protecting, reproducing, and transporting fish. Of course, the transportation practices may differ from trucks to boats in some cases, but the similarities are very noticeable.
 Other terms you may hear alongside aquaculture are fisheries and seafood. Fisheries, although very similar to aquaculture, focus on captured wild aquatic fish and shellfish species, while aquaculture focuses on rearing aquatic organisms under controlled environments. Both terms are closely related and important when understanding how aquatic life is caught and sold. Seafood can then be used to combine fisheries and aquaculture products used as food by humans prominently, including fish and shellfish as well as algal species.
 Where does seafood come from? The following YouTube video produced by the Global Seafood Alliance is a simple, informative description to answer the question of where seafood comes from:
  One or more interactive elements has been excluded from this version of the text. You can view them online here: https://iastate.pressbooks.pub/aquaticanimalhealth/?p=3#oembed-1 
 
 Where does seafood come from?[1]
 
 
 
 
 	https://youtu.be/ZJaWao9Ax70 ↵
 
 
 
	

		


		
	
		
			
	
		

		1.1 The History and Importance of Aquaculture

								

	
				 Aquaculture is a fascinating subject that has captivated past and present humans alike; it has been around for thousands of years, although advanced aquaculture has only been around for a few centuries. The practice of aquaculture was known to the Chinese as early as 4,000 years ago. Europeans then followed in their footsteps and created farming practices that are still used in extensive rearing systems today, such as ponds and lakes.
 The importance of aquaculture is growing globally as a source of protein for a few reasons:
 	Wild fish populations are declining, and current practices are unsustainable.
 	Human populations are increasing, and there are increasing pressures to ensure food security.
 	Fish consumption has been on the rise globally since the 1960s. The production of seafood (aquaculture and fisheries) surpasses the production of beef, pork, or poultry for its contribution to pounds of food production each year.
 
 The 2022 Organization for Economic Cooperation and Development (OECD) and the Food and Agriculture Organization (FAO) outlook for the next decade predicts fish consumption per capita of the world population will rise faster than other meat consumption, as depicted in Figure 1.[1]
 [image: Graph of food production. Fish are the top, followed by pork, poultry, capture, and finally beef.]Figure 1.1. The graph above shows fishery, poultry, pork, and beef production in comparison to each other through the years. As we can see, fishery production has increased and continues to top the market as a meat option. Source: OECD (2012). The contribution of seafood to global food security will grow as consumption grows from 20.5 kg/person to 21.4 kg/person by 2031. While aquaculture will grow significantly, the capture fisheries will hold dominance in producing some species and remain vital to national and international food security (See Figure 2).[2]
 [image: Chart showing the average annual growth rate of fish by rate and change over time. Carp are the greatest, with molluscs, shrimp, and other freshwater fish among the highest.]Figure 1.2. Expected growth for fish species. Source: OECD (2022). Currently, Asian countries are the top producers and consumers of seafood and are not projected to lose the top ranking. Strong production growth is expected in some major Asian producers: India (+39%), Thailand (+25%), Indonesia (+24%), the Philippines (22%), and Vietnam (+11%). Africa, America, and Europe are expected to each account for 9% of the total food fish consumed by 2031, while only 1% will be consumed in Oceania. Being the largest fish producer, China will also remain the world’s largest fish-consuming country by far, projected to account for 37% of the total food fish consumed in 2031 (aquaculture and fisheries). Pictured above is the expected growth for species that are expected to grow in all countries.
 
 
	OECD. (2012). OECD-FAO Agricultural Outlook 2012. OECD Publishing, Paris. https://doi.org/10.1787/agr_outlook-2012-graph88-en ↵
	OECD. (2022). OECD-FAO Agricultural Outlook 2022-2031. OECD Publishing, Paris. https://doi.org/10.1787/f1b0b29c-en ↵



	

			
			


		
	
		
			
	
		

		1.2 Methods of Production

								

	
				 Aquaculture production methods are described on a scale from extensive to intensive management. The extensive operations are outdoor ponds with little human intervention or supporting activity in contrast to intensive, which rely on more human intervention. The reader might visualize extensive operation as the farm pond for watering cattle that is stocked with some fish for recreational fishing. The fish feed on natural feeds and survive in the environment determined by weather changes. As more human intervention such as feeding and predator protection is provided, the system will move closer to the intensive side of the management spectrum.
 At the intensive side of the scale, the reader can visualize the recirculating aquaculture systems (RASs)—indoor systems for rearing fish year-round with automatic feeders and high levels of biosecurity. Intensive management systems provide husbandry practices and thus more shelter, feeding, a controlled environment, controlled spawning, water quality control, and other life-supporting functions under a variety of culture conditions. This greatly reduces the water source requirement, the volume of effluent discharged. These systems are described in more detail in Chapter 2, Water. The RASs have been used for finfish and shellfish and may be incorporated into aquaponic systems to include seaweed or terrestrial horticulture.
 Integration
 [image: Photo of a pig pen next to a fish pond.]Figure 1.3. The pond shown in the image above is fertilized by hogs on slats over the pond. This becomes an efficient circular production system. Another method of aquaculture production is called integration. Integration systems combine two or more units of production. The units can be plant and animal combinations such as aquaponic systems that utilize fish waste to fertilize the plants, increasing growth. Conversely, the plant growth removes nutrient matter from the water that could become toxic to the fish. Carp are often frequently used as a multispecies culture since they are filter feeders. Figure 1.3 is an example of an integrated system in which pigs stand above grates, and when they defecate, the feces fall into the water where there are carp. Carp are opportunistic and will eat the feces and the increased algal growth from the enriched water. Furthermore, you could take this system to the next level by making it a multilevel integration system.
 Multilevel Integration
 Multilevel integration systems combine vertebrate and invertebrate cultures. The fish feed and leave feed particles and feces for shrimp or other bottom scavengers such as filter feeders (e.g., mussels and clams). Algae or kelp is employed in some systems. An integrated system can have fresh, brackish, or marine water and can involve outdoor ponds or net pens. These systems’ aquatic species more fully utilize the nutrients or by-products of the system to improve efficiency and sustainability.
 
 
	

			
			


		
	
		
			
	
		

		1.3 Cultured Species

								

	
				 The total yield for 2019 global freshwater aquaculture was 52 million tons, brackish water aquaculture produced 10 million tons, and marine species contributed 23 million tons.[1] The following figure shows the aquacultured species having the greatest production in aquaculture that are grown around the world, as noted in the FAO report on fisheries and aquaculture in 2022.[2]
 [image: World aquaculture production of aquatic animals and algae, 1992 to 2020.]Figure 1.4. The most common ﬁsh species in Aquaculture over time, by live weight. Each area has seen growth over the past 20 years (Data Source: FAO, 2022). The harvest of cultured marine species is currently a fraction of the wild capture totals. For the most accurate study of the production number, please review the updated publications referenced, as new versions will be created in the coming years. In some cases, the numbers may be quoted for all aquatic animal species’ total annual production. This huge diversity of species is composed of both vertebrates and invertebrates raised for food and for ornamental fish markets. The types of aquatic animals reared for food range from finfish, like top predatory fish (salmon and tuna), to shellfish, such as the filter-feeding molluscs, and aquatic plants.
 Finfish
 Specific finfish species are reared for societal cultural reasons, and others are cultured under site-specific growing conditions in different regions. Common carp (Cyprinus carpio) and associated species may not be as appreciated in North America as it is in other regions, but it adapts to most growing conditions. These species are efficient herbivores for the most part and thrive at a much lower trophic level and in conditions not habitable by the carnivorous predator food fish that are most sought in the United States.[3] It is notable that 75% of world aquaculture production is from freshwater habitat. The chart below gives a better visualization of how prominent freshwater species are used for farming in aquaculture.[4]
 [image: Bar chart of aquaculture and capture productions, compared by species. Aquaculture has much higher freshwater and algae production, while capture production favors marine fishes.]Figure 1.5. Fish aquaculture production by ISSCAAP divisions, in absolute values, in 2020. (Source: FAO, 2022) Marine species are important in trade value but may be limited in the balance between expansion of production and availability of wild-fish sources for feed production.
 Tables 1 and 2 show a variety of fish commonly used in aquaculture to show the fish with the highest production.[5]
 Table 1. The most common inland ﬁsh species by weight in aquaculture, in thousand tonnes, live weight. 	Finfish (inland aquaculture)
  	2000 	2005 	2010 	2015 	2020 	% of total, 2020 
  	Grass carp, Ctenopharyngodon idel/us 	2,976.5 	3,396.6 	4,213.1 	5,315.0 	5,791.5 	11.8 
 	Silver carp, Hypophthalmichthys molitrix 	3,034.7 	3,690.0 	3,972.0 	4,713.6 	4,896.6 	10 
 	Nile tilapia, Oreochromis niloticus 	1,001.5 	1,721.3 	2,637.4 	4,000.9 	4,407.2 	9 
 	Common carp, Cyprinus carpio 	2,410.4 	2,666.3 	3,331.0 	4,025.8 	4,236.3 	8.6 
 	Catla, Cat/a cat/a 	602.3 	1,317.5 	2,526.4 	2,313.4 	3,540.3 	7.2 
 	Bighead carp, Hypophthalmichthys nobilis 	1,438.9 	1,929.5 	2,513.6 	3,109.1 	3,187.2 	6.5 
 	Carassius spp. 	1,198.5 	1,798.2 	2,137.8 	2,644.1 	2,748.6 	5.6 
 	Striped catfish, Pangasianodon hypophthalmus 	113.2 	411.2 	1,749.4 	2,083.2 	2,520.4 	5.1 
 	Roho labeo, Labeo rohita 	733.9 	1,435.9 	1,133.2 	1,785.3 	2,484.8 	5.1 
 	Clarias catfishes, Clarias spp. 	48.8 	149.5 	343.3 	923.7 	1,249.0 	2.5 
 	Tilapias nei, Oreochromis spp. 	123.9 	199.3 	449.6 	929.9 	1,069.9 	2.2 
 	Wuchang bream, Mega/obrama amblycepha/a 	445.9 	477.2 	629.2 	723.2 	781.7 	1.6 
 	Rainbow trout, Oncorhynchus mykiss 	340.4 	360.0 	464.7 	546.5 	739.5 	1.5 
 	Black carp, Mylopharyngodon piceus 	149.0 	280.7 	409.5 	541.2 	695.5 	1.4 
 	Largemouth black bass, Micropterus sa/moides 	0.2 	140.3 	179.5 	321.5 	621.3 	1.3 
 	Subtotal of 15 major species 	14,618.2 	19,973.5 	26,689.7 	33,976.3 	38,970.1 	79.3 
 	Subtotal other species 	3,546.6 	4,260.1 	6,337.7 	8,535.7 	10,150.4 	20.7 
 	Total 	18,164.7 	24,233.6 	33,027.4 	42,512.0 	49,120.5 	100 
  
 Table 2. The most common marine and coastal ﬁsh species by weight in aquaculture, in thousand tonnes, live weight. 	Finfish (marine and coastal aquaculture)
  	2000 	2005 	2010 	2015 	2020 	% of total, 2020 
  	Atlantic salmon, Sa/mo sa/ar 	895.7 	1,266.6 	1,433.8 	2,380.2 	2,719.6 	32.6 
 	Milkfish, Chanos chanos 	429.7 	542.9 	750.5 	1,012.3 	1,167.8 	14 
 	Mullets nei, Mugilidae 	92.4 	173.7 	102.7 	129.2 	291.2 	3.5 
 	Gilthead seabream, Sparus aurata 	87.3 	110.8 	142.3 	168.8 	282.1 	3.4 
 	Large yellow croaker, Larimichthys croceus 	0.0 	60.9 	83.3 	142.4 	254.1 	3 
 	European seabass, Dicentrarchus labrax 	60.7 	90.9 	118.0 	149.1 	243.9 	2.9 
 	Groupers nei, Epinephe/us spp. 	7.6 	57.1 	77.2 	149.2 	226.2 	2.7 
 	Coho(=Silver) salmon, Oncorhynchus kisutch 	108.6 	115.1 	124.8 	140.7 	221.8 	2.7 
 	Rainbow trout, Oncorhynchus mykiss 	155.3 	202.0 	287.7 	204.1 	220.1 	2.6 
 	Japanese seabass, Lateo/abraxjaponicus 	0.6 	79.6 	104.8 	120.6 	196.9 	2.4 
 	Pompano, Trachinotus ovatus 	0.0 	0.0 	80.0 	110.0 	160.0 	1.9 
 	Japanese amberjack, Serio/a quinqueradiata 	136.8 	159.7 	138.9 	140.3 	137.1 	1.6 
 	Nile tilapia, Oreochromis niloticus 	1.6 	5.3 	20.3 	49.8 	107.4 	1.3 
 	Barramundi (Giant seaperch), Lates calcarifer 	18.1 	27.0 	52.7 	68.7 	105.8 	1.3 
 	Red drum, Sciaenops ocel/atus 	2.1 	42.4 	53.0 	71.3 	84.3 	1 
 	Subtotal of 15 major species 	1,996.6 	2,933.9 	3,569.9 	5,036.7 	6,418.2 	77 
  
 There are two other groups of fish produced for nonfood purposes in the United States and elsewhere that are mentioned in this overview of the aquaculture industry. Baitfish is a separate category of fish production in the United States that involves numerous species. The baitfish industry is the fourth largest aquaculture industry in the United States.[6] Baitfish are small species or in early life stages and used for fishing as live bait or to feed cultured or captive carnivorous species. The top three species of cultured baitfish are golden shiners (Notemigonus crysoleucas), fathead minnows (Pimephales promelas), and goldfish (Carassius auratus). There is a sizeable portion of the industry that is still wild caught as when the industry began. Wild caught provides up to two thirds of the sales in some regions. The unmet need is provided by farm-raised baitfish.[7] There is environmental concern of overfishing in some areas. Secondly, biosecurity issues from moving species and pathogens between water sheds is a possibility if suitable precautions are not taken. Thirdly, there is the risk of invasive species (animal and/or plant) being moved with inadequately sorted catches. Although heavily dispersed in the United States, Arkansas is the largest source of farm-raised baitfish in the United States.[8]
 The second aquaculture industry not so visible in many publications in the industry is ornamental fish. The rearing of both freshwater and marine species can be included. The majority of the U.S. ornamental fish industry is located in southern Florida. The scope of the ornamental fish industry globally is startling when first studied. Over 5,000 species are sold, 90% are freshwater tropical fish, and 1,000 freshwater species are widely available. However, about 30 species of freshwater fish dominate the markets around the world. The freshwater ornamental fish are estimated to be 90% captive bred. Lower numbers of marine ornamental fish are being traded, but ornamental fish have higher value and a higher percentage are wild caught.[9] There has been considerable debate on the sustainability of capturing wild populations to supply the high consumer demand to display unusual fish specimens. Nonetheless, the trade has made several significant discoveries on captive breeding and rearing techniques that are now preserving some species that have become extinct in the wild. The largest source of marine ornamentals is the Philippines and primarily around the coral reefs. This coral reef hunting is further stressing the stressed reefs suffering from ocean warming.[10]
 Shellfish Species
 Shellfish species (mollusc and crustacean) reared in aquaculture are mostly marine or brackish water species, though there are some freshwater crustaceans being produced. The FAO of the United Nations indicates there are around 65 species of mollusc and crustaceans reared globally. These species include oysters, shrimp, clams, and other aquatic invertebrates. A great example are the various types of oysters that can produce pearls. The so-called pearl oysters are a high-value product for the gems harvested.[11]
 The highest production of aquaculture comes from the category of seaweed and molluscs. The filter-feeding species of shellfish (i.e., molluscs) are put in the category of extractive species because they are not fed during rearing. Nutrients are obtained from the water around them. This application of filter-feeding species contributes to the sustainable side of aquaculture in the environmental cost-benefit calculation.
 Aquatic Plants
 The production of aquatic plants (algae and seaweeds) sometimes eclipses the production of other aquaculture sectors, especially crustacean production values. Production of aquatic plants provides a large contribution to human and animal nutrition as well as fertilizer, biofuel, and environmental benefits.[12], [13]
 
 
	Food and Agriculture Organization of the United Nations. (2024). Fishery and aquaculture statistics – Yearbook 2021. FAO Yearbook of Fishery and Aquaculture Statistics. https://doi.org/10.4060/cc9523en ↵
	Food and Agriculture Organization of the United Nations. (2022). The state of world fisheries and aquaculture 2022: Towards blue transformation. https://doi.org/10.4060/cc0461en ↵
	Balon, E. K. (1995). The common Carp, Cyprinus carpio: Its wild origin, domestication in aquaculture, and selection as colored nishikigoi. Guelph Ichthyology Reviews, 3. ↵
	Food and Agriculture Organization of the United Nations. (2022). The state of world fisheries and aquaculture 2022: Towards blue transformation. https://doi.org/10.4060/cc0461en ↵
	Food and Agriculture Organization of the United Nations. (2022). The state of world fisheries and aquaculture 2022: Towards blue transformation. https://doi.org/10.4060/cc0461en ↵
	Engle, C. R., & Stone, N. (2007). Baitfish production: Enterprise budget. Oklahoma Cooperative Extension Service. https://hdl.handle.net/20.500.14446/342451 ↵
	Meronek, T. G. (1994). Status of the bait industry in the north central region of the United States (Doctoral dissertation), University of Wisconsin-Stevens Point, College of Natural Resources. ↵
	Hoy, M. D., Jones, J. W., & Bivings, A. E. (1989). Economic impact and control of wading birds at Arkansas minnow ponds. In Craven, S. R. (Ed.), The Fourth Eastern Wildlife Damage Control Conference (pp. 109-112). Madison, WI: Wisconsin Department of Natural Resources. https://digitalcommons.usu.edu/wdmconference/1989/all1989/5/ ↵
	Evers, H.-G., Pinnegar, J. K., & Taylor, M. I. (2019). Where are they all from? Sources and sustainability in the ornamental freshwater fish trade. Journal of Fish Biology, 94, 909–916. https://doi.org/10.1111/jfb.13930 ↵
	Shuman, C. S., Hodgson, G., & Ambrose, R. F. (2004). Managing the marine aquarium trade: is eco-certification the answer? Environmental Conservation, 31(4), 339-348. ↵
	Saidi, I., Johnston, B., & Southgate, P. C. (2017). Potential profitability of pearl culture in coastal communities in Tanzania. Aquaculture Reports, 5, 10–17. https://doi.org/10.1016/j.aqrep.2016.11.003 ↵
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		1.4 Sustainability

								

	
				 Environmental sustainability will be increasingly important in production quality as the industry seeks to reduce or in fact eliminate its ecological footprint. One approach to the sustainability of meat production could be viewed from a resource utilization perspective whereby output per inputs will be evaluated. In an evaluation of energy utilization in aquatic species compared to some of the terrestrial domestic species, it looks like fish have a significant advantage, as seen in the figure below.[1]
 Table 1. The value of varied meat options based on various factors. (Source: Global Seafood Alliance, data from Nofima) 	
 	[image: ]
 Fish
  	[image: ]
 Poultry
  	[image: ]Swine
  	[image: ]
 Cattle
  
  	Protein retention
  	31%
  	21%
  	18%
  	15%
  
 	Energy retention
  	23%
  	10%
  	14%
  	27%
  
 	Feed conversion ratio
  	1.1
  	2.2
  	3.0
  	4–10
  
 	Edible meat/ 100 kg fed
  	61 kg
  	21 kg
  	17 kg
  	4–1 kg
  
  
 
 The greatest challenge to sustainability is recycling nutrients from fish and feed to something of worth. The algae and seaweed system of aquaponics in marine culture may be the easiest to implement with land-based marine facilities that have access to some portion of surface water. For sea cages, the seawater can be drawn down from or around the sea cages to provide water source for the seaweed cultivation if engineering needs can be met.[2]
 Fast Facts For freshwater finfish, a multitrophic production facility will likely include numerous finfish species instead of shellfish to capture nutrients of the dispelled feed/feces.
 
 Regulating Agencies
 Just as agriculture has agencies that regulate laws and the transport of products, so does aquaculture. Aquaculture regulations can be split into the sections covered by each; for example, the Federal Drug Administration (FDA) covers food safety and drug approvals and the Environmental Protection Agency (EPA) covers aquaculture wastewater.[3] Other agencies that cover aquaculture to some degree are the U.S. Army Corps of Engineers (USACE), the U.S. Department of Agriculture Animal and Plant Health Inspection Service (USDA-APHIS), the National Oceanic and Atmospheric Administration (NOAA), and the U.S. Fish and Wildlife Service (USFWS).
 The main legislation regarding aquaculture is the National Aquaculture Act of 1980 that recognized the need for sustainable harvesting of aquatic species in response to population declines. The associated Joint Subcommittee on Aquaculture (JSA) was created to increase federal research of aquaculture practices.[4] Legislation was also passed regarding protections for cultured animals, providing for good animal welfare practices.
 
 
	Global Seafood Alliance. (2018, January 26). Four reasons why you should, and will be, eating more seafood. GSA Blog. https://www.globalseafood.org/blog/four-reasons-why-seafood/, archived at https://perma.cc/KTM6-XV7X ↵
	Neori, A. (2007). Essential role of seaweed cultivation in integrated multi-trophic aquaculture farms for global expansion of mariculture: An analysis. Journal of Applied Phycology, 20, 567–570. https://doi.org/10.1007/s10811-007-9206-3 ↵
	The Natural Agricultural Law Center. (n.d.). Aquaculture: An overview. Retrieved July 17, 2026, from https://nationalaglawcenter.org/overview/aquaculture/, archived at https://perma.cc/S4LK-Z7UR ↵
	The Natural Agricultural Law Center. (n.d.). Aquaculture: An overview. Retrieved July 17, 2026, from https://nationalaglawcenter.org/overview/aquaculture/, archived at https://perma.cc/S4LK-Z7UR ↵



	

			
			


		
	
		
			
	
		

		1.5 Water Quality

								

	
				 The aquaculture water can have salinity ranges from freshwater to brackish to marine. The sources of water used in aquaculture are categorized into those three mentioned. In its publications, the FAO presents the salinity of freshwater as < 0.5 ‰ (0.5 g of NaCl/kg of water), and the salinity of brackish waters (0.5‰ to < 30‰) is in between the freshwater and full seawater at 30‰ (30 g of NaCl/kg of water). Brackish wells can supply saline water, but the water ion quality needs to be analyzed. Various ion replacement salts can be supplemented to supply any deficient levels to replicate the natural brackish waters. The species reared in a system is adaptable to the salinity of the source water. The water and its qualities are more thoroughly covered in Chapter 2, Water.
 Freshwater production is considered “inland” aquaculture production in industry publications. The production facility is sited near the water source that will best serve the species to be cultured. Secondary considerations in facility site selection include proximity to feed source, slaughter, processing, climate, and markets.
 Marine culture, on the other hand, became sizable with net pens being sited in coves and other weather-protected sites along the coastline. Suitable sites have suitable water qualities (temperature, salinity) and tidal activity as well as accessibility to on-shore support services (e.g., feed, processing, maintenance services, and climate). Currently, there is a large interest growing in land-based facilities to raise both marine and brackish species that are higher-value species.
 Freshwater
 Freshwater aquaculture involves native and introduced. These systems mimic or provide some type of inland water characteristic such as thermal, chemical, and flow rates. Freshwater species are categorized by the temperature range needed to successfully live, grow, and reproduce. There are coldwater, coolwater, and warmwater fish. The temperature ranges given here are not universally used by every management agency, nor do the temperature ranges fully depict the precise temperatures for each species in the category. Some temperatures shown are maximum or minimum survivable temperatures. The preferred temperatures are shown in most cases.
 	Coldwater fish species complete their life cycle in water less than 70°F. The preferred temperature range for these fishes is between 50 and 65°F. Commonly grown coldwater species are rainbow trout and landlocked Atlantic salmon.
 	Coolwater fish species thrive and reproduce in water temperatures under 80°F but warmer than 60°F. The preferred temperature range is 65 to 70°F for these fishes. A few examples of coolwater fish species grown for aquaculture are northern pike, walleye, and muskellunge.
 	Warmwater fish species thrive and reproduce in temperatures warmer than 80°F. These fishes thrive best between 70 and 85°F. Basses, sunfishes, and catfishes are a few groups of fish that like warmwater habitats. Tilapia are common food fish reared mostly indoors to provide the warmer temperature. The common carp also tolerates warm temperatures and has the most tons of production harvested on an annual global basis.
 
 The designation of species as a cold, cool, or warm species is not an absolute as, depending on the culture site, different temperature conditions can exist seasonally. One example is ice-covered rivers or lakes in the winter to tepid water temperatures in the summer.
 Brackish Water
 The specific gravity for this range of salinities is between 5% (1.0004 g/kg) and 30% (1.0226 g/kg). There are fish that move between saltwater and waters with lower salinity that are near the freshwater. Fish that adapt to multiple levels of salinities are called euryhaline. To the reader with interest in freshwater aquarium fishes, species of the molly (i.e., Poecilia spp.) appear to be capable of living in most salinities.[1] There are species that spend part of their life cycle in freshwater and the remainder in marine waters. These fish are classified by the direction in which they migrate as either anadromous or catadromous fish (see Chapter 3, Anatomy and Physiology). The list of species cultured in brackish water conditions is numerous. Salmonid species are frequently cultivated in net pens anchored in estuaries where freshwater and saltwater blend.
 Other commercially reared fishes that reside well in brackish water are barramundi and several of the seabream. While there are numerous stocks of cod, the Baltic cod successfully spawn in the brackish water of their native habitat.[2] It is noticeable that the temperature ranges for species differ. Cod can utilize colder water temperatures than Mediterranean species such as the gilthead seabream (Sparus aurata). The gilthead seabream dies at or below 41 °F and drastically reduces eating around 60 °F.
 Marine Water
 Marine aquaculture rears fish in saltwater conditions using either sea-pen facilities or near-shore and even on-shore facilities to allow pumping the seawater into the facility. As noted for the freshwater fish, there are temperature preferences in marine species, as well. Several salmon species thrive in cold saltwater. Seawater near freezing is survivable for salmonid species, but no growth is accomplished due to the slowed metabolic functions and susceptibility to disease increases. Extending the temperature range to tropical would include many species such as pompano (Trachinotus ovatus), orange-spotted grouper (Epinephelus coioides), and coral trout (Plectropomus leopardus).
 
 
	Nordlie, F. G., Haney, D. C., & Walsh, S. J. (1992). Comparisons of salinity tolerances and osmotic regulatory capabilities in populations of sailfin molly (poecilia latipinna) from brackish and fresh waters. Copeia, 1992(3), 741–746. https://doi.org/10.2307/1446150 ↵
	Nissling, A., & Westin, L. (1997). Salinity requirements for successful spawning of Baltic and Belt Sea cod and the potential for cod stock interactions in the Baltic Sea. Marine Ecology Progress Series, 152(1/3), 261–271. http://www.jstor.org/stable/24857826 ↵



	

			
			


		
	
		
			
	
		

		1.6 Obstacles in Aquaculture

								

	
				 Similar to terrestrial livestock production, aquaculturists need to manage both environmental factors—water quality as well as diseases and parasites. Suitable conditions are required for a production facility to be sited. Often, the water source and species cultured are the biggest determinants.
 Environmental Factors
 Environmental factors involved with aquaculture production can be visualized as an ecological footprint including what is taken from and discharged into the surrounding environment and ecosystem. The largest facilities cause apparent cost sooner than smaller production units. If the species produced must depend on wild-caught fry to rear, the environmental cost could include depletion of decreased wild populations if fry are depleted excessively.
 Another environmental consideration is the cost of invasive species that are sometimes introduced for food or ornamental purposes and then appear in the surrounding environment through escape or release. Some of these invasive species can outcompete and replace the native species. Some invasives will take over natural food sources, eliminate breeding places, or consume gametes or fry of native species.[1]
 Disease and Parasites
 Disease and parasites are natural to all living animals including cultured aquatic animals. As production increases in a given volume of production water, so does the likely increased presence of pathogens and parasites. If a species does not have its nutritional requirements when it first comes into cultivation, the wild-caught fish are stressed and can be an open source of disease and parasites. The disease risk from this level of biosecurity is high and often leads to severe economic losses. Parasites will be discussed in Chapter 4, and infectious disease will be covered in Chapter 6. A high level of biosecurity is required for dense livestock production facilities. Biosecurity is discussed in more detail in Chapter 8.
 Nutrition
 Feed and nutrition are discussed in more detail in Chapter 5. The nutritional requirements are being worked out for the more widely produced food fish, but many emerging species are few generations removed from native or wild fish and do not have appropriate commercial diets.
 There are serious hurdles when a new species is brought into captive production. But what does a species eat in its native habitat? Will the new species accept substitutions? Wild-caught fish are fed to several food-producing animals. The nutrition may not be complete since the entire diet is not being provided. Nutritional deficiencies become apparent and economic losses occur when nutrition and accepted feed are not provided. The larval fish are often the most difficult to satisfy given their small mouth gapes. Live feeds (invertebrates) are used universally in some fashion to give needed nutrients. Serious efforts are being put into research on prepared diets for fry and juvenile life stages. Success in fry nutrition will contribute to greater survivability in more species. Some species still suffer from under 10% larval survival. Much of the loss is from the correct presentation or nutritional needs of the species at that life stage not being met.
 Economics
 Markets and economics are key components of success. Will the market be local, national, or international? Is the product able to be shipped? How far? How much product can be supplied to the market? Can the market tolerate shortfalls in production? More species are rising to the level of international trade, and the trade is expanding for other species. Potential species considered to be important in the world market are typically high-value products. Atlantic salmon is one such example that can be sold at a profitable price in almost any market interested in consuming it.[2]
 While world markets are desirable, the greatest portion of aquaculture production is utilized more locally. China holds the status of the world’s largest aquaculture producer.[3] Small-scale production units make up the majority of facilities in China [4] and across Asia, where over 75% of the global aquaculture production occurs.
 
 
	Ju, R. T., Li, X., Jiang, J. J., Wu, J., Liu, J., Strong, D. R., & Li, B. (2020). Emerging risks of non‐native species escapes from aquaculture: call for policy improvements in China and other developing countries. Journal of Applied Ecology, 57(1), 85–90. https://doi.org/10.1111/1365-2664.13521 ↵
	United States Department of Agriculture, National Agricultural Statistics Service. (2018). 2017 Census of aquaculture. https://perma.cc/2FEH-AR2E ↵
	OECD. (2018). Innovation, agricultural productivity and sustainability in China. OECD Food and Agricultural Reviews. OECD Publishing, Paris. https://doi.org/10.1787/9789264085299-en ↵
	Y. Wu, X. Xi, X. Tang, D. Luo, B. Gu, S.K. Lam, P.M. Vitousek, & D. Chen. (2018). Policy distortions, farm size, and the overuse of agricultural chemicals in China. Proceedings of the National Academy of Science, 115(27), 7010–7015. https://doi.org/10.1073/pnas.1806645115 ↵



	

			
			


		
	
		
			
	
		

		1.7 The Future of Aquaculture

								

	
				 Presently, the future of aquaculture seems to be bright from the side of demand based on the following:
 	The potential demand still exceeds supply.
 	An increasing middle class in the world will consume more animal protein, including fish.
 	Improved processing and freshness will increase.
 	Species diversification will grow.
 	Some countries across Asia are already diverse in their aquatic livestock species and are the world’s largest producers.
 	The supply will continue to wrestle with the challenges of disease and market access.
 	Emerging and/or disruptive technologies will likely occur.
 
 Each of these thoughts or concepts will lead to improvement in different areas in the future: genetics and reproduction, health, diet and husbandry, environmental and sustainability, new species culture, and design of production facilities.
 Genetics
 Genetic selection and mastering reproduction science in finfish and shellfish will continue to enhance production efficiencies in aquaculture. Several species industries have selective breeding programs and have seen noticeable improvement in traits for feed efficiency, disease resistance, and improved marketability. With the technology of clustered regularly interspaced short palindromic repeats and genetic modification, the possibilities may stretch the imagination of what can be done with the genomic flexibility of the lower vertebrates. There are still species well suited for food production that have not entered the net pens or grow-out tanks because of lack of knowledge on how to get them to reproduce in captivity. Even species that have started to reproduce in captivity can use help in becoming more efficient in fecundity, fertilization, hatching, and survivability to begin grow-out.
 Health and Biosecurity
 Health levels need to be improved and protected across all aquaculture industries.[1] The cost of health preservation and disease prevention has not been fully appreciated at the bottom line for many producers. Dependance on, or in fact addiction to, antibiotics will have serious withdrawal episodes for some production areas and cause bacteria to acquire antimicrobial-resistant genes. Antibiotic resistance will increase the chance of both the fish in the system and humans to spread disease, although it is different depending on the farm technique used.
 Integrated systems and open aquaculture systems tend to harbor more bacteria, allowing mutations to happen, versus closed systems where the health and security of each component is thoroughly inspected and treated.[2] The management of these systems is further discussed in Chapter 8, Biosecurity.
 Better diagnostics will open the way to better chemotherapeutant use. Molecular diagnostics are likely advancing and covering some of these questions. Avoiding overuse of solitary disinfectants without rotation will help reduce antibiotic resistance.[3], [4] Lowering the use of copper compounds for treating parasites can avoid raised antimicrobial resistance.[5] These are all efforts for production to set as goals in biosecurity plans to keep fish healthy and thriving.
 Nutrition and Husbandry
 Diet and husbandry are complementary in animal production. Nutrition is an ongoing challenge, as nutritional requirements are developed for more food-producing fish and crustaceans. The challenge is not just about nutrients but also the ingredients that are available for the nutrient formulations. Fishmeal and fish oil are not regarded as sustainable to many, as the harvest of fish to make fishmeal is inefficient for some species.[6] Further, there is strong competition from terrestrial livestock industries for access to the protein-rich and nearly balanced protein source.
 Some future innovations will come from alternative ingredients, such as insects or insect larvae, that are still infants in the feed industry but gaining acceptance in both aquaculture and poultry feeds. Insects are not exact duplicates for fishmeal but are closer than plant protein sources and some meat by-products. The cost is not completely settled but likely will be priced on a nutrient content basis. Not so separately are the husbandry practices that can also affect appetite or feed apprehension. This may be more important in larval fish rearing.
 Light cycles, intensity, and spectrum can be important to different species.[7] Cultivation of the African catfish (Clarias gariepinus) suggests better weight gain and lower mortality at reduced light levels and longer dark period during the rearing.[8] Methods of feeding may change to closer match the food apprehension of the fish in its native habitat. As other areas of husbandry are explored, better integration with livestock welfare needs will improve. These ideas will need to be researched either in the laboratory or with progressive producers.
 Growing Markets
 New species cultivation will enlarge the market access for seafood with specific products targeted for religious or cultural practices. This follows some of the terrestrial livestock industries in niche marketing for specific customers. There may also be practical use of fish or other aquatic species for extraction industries that are not after the meat but rather some specific component. With enhanced or selective breeding or even genetic manipulation, there could be value added in rearing fish that produce specific proteins or fats.
 Design and Operation of Facilities
 Design and operation of production facilities will likely change to become more energy efficient and specialized. For the most part, energy efficiency is grossly inefficient in today’s facilities. The height of water flow and differences across components of RAS systems, for example, can be minimized to reduce pump lift when returning the water to production tanks. Filtration and oxygenation systems can be incorporated to involve the gravity flow that does exist. The degassing of CO2 in larger intense production units may be recaptured from the production water and biofilter as industrial or commercial CO2 even for dry ice to permit chilled transportation of processed fish products. This is not far from being cost-effective if taken as part of the carbon economy being developed for more permanent sequestration. Facility layout may become possible to move livestock within the facility without netting or ever removing them from water. These developments can become reality with some forethought.
 
 
	Wang, Y. B., Li, J. R., & Lin, J. (2008). Probiotics in aquaculture: challenges and outlook. Aquaculture, 281, 1–4. https://doi.org/10.1016/j.aquaculture.2008.06.002 ↵
	Watts, J. E. M., Schreier, H. J., Lanska, L., & Hale, M. S. (2017). The rising tide of antimicrobial resistance in qquaculture: Sources, sinks and solutions. Marine Drugs, 15(6), 158. https://doi.org/10.3390/md15060158 ↵
	Wisplinghoff, H., Schmitt, R., Wöhrmann, A., Stefanik, D., & Seifert, H. (2007). Resistance to disinfectants in epidemiologically defined clinical isolates of Acinetobacter baumannii. Journal of Hospital Infection, 66(2), 174–181. https://doi.org/10.1016/j.jhin.2007.02.016 ↵
	Karatzas, K. A., Webber, M. A., Jorgensen, F., Woodward, M. J., Piddock, L. J., & Humphrey, T. J. (2007). Prolonged treatment of Salmonella enterica serovar Typhimurium with commercial disinfectants selects for multiple antibiotic resistance, increased efflux and reduced invasiveness. Journal of Antimicrobial Chemotherapy, 60(5), 947–955. https://doi.org/10.1093/jac/dkm314 ↵
	Lee, S. W., & Wendy, W. (2017). Antibiotic and heavy metal resistance of Aeromonas hydrophila and Edwardsiella tarda isolated from red hybrid tilapia (Oreochromis spp.) coinfected with motile Aeromonas septicemia and Edwardsiellosis. Veterinary World, 10(7), 803–807. https://doi.org/10.14202/vetworld.2017.803-807 ↵
 	Sargent, J. R. (1997). Fish oils and human diet. British Journal of Nutrition, 78(1), S5–S13. https://www.doi.org/10.1079/BJN19970131 ↵
	Wang, K., Li, K., Liu, L., Tanase, C., Mols, R., & van der Meer, M. (2023). Effects of light intensity and photoperiod on the growth and stress response of juvenile Nile tilapia (Oreochromis niloticus) in a recirculating aquaculture system. Aquaculture and Fisheries, 8(1), 85–90. https://doi.org/10.1016/j.aaf.2020.03.001 ↵
	Appelbaum, S., & Kamler, E. (2000). Survival, growth, metabolism and behaviour of Clarias gariepinus (Burchell 1822) early stages under different light conditions. Aquacultural Engineering, 22(4), 269–287. https://doi.org/10.1016/S0144-8609(00)00054-6 ↵



	

			
			


		
	
		
			
	
		

		Chapter 1 Summary

								

	
				Aquaculture in all its permutations across over 400 species in culture is meeting the total dietary animal protein needs for a growing portion of the population. Aquatic food sources for the most part are complete without the nutritional pitfalls of many terrestrial animal protein sources. The importance will likely grow larger as the human population continues to grow. Presently, the outlook is for falling total population growth, except in underprivileged countries that can find more complete protein sources in fish and shellfish along with algae and seaweeds. As the population ages and likely becomes more affluent, more alternatives in the diet could be sought if provided by cultured aquatic livestock.
 It is hoped that this chapter leads to more study of this interesting area of food animal production. It is a source of food that is available to many cultures. It might be observed that some of the lowest income national economies are fed on fish and a larger variety of species than available in the richer countries. This is especially true of western cultures of North America and Europe. Except for the incidental ethnic or national communities scattered within our own nations, the existence of these animal sources is beyond the typical consumer’s reach. It may be a reasonable challenge to investigate the nearby ethnic market sources and bring some of the dishes into your diet to discover the future experience that may lay before all of us.
 
	

			
			


		
	
		
			
	
		

		2.0 Water

	

	
		Contributors: David E. Starling, D.V.M. and Megan Shermer
 with A. Abushukar, A. Bailey, E. Landin, D. Pape, A. Sills, P. Smith, and S. Smith
 [image: Dry, cracked landscape with a solitary tree.][Image Source: USGS Water Science School] Foreword
 In over three decades offering veterinary medicine for fish I have always emphasized water quality. Whether for a betta fish in a small desktop tank or a multimillion-dollar, industrial-scale, zero-discharge operation, the owner or operator must know the water quality! This chapter discusses water sources, parameters, and treatments. The chapter lists and describes what may need testing. The chapter does NOT delve into the test assays or protocols used to evaluate the qualities of the areas discussed. It is appropriate to mention the absolute necessity of routinely running prescribed tests. Too often operators feel the testing always gives the same results and can be skipped or stopped.
 Routine testing can be the FIRST indication the operator
 will have for detecting change in the water!
 Allowing a change in some quality of the rearing water to go unnoticed is an invitation for stressing the fish and providing an opportunity for pathogens and diseases to enter. Testing is not about the expense of the test protocol or the cost of time. Testing is preventative care and a simple demonstration of concern for the welfare of the livestock reared! A subsequent chapter will discuss the multitude of methods for assaying the different sources, parameters, and treatments discussed in this chapter.
 Best Regards,
 Dr. Starling
 
 Introduction
 Quantity and quality of water are important in the management of fish and other aquatic animals. Water quality can be affected by geological formations, soil properties, land use practices, and agricultural practices. Groundwater sources replenished by seasonal rainfall can be affected by surface use, such as agricultural clearing and intensification. Surface water can be susceptible to contamination by other uses of water such as wildlife and livestock use and municipal or industrial discharges. Air pollution is or may become a risk to surface water use in aquaculture facilities. Monitoring water quality before building and periodically during operations will provide valuable information for those making decisions about operating an aquatic animal facility.
 To address the many aspects of water assessment and treatment necessary for aquatic animal health, this chapter is broken into three parts.
 	Section A covers water sources and attributes. What categories of water are found in different water sources? What water type is used for aquatic livestock production? In addition to defining and classifying water, descriptions of water sources are discussed at the conclusion of Section A.
 	Section B describes the water parameters of concern for rearing and producing aquatic livestock. These include water hardness, salinity, metal content, gas content, and other parameters.
 	Section C delves into the methods of treating water, with a particular focus on recirculating aquaculture systems (RAS), production systems given that name due to the cleaning and reuse (recirculating) of the production water.[1]
 
 
 	Váradi, L. (1984). Mechanized feeding in Aquaculture. In Inland Aquaculture Engineering. Food and Agriculture Organization (FAO), Fisheries and Aquaculture Department. ↵
 
 
 
	

		


		
	
		
			
	
		

		2A Water Sources

								

	
				Humans interact with water daily when we drink, cook, or bathe, but it is only a part of our lives. In contrast, for aquatic species, water is everything: it affects how they breathe, feed, move, and reproduce. In the following sections we will explore the characteristics of water and why it is essential for aquatic animals we raise.
 Introduction
 [image: A tall wine glass filled with water.]Water, with its chemical formula of H2O, is a unique compound. Although it is inorganic, it is still essential to all forms of organic life. No calories or nutrients are present in pure water. Organoleptically (evaluated by taste and smell), pure water is transparent, tasteless, odorless, and nearly colorless. Pure water is rare in natural settings.
 Liquid water is often called the “universal solvent” because of its ability to dissolve more substances than other liquids. Water molecules have a polar arrangement of oxygen and hydrogen atoms; one side (hydrogen) has a positive electrical charge, and the other side (oxygen) has a negative charge. This polarity allows the water molecule to become attracted to other types of molecules. Water can become so heavily attracted to a different compound, like salt (sodium chloride), that it can disrupt the attractive forces that hold the sodium and chloride together and thus break down the solid form into an aqueous form.[1] That means that where water goes in living organisms, it carries along necessary and valuable minerals, chemicals, and nutrients.
 Fast Facts For practical purposes, water is never pure at a natural source because of the physical/chemical composition of the substrate it passes through before it is withdrawn for use. Therefore, different water sources will have different physical/chemical compositions and must be evaluated to be eligible for aquatic livestock needs.
 
 It is valuable when selecting a cultured species to review the known natural history of the water source. The original habitat conditions of the individual species can give strong indications of the conditions that must be dealt with in captivity. For example, Amazonian fish in their native habitat have organic materials with acidic pH and low mineral content or general hardness in the water, while salmonids like trout naturally live in clear and faster-moving waters. Chapter 1, Industry Overview gives examples of different culture conditions for select species of interest. When the natural history of the cultured species is well known and documented the rearing conditions are easiest to determine and plan.
 
	US Geological Survey Water Science School. (2018, June 9). Water, the universal solvent. Retrieved June 12, 2026, from https://www.usgs.gov/water-science-school/science/water-universal-solvent, archived at https://perma.cc/KZ28-WCJW ↵



	

			
			


		
	
		
			
	
		

		2A.1 Water Composition

								

	
				The Earth’s composition includes amounts of water that are not uniformly distributed. Hence, the amount of water and how it is distributed can be limiting factors in natural systems and human endeavors. The oceans hold nearly 97% of all water on the planet and cover more than 70% of the planet’s surface. While a huge amount of water covers the planet’s surface, that substantial proportion dictates a “desert physiology” for animals living in its confines. Survival depends on the ability to maintain physiological water status since there is little fresh water available for organisms to use (see Chapter 3, Anatomy and Physiology). The type of water used for most food production and for terrestrial and freshwater habitats accounts for less than 3% of the total global volume. At this time, almost two-thirds of this water is bound up in glaciers. Figure 2A1 shows that the fresh water we drink as well as the water used for production purposes is scarce in our natural resource inventories.
 [image: Breakdown of water on a global scale. Over 96% is in oceans. Of the 2.5% that is fresh, most are in glaciers or groundwater. All other water is only 1.2% of that portion.]Figure 2A1. Where is our Earth’s water? [Image Source: NASA via Wikimedia Commons, public domain] To better appreciate this resource on a global scale, consider this: 22 countries have less than 1000 m3 of available fresh water per capita per year and another 18 countries can only rely on less than 2000 cubic meters per capita per year.[1] In addition, much of the global fresh water supply is not naturally potable, or safe to be consumed, due to the presence of pathogens and industrial pollutants. The volume of fresh water present on Earth is not expected to sustain the current population and production trends without major changes to current use. Recent assessments of future water supply and demand across the United States have found that regions are likely to face serious water shortages in the absence of major new adaptations.[2] 
 What is happening to our water?
 Studies are being conducted to forecast where and how soon we may have water shortages as well as how we can adapt in the future. The presence of adequate fresh water is one of the nine defined planetary boundaries that describe the tolerance that Earth has for human activities. As of 2023, six of the nine boundaries have been breached![3] Further, nearly two-thirds of freshwater resources used for human activity are being consumed by our food sources, either for plants or for animal use.[4]
 
 Types of Water
 Water is typically categorized into one of four categories depending on the salt content: fresh water, brackish water, marine water, and brine. The salt content of water can be measured and expressed in various ways: 
 	Dissolved solids in water are measured as total dissolved solids (TDS) and expressed in milligrams per liter (mg/L) or parts per million (ppm), which are mathematically equivalent measures. TDS is the sum of all dissolved organic and inorganic substances in molecular, ionized, or microgranular suspended form. This measure is usually only used for fresh water since salinity includes ions included in TDS measurements.
 	Dissolved salt is a way to measure salinity by measuring only salt content. Sodium chloride, potassium nitrate, and magnesium sulfate are common. Chloride is the largest salt component in many waters and accounts for 19% of total salt content in seawater.
 	Electrical conductivity is useful as a relatively simple way to measure water salinity. Pure water does not conduct electricity. Conductivity is the inverse value, or resistance in electrical terms. Impurities in water such as salts and dissolved solids enable electricity to be conducted through water. The unit of conductance is the Siemen which is the electric current passing between two electrodes of known area. Fresh water will have conductance values of milli-Siemens per centimeter (mS/cm).
 	Specific gravity is a method of inferring salinity by buoyancy (hydrometers) or light refraction (refractometers). Pure water is designated a value of 1.0. This means the weight of one liter of water is one kilogram. As water dissolves solids (i.e., salts), the weight will increase without increasing the volume and thus the specific gravity will increase. This explains why seawater has higher specific gravity than fresh water.
 
 Table 2.1 shows categories of water and their typical assay results. 
 Table 2.1. Salts in Water. 	Water Type 	Dissolved solids (parts per million) 	Dissolved salt (parts per thousand) 	Electrical conductivity, mS/cm2 	Specific gravity 
  	Fresh water (sweet water) 	1,000 	<0.5  
 	0–1990 	<1.004 
 	Brackish water 	1,000–15,000 	0.5–30 	0–19.90 	1.004–1.020 
 	Marine water (seawater) 	15,000–35,000 	30–50 	N/A 	1.020–1.029 
 	Brine (hypersaline water) 	>35,000 	>50 	N/A 	N/A 
  
 Fresh Water
 Water with a salt concentration of 0.5 parts per thousand (ppt) or less is called fresh water.[5] Freshwater habitats are often classified as lakes, ponds, rivers, streams, and wetlands. Each habitat is able to support a biotope of organisms (e.g., American alligators, crayfish, water striders, and largemouth bass) suited to the conditions of water quality and composition.
 According to the mineral content of the water, fresh water can be classified as either soft or hard. The hardness of water can be described by the level of calcium or magnesium divalent ions. More information on this topic can be found in Section 2B: Water Parameters.
 Most freshwater fish do not survive in marine or brackish water. Species and water salinity must be matched. However, even within a given water type, chemical and physical quality factors may cause failure of the effort to culture a species of aquatic livestock. The reader is advised to become familiar with the tolerance and preferred salinity of each species. From the clinician’s perspective, salt (NaCl) is used to effectively reduce osmotic stress for fish being handled. The change of salinity reduces the loss of electrolytes from serum leaking from abraded skin and across gill membranes. 
 Ties to Practice: Salinity A koi lost its entire dorsal fin from entanglement in its environment. The wound was completely denuded of skin where the fin had been removed. The loss of the dorsal fin left underlying tissue and muscle exposed to the surrounding pond water. After the hemorrhage was controlled and the koi had undergone further clinical evaluation, the wound was allowed to heal by secondary intention instead of being surgically closed due to the apparent contamination and tissue trauma. The danger of stressful electrolyte loss from the exposed tissue was addressed. The fish was moved to a smaller volume of water in a hospital tank with a raised salt level to counter the electrolyte outflow from the wound. The outcome was not debilitating to the fish and was cosmetically acceptable for the owner in approximately 30 days.
 
 Brackish Water
 Water that is called brackish has higher levels of salinity and dissolved solids than fresh water.[6] The level of salt in brackish water can make the water unusable for drinking or irrigation.[7] The salt content can vary from just higher than freshwater salinity to just lower than open-ocean salinity.
 Brackish water exists in both surface and groundwater aquifers. Therefore, brackish-water boreholes, which are wells that produce water with a level of salinity, are used. Other wells produce highly saline water; these are called hypersaline or brine wells. While brackish water does not have a universally defined salinity level, the general classification is between 2% and 30% salinity (numbers are rounded).[8],[9] This classification covers a wide spectrum of biotopes in nature due to the mechanics of mixing water between the freshwater body and marine waters.
 There are biotopes that exist in transitional areas between marine and freshwater areas. The part of a river that meets the sea, or an estuary, is the best-known example of a brackish water environment. These are dynamic zones fluctuating between fresh and marine water in accordance with the time and seasonal influence of the tidal events. At high tide, the salt content at a given location in an estuary will increase as the incoming tide of ocean water moves into the area. Euryhaline fish are species that have adapted to variable salinity levels associated with tides and/or lunar cycles for cues in feeding activities and reproduction.[10] 
 Marine Water
 Ocean water, or marine water, is described as salty or saline. The average ocean salinity is around 35 ppt.[11] Humanity has only begun to tap into the ability to “farm” or “ranch” the ocean with domesticated livestock and crops suitable for marine existence to extend our food sources and balance the freshwater budget. In some areas of the world (e.g., Asia), people have made strides in exploring and using the marine environment for cultivating dietary animal protein. Early attempts involved rearing species that do well in higher salinity, and these species are in the diet of the people culturing the livestock. These species were often held in captivity in tidal pools or marine wetlands. Shrimps and mollusks were candidates, along with various fish such as milkfish and other non-carnivorous species. The earliest methods were typical of subsistence farming. More recent times have seen rearing of species higher on the food chain hierarchy, such as salmon and barramundi, suitable for prosperous cultures but not as sustainable as most of the world prefers.
 [image: Map of earth's oceans viewed from above on a flat plane, emphasizing the Earth's water mass rather than land.]Figure 2A2. Spilhaus Projection of the globe depicting the interconnection of all the world’s oceans. [Image Source: NASA via Wikimedia Commons, Public domain] However, terrestrial livestock still predominates the global human food supply for animal protein sources. The marine environment is most easily visualized geographically in the Spilhaus Projection. Figure 2A2 depicts the South Pole in the center, emphasizing the oceanic structures and their relationship to the continents positioned on the projection’s edge to show how vast our oceans are.[12] 
 Brine
 A concentrated solution of salts (commonly sodium chloride) and water is called brine. Brines in nature can occur in groundwater, in salt lakes, or as seawater. Natural brine may include numerous additional elements and compounds such as sulfates, magnesium, and potassium depending on the source. Brine has uses in aquaculture but its use is relatively rare in most countries. Few species for food consumption are grown in hypersaline water. The genus Artemia includes several species of small crustaceans harvested from high-saline waters and are used as live feed for larval fish rearing. Brine can be used as a source if another water source of lower salinity is available for dilution.
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		2A.2 Water Uses

								

	
				Water is used in almost endless ways in human endeavors. It enabled early transportation that broadened trading and exploration. Water is becoming a more evident boundary or limitation to the welfare of humans and other life forms. The limitation mainly comes from human usage and practices as the human species enlarges its footprint on the planet. With the globalization of trade in modern times, trends in consumption can alter water use and availability.
 The diet of humans around the globe today relies on eight crop species (barley, beans, groundnuts, maize, potatoes, rice, sorghum, and wheat) that provide 53% of average daily calories consumed. Three of these primary crop species (wheat, rice, and maize) represent 48% of average daily calories consumed. Additionally, 5 animal species (cattle, sheep, goats, pigs, and chickens) provide 31% of average daily protein consumed. Figure 2A3 displays the volumes of water these dietary components use.
 [image: ]Figure 2A3. Water requirement per kilogram of food product (2018). [Data Source: Our World in Data. CC BY 4.0] Information on water use for aquatic animal production is harder to find. Calculating water requirements for fish in tanks is like calculating ventilation requirements for livestock in buildings. For fish, the calculation is gallons per minute or the metric equivalent of liters per minute (see the conversion table in section 2A3, Measuring Water).
 For terrestrial livestock confined in buildings, the measurement is cubic feet per minute of air exchange. Keeping fish in net-pens in open water (without measurement of water flow) would be similar to keeping terrestrial animals in open-air confinement pens. The 2007 work by Boyd et al[1] includes water use and water value indices.
 
	Boyd, C.E., Tucker, C., Mcnevin, A., Bostick, K., & Clay, J. (2007). Indicators of Resource Use Efficiency and Environmental Performance in Fish and Crustacean Aquaculture. Reviews in Fisheries Science, 15(4), 327–360. https://www.doi.org/10.1080/10641260701624177 ↵



	

			
			


		
	
		
			
	
		

		2A.3 Measuring Water

								

	
				Water is measured in two ways: volume and flow. The volume of water in a container or containment system is measured in units of volume associated with the container size measured by width, length, and depth. The flow of water is a measure of the volume moved in a unit of time. The flow rate then determines how long the volume of water can flow at a given rate. 
 Water Volume
 The following table of conversions allows us to relate relatively small units to our daily water use in tasks like cooking (ounces or cups), watering the lawn (gallons or cubic feet), filling the swimming pool, watering the garden, and so forth. Weight conversions are included for cases in which water is hauled rather than distributed in plumbing systems. It becomes apparent why water is generally pumped or drained rather than delivered by truck or rail. When public utility supply or other local supplies are less than adequate it may be necessary to haul water, but such an option is certainly cost prohibitive and time prohibitive in most cases. 
 Table 2.2. Examples of water unit conversion factors in smaller units. 	1 US gallon 	1 cubic foot 	1 cubic meter 	1 liter 
  	0.1337 cubic feet 	7.4805 US gallons 	264.172 US gallons 	0.264172 US gallons 
 	0.00378541 cubic meters 	0.0283168 cubic meters 	35.3147 cubic feet 	0.0353147 cubic feet 
 	8 pints or 16 cups or 128 oz 	28.3168 liters 	1000 liters 	33.814 oz 
 	8 lbs 	62.4 lbs 	2204.62 lbs 	2.21 lbs 
 	3.79 kg 	28.32 kg 	1000 kg 	1 kg 
  
 Abbreviations: lbs is pounds, kg is kilograms, and oz is ounces.
 Table 2.2 uses conversion standards for units of volume to weight. The English system of units was devised on fractions, whereas the metric system is a decimal system. If the English units are expressed as decimals, there is less calculation error but there is no simple conversion possible as in the metric design.
 The units of measure in Table 2.2 are typically replaced by larger units as we begin to devise ways to measure the amount of water in larger areas or basins or tanks. Table 2.3 shows the units of practical measurements for the volume of lakes and larger water bodies. The units are astounding when compared to the traditional laboratory units of measure. For larger commercial aquaculture facilities the metric measurement system is an efficient method of measuring. 
 Table 2.3 Examples of water unit conversion factors in larger units. 	Unit 	U.S. gallon (gal US) 	Liters (L) 	Cubic meters (m3) 	Cubic kilometer (km3) 
  	1 acre-feet 	325,851 gal US 	1,233,481.84 L 	1,233.5 m3 	1.2335 × 10–6 
 	1 km3 	2.64 × 1011 gal US 	1.0 × 1012 	1.0 × 109 	1 km3 
 	1 mile3 	1.1 × 1012 gal US 	4.17 × 1012 	4.17 × 109 m3 	4.17 km3 
  
 Water Flow
 Water flow is a practical method of using time (universally standardized to seconds, minutes, hours, days, and weeks) to calculate the volume of water that is either dispensed or accumulated as water is moved from one point to another, one containment system to another, or released to the environment. 
 Water flow rates will be discussed further in 2B.1 Physical Parameters.
 
	

			
			


		
	
		
			
	
		

		2A.4 Water Sources

								

	
				Fish farming has basic requirements of water volume and quality for operations. Water is a critical aspect of rearing aquatic livestock. There are only so many fish that can be placed into a volume of water before disease or other contributing factors to disease occur. Will the amount of available water set limits on the production system and treatment options of the livestock facility? Optimal biomass determined by water quantity will greatly affect animal health and subsequently the profitability.
 Management of water use and quality is an incredibly significant cost and responsibility in fish or other aquatic animal production. Starting with a suitable water source for the cultured species is a prerequisite to successful rearing of aquatic livestock. Just as physical land is evaluated by space, slope, soil type, and so forth, there are considerations to account for in water sources.
 The characteristics of water considered for rearing aquatic livestock include the broad categories of physical, chemical, and biological characteristics (see Section 2B, Water Parameters for more information). These water characteristics and qualities MUST be known before cultivated species are chosen or facilities are built in order to accurately assess whether the site can be successfully used for aquatic livestock production.
 [image: Diagram of the water cycle. More detail in long description below.]Figure 2A4. The Water Cycle. [Image Source: USGS via Wikimedia Commons, public domain] Long description: A diagram titled “The Water Cycle,” created by the U.S. Geological Survey. A series of arrows show the movement of water on land, in the air, in the oceans, and below Earth’s surface. Water in the ocean undergoes evaporation, moving into clouds. Condensation in the atmosphere leads to precipitation as rain or snow, and this water is then stored as snow melt, streams, freshwater stores (e.g. lakes), and groundwater. Finally, streams, surface runoff, and groundwater discharge lead back into the oceans.
  
 Water comes from all around us. Sources of water to fill or sustain the production system we need for rearing aquatic animals include surface water, groundwater, and municipal (public) water systems. Occasionally discharging water from another process could be suitable for certain species.
 The major attributes of different water sources are shown in Tables 2.4 and 2.5. 
 Table 2.4. Attributes of Water sources for Aquaculture (Surface water) 	Water Sources 	Weather 	Contaminants 	Disease 	Invasives 	Initial Cost 
  	Rivers/Lakes 	High 	High 	High 	High 	Low 
 	Water shed 	High 	Medium 	Low 	Low 	Low 
 	Rainwater 	High 	Low 	Low 	Low 	Low 
  
 Table 2.5. Attributes of Water sources for Aquaculture (Ground and Municipal Water) 	Water Sources 	Weather 	Contaminants 	Disease 	Invasives 	Initial Cost 
  	Well-bore 	None 	Low 	None 	None 	Medium 
 	Springs 	Variable 	Low 	None 	Variable 	None 
 	Municipal 	None 	Low 	None 	None 	High 
  
 Surface Water
 Surface waters include rivers, lakes, streams, and watershed catchments. Surface water is collected relative to surface or land areas and rainfall. Watershed is a geological term that describes an area draining to a single point, such as the mouth of a river where the catchment waters combine with other watershed water or empties into the ocean. Surface waters drain natural areas such as cropland, forests, urban areas, and other drainage areas. Natural spring water discharging at the surface becomes surface water as it courses through the natural drainage waterway. Natural spring water captured immediately at the discharge source can be ground-source water if the source is protected from environmental influences. Water collected from constructed surfaces such as roofs are also regarded as surface water. One characteristic consistent in all surface water sources is the dependency on weather patterns. Rivers can dry up or flood. Surface water is susceptible to contamination from pesticide drift, stormwater entry, and other water containing pollutants. Surface waters drain and merge into streams and lakes and eventually flow into the oceans.
 Weather can be intermittent and unpredictable, which makes surface water variable in quality and quantity. Is an alternate water source available when the river goes dry? What is the risk of flooding at the facility location? Can the lake water become contaminated by development around the shore or with use of the lake? Can the potential contaminants be predicted and checked? Rainwater and surface catchment can be used when convenient but come with inconvenient drawbacks. An example of a drawback that is less common happened at an Atlantic salmon hatchery in New Brunswick, Canada, where staff monitored river pH and stopped pumping river water for the hatchery during heavy snow melt due to pH changes from “acid snow” created by atmospheric pollution.
 A geographical location may harbor unique chemicals and particles from agriculture, industry, transportation, construction, and wildfires captured with the precipitation. Disease control and prevention can also be problematic. When feral animals move around in water bodies, pathogens are also moved. Vermin control around and in natural water bodies is exceedingly difficult, as is avoiding the transfer of parasites or other pathogens by transitory birds and other animals migrating for food or seasonal changes.
 Natural water sources such as rivers or lakes have a high chance of invasion by invasive species. Examples of problematic invasive species are zebra mussels and quagga mussels. These species are detrimental to plumbing systems and outcompete native species. In addition, veligers, the early life stage of these mussels, have the ability to hitchhike to other locations through transportation of uninspected boats, fish hauling, and undrained containers from one water body to the next. Nonnative or invasive species can be very costly to prevent, control, or eliminate.[1] A water source with invasives may have added treatment costs or even be prohibited by regulations from moving livestock to other locations. In the Great Lakes alone, it is estimated to cost US $55 million a year to control invasive mussels near major water complexes, as cited by the University of California at Riverside Center for Invasive Species.[2]
 Disadvantages of using surface water for aquaculture include the added cost to buy and operate a water pump if gravity flow to supply a flow-through system is not possible. Pumping requires energy. The water from surface sources usually needs to be treated to eliminate a hazard or change a water parameter to be more suitable for fish rearing. Water treatment for extraneous factors is a significant expense due to the volume of water needed to operate an aquatic livestock facility at a commercial scale.
 The quality of surface water may be fine chemically for all the necessary assays we will describe later, but surface water can include the risks of parasites, toxins, and microbial components that need treatment and/or removal. The risks also may change unpredictably and suddenly in the water flowing in rivers or held in lakes with public use and accessibility. These costs must be analyzed to determine if the site has sufficient potential for aquatic livestock production.
 The total cost of using rainwater, for example, from a roof, catch basin, or other surface and the equipment needed will likely require a level of capital investment. In parts of the world such as the Eastern half of North America, rain is frequent and generally of enough volume to collect and reuse. Collection of rainwater directly from roof surfaces will depend on the amount of rainfall and the roof area or convenience of neighboring buildings for added collection area. For larger facilities, the collection area may be a combination of roof area and land surface apart or in addition to the roof surface area. 
 Ties to Practice: Facility location The best choice of facility site location would be near the top of the watershed for best water quality, if water quantity is sufficient. The choice to use surface water requires considering how much surface is available to collect precipitation to store and use in expected seasonal and annual cycles. The cost of surface collection when gravity flow for moving water is used to keep water levels in private ponds and lakes, for example, can make fish farming a very economical enterprise.
 
 Groundwater
 Groundwater is taken from the geological formations of the area or may be piped in via water district pipelines, canals, and other methods. This type of water is typically taken from wells or boreholes but there are springs with sufficient quantity and quality of water to support large aquatic livestock production facilities such as in the trout industry of Idaho. It is important to note that groundwater quality and composition can be affected by geological formations, soil properties, land use practices, and agricultural practices. These influences can introduce minerals and contaminants into the groundwater, causing differences in water quality across different geographical regions.[3] 
 As a side note, there are localities with relatively high water tables. Digging a depression out by removing soil can create a pond (referred to as excavated ponds) with the groundwater that seeps into the area dug out. This is technically groundwater because of the source but is managed more as surface water. High water tables may be susceptible to drought as this water is often recharged by rainwater percolating from the soil above.
 
 In most cases and locations, well/bore waters are less likely to be affected by weather than water from other sources, although this depends on factors like depth of the well being used and the climate of the facility location. Springs can be affected by groundwater levels when replenished by seasonal rainfall.
 Groundwater sources replenished by surface water generated by seasonal rainfall may be affected by surface use such as agricultural clearing and intensification. Contamination may occur if the water table is recharged from cropland that is used for manure disposal from intensive livestock production. Industrial chemicals may also leach into the water table from neighboring factories or commercial establishments. Overall, groundwater sources are more consistent and stable in quality and quantity than are surface water sources. Analyzing water before building and periodically during operations will provide information for decision-making in operating an aquatic animal facility. Water quality and quantity are significant factors in site choice for building a fish production facility.
 Disease management and prevention are typically easier when using groundwater sources than when using surface water sources because few pathogenic organisms occur in protected groundwater. The largest area of concern is with the location of withdrawal from springs. Once springs discharge water into the surface stream the characteristics of the water changes because of open exposure to wind, animals, fish, and other sources that add solids or contaminants to the water. Withdrawal of water should take place before a spring discharges, minimizing the risk of introduction of pathogens or contaminants.
 Protecting the groundwater supply is paramount as any unsecured area where water is exposed to the atmosphere, such as an open-air pond or a holding tank without a roof, can allow weather, animals, or even humans who swim in the pond, to affect the water. Keep in mind the source water for aquatic animal production does not have the same potable water standards as municipal waters. Different projects or industries have different regulations and requirements for water quality and the chemicals within the water. Water standards are not universal across all areas and must be evaluated because of the significant risk of diminished water quality and security. These points are discussed in more detail in Chapter 8, Biosecurity on facility site selection and biosecurity.
 Invasive species are less likely to be present in effectively managed and secured groundwater sources. Protection of the spring water withdrawal point is a variable when assuring the integrity of the supply. Invasive species are a potential risk, as are contamination and disease in surface-replenished groundwater.
 Finally, the initial cost of groundwater may be low for facilities appropriately located below springs. The cost of drilling wells/boreholes can be quite high, as can the pump and plumbing costs. Numerous water source factors contribute to the operational costs. Suitably designed spring water capture can be secure and relatively inexpensive depending on the layout and use. Well/bore waters have a large spectrum of possible initial costs and operating costs for getting water from the water table to the production tanks. Well water may need treatment before use in aquatic livestock production systems, such as when water has high iron or other mineral/chemical content. 
 Municipal Water
 Water received from public or commercial water supplies is generally of higher quality than water from other sources. However, “higher quality” does not mean the water is safe to use for aquatic animals. To use municipal sources, the water treatment process and disinfection methods must be evaluated in light of what species will be cultured and housed. A complete water treatment discussion is beyond the scope of this chapter, but the most immediate concerns for aquatic animals would be the residual disinfectants or disinfectant byproducts. The local municipal water system operators are helpful for explaining the chemicals and processes of treating the source water. The chemical/disinfectant added will not be the same in every town because local source waters may require different treatments.
 Find out the municipal water system’s water source, such as surface, spring, or well/bore water; in the future, localities may also use recycled waters. Towns and cities may have multiple sources of water available and switch or mix the sources. This change in water sources may predicate changes in disinfection, filtration, and water capacities. Among the questions to ask when you are evaluating municipal water sources is “Is this water safe for aquatic animals?” 
 Fast Facts Being safe for human consumption and use is DIFFERENT from safe for aquatic animals.
 
 A water source suitable for the aquatic animals being cultured must be found or changed within the economic projections of the facility and operation. As discussed previously, we know that water is never in a pure form in nature. It mixes well in the environment.
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		2B. Water Parameters

								

	
				Introduction
 Section B focuses on water parameters generally evaluated for the cultivation of aquatic livestock. Water quality can impact aquaculture in several ways.
 Table 2.6. Water quality impacts 	Quality factor
  	Impact
  
  	Water temperature
  	The ability of the water to hold dissolved oxygen (O2) is correlated to the temperature of the water. Elevated temperatures can decrease the dissolved O2 levels.
  
 	Size and depth
  	Size and depth decrease or increase the surface area available for gas exchange. Larger/deeper ponds allow for a higher capacity.
  
 	Supplemental aeration
  	Aeration increases the concentration of O2 and decreases carbon dioxide within the water. Increased O2 supports aquatic life and the breakdown of pollutants (to an extent). Aeration may be regulated by adjusting the size of surface paddle wheels and flow rate or the number of bubbles generated by aerators.
  
 	Water exchange rate
  	Exchange rate affects how quickly pollutant removal occurs by dilution. A higher exchange rate dilutes pollutants faster than a lower exchange rate. Lower rates increase the likelihood of pollutants reaching high levels within the water.
  
  
 These factors are all interconnected. For example, a pond may be large and deep, allowing for a large surface area. However, if the temperature is too high and the water exchange rate is low, the capacity of the water to support aquatic life is reduced. A smaller pond with adequate aeration and temperature can have a higher capacity.
 Importance of Water Quality in Aquaculture
 The greatest challenge for the aquatic livestock producer, conservationist, or aquarist is to keep a stable environment for the animals. If the water conditions and parameters are stable, the aquatic livestock can use their metabolic energy from the feed input for growth, maintaining health, and other goals. By following a routine water sampling protocol to monitor such parameters, the production of aquatic livestock has a higher chance of success.
 Ties to Practice: Water Quality Veterinarians find that most diseases appear within two weeks of a water quality issue. The problem is often related to one of the following:
 	Filter failure
 	Heater going out
 	Overfeeding
 	Water treatments for a different problem that set off a subsequent chain of problems
 
 
 
 Purpose of Water Testing
 Quantitative testing is used because senses such as sight, smell, and touch are insufficient checks for detecting water quality changes. Evaluation of source water or production water will include tests for physical, chemical, biological, and perhaps other parameters if needed. Table 2.7 lists the commonly used parameters in monitoring the water quality for aquatic livestock.
 Livestock production facilities do not maintain potable water standards with the higher livestock densities and feed consumption. In the following discussion of the various water parameters, please refer back to Table 2 as an outline. These parameters may or may not be evaluated for all operations and all species. Some parameters will need daily attention, while others will be tested more periodically and infrequently. Testing frequency can vary from daily to annual. The relationships and interactions between parameters and what they mean to aquatic livestock health and welfare are discussed in this section. These parameters directly affect the physiology or disease resistance of the animals. These water quality parameters are mentioned again in the chapter covering anatomy and physiology, infectious diseases, and nutrition.
 The division of water parameters into three groups (physical, chemical, and biological) may seem arbitrary, but it is traditional in water testing. Different organizations or authors may move specific parameters to a different group. For practical purposes, the physical parameters can be detected with one of the senses, such as vision, taste, touch, or smell. Instruments may be used to refine further or measure what the senses detect.
 Table 2.7 Production water parameters 	Physical
  	Chemical
  
  	Temperature
  	pH/carbon dioxide (CO2)
  
 	Clarity
  	Dissolved O2
  
 	Turbidity
  	Chlorine
  
 	Solids
  	Alkalinity (kH)
  
 	Suspended solids
  	Hardness (gH)
  
 	Total dissolved solids (TDS)
  	Conductivity
  
 	Color
  	Ammonia
  
 	Depth
  	Total ammonia nitrogen (TAN)
  
 	Flow rate
  	Nitrite
  
 	
 	Nitrate
  
  
 
 
	

			
			


		
	
		
			
	
		

		2B.1 Physical Parameters

								

	
				Temperature
 Temperature is vital for fish because they are generally poikilothermic creatures, meaning their body temperature is the same as that of the environment. However, it is worth noting that species like tuna and opah can regulate their internal temperature when diving to colder depths. The surrounding temperature determines most fishes’ body temperature and all metabolic processes. Fish are classified into temperature groups on the basis of their natural temperature preferences seen in wild or feral populations.[1] For example, the water temperature for rainbow trout will be colder than the warm water that catfish require to thrive (see Chapter 3, Anatomy and Physiology). Keeping the temperature consistent as much as possible will maintain the welfare and health of most species.
 Temperature-related issues may be encountered in facilities that keep their enclosures outside. Outdoor production can be subject to sudden temperature variations when weather changes are severe, which may negatively influence the brood’s health. Broodstock of some species depend on seasonal temperature changes as cues to start reproductive functions. It may be necessary to test the water temperature daily to help regulate temperature changes and ensure that slight temperature alterations are made before stress occurs. A thermometer is typically used to measure temperature changes. Both computerized and manual thermometers are available on the market. 
 Clarity
 Clarity is a subcategory used to describe the transparency of water. If a glass of water is held up and looks transparent, the water is described as clear. Clarity describes the qualities of water according to levels of three components: turbidity, solids, and color. A sudden change in clarity may alter behavioral aspects of fish in the wild and in captivity. These alterations include foraging success, predation risk, and even reproductive behavior.[2] A Secchi disk is often employed to evaluate clarity by measuring the depth to which the disk disappears from view. This disk is visible to over 100m in distilled water, and can only be used in still or slow-moving waters in daylight.
 [image: A black and white disk suspended on top of a body of water.]Figure 2B1. Secchi disk. [Image Source: US Army Corps of Engineers via Wikimedia Commons, Public domain] Turbidity
 Turbidity is an optical characteristic of water caused by light obstruction due to the presence of suspended solid matter of various sizes. Suspended solid matter may include the following dissolved or suspended particles: silt, organic and inorganic matter, clay, plankton, microscopic life forms, and salt. As the turbidity of the water increases, the clarity decreases. Water described as turbid can appear cloudy or muddy. Turbidity can be problematic because it can interfere with migration in feral populations and make it more difficult to find food.
 Turbidity measurement is done with a turbidimeter. This instrument measures the amount of light diffracted through the sample at a 90° angle. Turbidity is measured in nephelometric turbidity units. Each turbidity unit is equivalent to 1 mg/L of suspended silica.
 [image: A person holding a blue turbidimeter, a blocky rectangular device with a protruding section for taking samples.]Figure 2B2. Turbidimeter. [Image Source: Defense Visual Information Distribution Service, Public domain] Changes in other water parameters, such as O2 levels, can be associated with changes in turbidity. When waters are considered turbid, the amount of dissolved O2 in the water decreases due to increased bacterial activity. High turbidity limits the penetration of sunlight into the water column, thus reducing the amount of light reaching the bottom. Consequently, photosynthesis in submerged aquatic plants and algae may be impaired, affecting O2 production and the overall health of aquatic ecosystems. 
 Solids
 Materials introduced to water are either liquids or solids. Solids are important and the most apparent to the observer. The solids discussion regarding aquaculture is to address both the suspended solids and the dissolved solids. The dissolved solids is a misleading term because the particles do not dissolve in water but remain as tiny particulate matter. Particulate matter can damage equipment and living tissues such as gills. Solids can be solid as in sand. Solids may be globulus as in fecal materials. Some solids will break down further with mechanical agitation as when passed through a pump. Solids may have high specific gravity and quickly settle out of water. Various levels of filtration are needed to remove smaller particles that may not settle so readily. Evaluating solids thoroughly can yield valuable information on the source of solids and finding better removal processes. 
 Suspended Solids
 
[image: Particles suspended at the bottom of a cone-shaped glass receptacle.]Figure 2B3. Imhoff Cone. [Image Source: Ednarrc via Wikimedia, CC BY SA 4.0] The Imhoff cone in Figure 2B3 demonstrates the presence of suspended solids. The heavier solids settle fastest. The lighter solids will take time to settle. The total solids and a qualitative evaluation of the types of solids (size, appearance, and settling time) can be determined. When the characteristics of the solids change in the Imhoff cone test, it indicates some parameter of the water or its treatment is changing. 
 	Particles are 10 to 100 microns in size.
 	When water stops moving, particles settle.
 
 Dissolved Solids
 Dissolved solids are often associated or related with the salinity of water due to the specific gravity being higher in salt water than fresh water. The total amount of dissolved solids is calculated after suspended solids are settled out. 
 	Particles are under 1 micron in size.
 	Particles do not settle in still water.
 
 Color
 Color is a quality measured with visual comparison. Color is evaluated by comparing color standards or using colored glass standardized to a series of dilutions. Turbid samples may cause a color shift from the actual color. Therefore, turbid samples should be centrifuged or filtered before color comparison. The color value of a water sample can also be very dependent on the pH of the sample, depending on the sample’s intrinsic chemistry. Color determination varies among people and should not be done by persons with color vision deficiency. For consistency in interpretation, it is preferred for the same person to conduct routine laboratory testing. Water samples with various colors may be affected by a variety of factors. A change in water color from its average shows a quality issue. Table 3 shows probable causes of water color changes. 
 Table 2.8. Water color characteristics 	Color 	Probable Cause  
  	White cloudiness 	Bacterial bloom. Fine particles. Increased concentrations of ammonia. Some algae will give a white appearance. 
 	Yellow/brown 	Presence of tannins. Chemicals from vegetation, akin to dyes that are dissolved in the water. 
 	Red/brown 	Elevated levels of dissolved organic compounds. High mineral level. Some algae can contribute a red to pinkish-hue. 
 	Green 	Presence of algae. Nitrate and phosphate levels rise along with excessive amounts of other nutrients. An overexposure to light increases photosynthesis occurring within the system, high productivity. 
 	Murky (cloudy) 	Excess organic matter and bacterial blooms. It could be an issue with the filtration system or delayed water change. 
  
 These indicators in a water system—whether it be a pond, lake, or aquarium—can provide a qualitative insight for better understanding the issue underlying the irregular color of the water. Appropriate husbandry, feeding, and filtration can aid in preventing problems. 
 Depth
 Water depth must be sufficient to keep the fish covered and alive. However, this physical parameter is routinely checked for other reasons. Water depth indicates if pumps are working. The ability to maintain water depth is an indication of the water-source being available or turned on. Overflowing water levels waste water and the expense of conditioning the parameters but may also permit fish to escape tanks and die on the floor or pond banks. It is good record keeping practices to note the water level periodically. 
 Flow Rates
 Water flow will be determined by the species cultured and the function of the equipment.  Know the tank or pond capacity so the water exchange rate can be determined and adjusted once the flow rate is known. There are simple methods of capturing a known volume of water in a pail of known size in a set time. For example, a five gallon pail is filled in one minute. The flow rate is 5 gallons per minute. In certain situations the water flow will need to be increased to dilute unwanted toxins or assist with some water parameters such as temperature or even O2 levels. 
 Table 2.9. Corresponding water quality and instrument 	Quality 	Testing Instrument  
  	Temperature 	Thermometer 
 	Clarity 	Secchi disk 
 	Turbidity 	Turbidimeter 
 	Color 	Visual inspection 
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		2B.2 Chemical Parameters

								

	
				Chemical parameters are numerical ranges that determine the habitability of the water. These important factors have consequences related to livestock stress. While the physical parameters discussed in the earlier section are felt with the senses, these chemical parameters are not detectable with the five senses when the water is in a habitable condition. 
 pH
 pH is a crucial factor involved in chemical and biological processes in water. It can be defined as a negative value of hydrogen ions given on a logarithmic scale. The pH scale ranges from 1 to 14, with acidic conditions in the lower range (1–6) and basic conditions in the upper range (8–14). A pH of 7 is neutral, meaning it is neither basic nor acidic.
 The pH of water carries benefits and costs. Corrosion can result from water pH not matching the plumbing system components. The solubility of minerals is often determined by pH and leads to scale buildup under certain conditions. The toxicity of compounds can shift with pH changes.
 It is generally observed that a stable pH in the correct general range supports good fish production. Fish species have no definite pH range, but fish populations experience a gradual deviation from optimum growth and other physiological processes as the pH moves further from the normal range for the fish. There are both direct and indirect effects of pH on fish. The pH range expected in production waters will be 6 to 9. Species overall do well in the range of 6.4 to 8.0. A pH of 5 to 6 or lower will be fatal, with certain compounds, such as iron hydroxide, precipitating to become lethal.
 [image: A scale for pH with examples and environmental effects labeled. Long description below.]Figure 2B4. pH scale and effect on fish. [Image Source: U.S. Environmental Protection Agency Water Science School, Public domain] Long description:  A scale of pH levels shown alongside their environmental effects and examples of items that falls within that pH range. From most acidic to most basic:
 	pH = 0: Battery acid
 	pH = 1: Sulfuric acid
 	pH = 2: Lemon juice, vinegar
 	pH = 3: Orange juice, soda
 	pH = 4: Acid rain (4.2–4.4), acidic lakes (4.5). All fish die at 4.2
 	pH = 5: Bananas (5.0–5.3), clear rain (5.6). Frogs, tadpoles, crayfish, and mayflies due at 5.5
 	pH = 6: Healthy lakes (6.5), Milk (6.5–6.8). Rainbow trout begin to die at 6.0
 	pH = 7: Pure water. 7 is neutral pH.
 	pH = 8: Sea water, eggs
 	pH = 9: Baking soda
 	pH = 10: Milk of magnesia
 	pH = 11: Ammonia
 	pH = 12: Soapy water
 	pH = 13: Bleach
 	pH = 14: Liquid drain cleaner
 
  
 Basic solutions are called alkaline. However, “basicity” and “alkalinity” are different. Basicity is the ratio of hydrogen and hydroxyl (OH−) ions in solution and is related to pH. Alkalinity defines the acid-neutralizing capacity of a solution and describes the buffering capacity. Processes in aquatic ecosystems that increase dissolved carbon dioxide decrease pH and change the alkalinity (carbonate buffer) in the reaction. Be aware of how the term “alkaline” is used in describing water quality.
 A pH is termed neutral at the middle of the scale, or around 7.0. Buffers such as bicarbonates will stabilize the pH and maintain a more limited range of changes near the pH of 7.0. Adding crushed coral to a saltwater system will buffer the pH due to the components that make up coral, including calcium carbonate. The minerals within the coral will be expelled into the surrounding water. The carbonate buffering system is the one measured with the alkalinity testing. A neutral pH is close to physiological levels; extra metabolic energy is not used to balance the pH difference at the interfaces with the environment, such as gills and skin. As the pH shifts away from neutral, more energy is needed to support normal physiology, and the eventual outcome of the balancing is a level of stress that increases with the level of effort. Please note the “calcium” component of the calcium carbonate, which will also contribute to the hardness of the water. 
 Ties to Practice: pH Monitoring The greatest challenge for the aquatic livestock producer is to keep a stable pH environment for the animals. Water pH in late afternoon may become quite elevated in outdoor ponds due to photosynthesis. The stability of the pH will determine how detrimental the pH swings are for the fish in the pond. A pH above 9 can be stressful, but a pH of higher than 10 will be lethal to species, depending on water parameters and duration. A stable and neutral pH supports constant carbon dioxide, ammonia, and other parameters at workable levels.
 
 Carbon Dioxide
 Of the roles pH has in water quality, the first to mention is carbon dioxide (CO2) which has pH and temperature-dependent solubility in water. Similarly, the solubility of CO2 affects the pH with the associated carbonic acid interaction. This relationship of pH and CO2 in water extends to interactions with other water parameters. The level of CO2 in pond water can be calculated from pH, alkalinity, and temperature (see Table 2.11).[1] 
 Table 2.11. Factors for calculating carbon dioxide concentrations in water with known pH, from Tucker (1984)* 	pH 	5°C 	10°C 	15°C 	20°C 	25°C 	30°C 	35°C 
  	6.0 	2.915 	2.539 	2.315 	2.112 	1.970 	1.882 	1.839 
 	6.2 	1.839 	1.602 	1.460 	1.333 	1.244 	1.187 	1.160 
 	6.4 	1.160 	1.010 	0.921 	0.841 	0.784 	0.749 	0.732 
 	6.6 	0.732 	0.637 	0.582 	0.531 	0.495 	0.473 	0.462 
 	6.8 	0.462 	0.402 	0.367 	0.335 	0.313 	0.298 	0.291 
 	7.0 	0.291 	0.254 	0.232 	0.211 	0.197 	0.188 	0.184 
 	7.2 	0.184 	0.160 	0.146 	0.133 	0.124 	0.119 	0.116 
 	7.4 	0.116 	0.101 	0.092 	0.084 	0.078 	0.075 	0.073 
 	7.6 	0.073 	0.064 	0.058 	0.053 	0.050 	0.047 	0.046 
 	7.8 	0.046 	0.040 	0.037 	0.034 	0.031 	0.030 	0.030 
 	8.0 	0.029 	0.025 	0.023 	0.021 	0.020 	0.019 	0.018 
 	8.2 	0.018 	0.016 	0.015 	0.013 	0.012 	0.012 	0.011 
 	8.4 	0.012 	0.010 	0.009 	0.008 	0.008 	0.008 	0.007 
  
 *Factors should be multiplied by total alkalinity (mg/L) to get carbon dioxide (mg/L). For practical purposes concentrations are negligible above a pH of 8.4.
 Temperature is one factor determining gas solubility in liquids. As temperature declines, most gases become more soluble in water. Temperature will significantly determine how much CO2 can be absorbed into the water. CO2 has greater solubility than other gases at low pH levels because of its chemical reaction in water (H2O) to become carbonic acid (H2CO3). Therefore, cold temperature and acidic pH water has greater CO2 uptake. 
 CO2(aq) H2O(l) ⇌ H2CO3(aq)
 Cold water with declining pH can be especially troublesome to fish. The water can hold enough CO2 to become a sedative and eventually reach toxic or even fatal levels. The author has dealt with operations that suddenly had sedated fish hanging in the water, and individual fish could be in enough stupor to be tapped before they swam away. This situation can arise with an ammonia spike, which is discussed in the ammonia cycle section.
 The production system’s ability to manage the CO2 and other water treatments will limit the livestock density. CO2 in culture systems is primarily from biological metabolism or atmospheric conditions over the water (Henry’s Law). Henry’s law in physical chemistry states that the amount of dissolved gas in a liquid directly relates to its partial pressure above the liquid.
 Biological metabolism generates metabolic waste products from livestock, feed digestion (or decomposition), biofilter denitrification, and microbial metabolism in the water microbiome. If water is not sufficiently degassed, the buildup of CO2 from the metabolism will lower pH as carbonic acid forms. Stripping off the CO2 allows the pH to remain within the preferred zone of the fish. At raised pH, the CO2 is less soluble and is more easily off-gassed against the existing partial pressures in the atmosphere. When trying to rear aquatic animals, one must be mindful of the animals’ stress due to changing pH levels in the water. The pH cannot simply be changed to remediate the CO2 level. Instead, the task is to keep a constant pH to reduce stress on the livestock.
 In most cases, CO2 is dealt with through aeration with air stones or surface agitation to increase the gas exchange with the lower atmospheric concentration. When intense production is indoors, the limiting factor can become the building enclosure, preventing the dispersal of the CO2 that is off-gassed from the water. While the indoor atmospheric CO2 levels seldom get high enough to affect human employees, the water levels of CO2 can benefit from air exchanges that ventilate the building and dilute the CO2 in the building. Water aeration and building ventilation may be significant production costs of operation.
 CO2 is not easily calculated with direct measurement. The pH and CO2 relationship allows for the CO2 level in water to be calculated if alkalinity, temperature, and pH values in production water are known. CO2 is reported in milligrams per liter or parts per million.[2], [3] Calculators are available on the internet to do the calculation.
 As a rule of thumb, 20 mg/L CO2 is an upper production water limit unless the species (e.g., tilapia) is known to tolerate higher levels. CO2 is a sedative at elevated levels and kills fish at even higher levels. Improper CO2 remediation will interfere with feed consumption and swimming behaviors and affect production efficiencies. This sedation by CO2 can occur with adequate O2 levels. Therefore, CO2 needs to be checked and consistently off-gassed in systems.
 The pH plays a role in the relationship of carbon dioxide to bicarbonate (buffer). At pH values between 4.4 and 8.2, CO2 and bicarbonate ions are balanced. With a pH below 4.4, the alkalinity is provided by CO2 in the carbonic form. Above a pH of 8.4, the alkalinity function is provided by the bicarbonate ions that remain after CO2 becomes insoluble and off-gasses. Note that this pH range (4.4 to 8.2) is beyond the range sought for aquatic animals, as discussed above. More information on the effects of pH and CO2 on animals is available in Chapter 3, Anatomy and Physiology. With a basic knowledge of how pH and CO2 interact, we can move on to describe other processes that depend on pH. 
 Dissolved Oxygen
 Oxygen (O2) and carbon dioxide dissolve in water, exchanging gases in aquatic species. Most species complete a necessary exchange of dissolved O2 and carbon dioxide (CO2) through the gills. This exchange of gas explains why fish do not have lungs. Water O2 levels are only a fraction of the atmospheric levels. The atmosphere is 21% O2 at 5 to 12 ppm (mg/L) in productive water. Air density, 0.1275% less dense than water, allows terrestrial species to exchange metabolic gases with organs known as lungs. Throughout this process, inspiration and expiration occur. The higher density of water, approximately 1 g/mL, allows aquatic animals to use energy more efficiently. Aquatic respiration is completed by moving water across the respiratory surface in one direction to exchange CO2 and O2.
 The density of water changes depending on the temperature or if substances are dissolved within it. Depending on temperature, water with dissolved O2 levels around 5 ppm is considered best for feed consumption, growth rates, and general welfare. Fish from warmwater climates are more tolerant of critically low O2 levels than fish from coldwater climates. Temperature plays a significant role in changing the lethal level of O2 in the water for fish. As fish experience a temperature increase from the lower to the upper end of their temperature range, the O2 levels they can adapt to at the lower range will rapidly escalate.
 In addition to the temperature influencing the minimum dissolved O2 level, culture species have preferred and tolerable dissolved O2 levels. As temperature decreases, the dissolving power of water decreases. The amount of dissolved O2 in a confined system can change dramatically within 24 hours. Photosynthesis in well-lit ponds or tanks is a process by which plants convert water and carbon dioxide to create O2 and carbohydrates in simple sugars such as glucose. The presence of sunlight significantly influences the efficiency of photosynthesis, as it serves as the primary energy source driving the intricate biochemical reactions within plant cells. Throughout the day, more O2 is produced by photosynthesis than is used.
 Respiration happens when sunlight decreases or at night. During respiration, organisms consume O2 to break down organic molecules and generate energy. In aquatic environments, this process can lead to the depletion of dissolved O2 levels, particularly in confined or densely populated areas. For instance, densely populated fish communities or areas with high bacterial activity may experience increased O2 consumption through respiration, leading to decreased dissolved O2 concentration in the water. Due to this pattern of respiration and photosynthesis occurring, O2 levels are typically lowest before dawn and highest during the late afternoon.
 When dissolved O2 levels are inconsistent with tolerable levels for fish, stress to the individuals occurs. Warmwater species are fish that survive best in water temperatures above 80°F. On the contrary, coldwater species are fish that survive best in water temperatures below 60°F. Coldwater fish are less tolerant of lower dissolved O2 concentrations than are warmwater fish. 
 Table 2.10. Water Quality Tolerance by Species 	Species 	Temp, °F 	Dissolved Oxygen, ppm 	pH 	Ammonia, % 	Nitrite, ppm 
  	Baitfish 	60–75 	4 to 10 	6 to 8 	0 to 0.03 	0 to 0.6 
 	Catfish/Carp 	65–80 	3 to 10 	6 to 8 	0 to 0.03 	0 to 0.6 
 	Hybrid Striped Bass 	70–85 	4 to 10 	6 to 8 	0 to 0.03 	0 to 0.6 
 	Perch/Walleye 	50–62 	5 to 10 	6 to 8 	0 to 0.03 	0 to 0.6 
 	Salmon/Trout 	45–68 	5 to 12 	6 to 8 	0 to 0.03 	0 to 0.6 
 	Tilapia 	75–94 	3 to 10 	6 to 8 	0 to 0.03 	0 to 0.6 
 	Tropical Ornamentals 	68–84 	4 to 10 	6 to 8 	0 to 0.03 	0 to 0.6 
  
 As a rule, dissolved O2 should be kept above 3.0 ppm for warmwater fish and above 5.0 ppm for coldwater fish. Prolonged exposure to low dissolved O2 levels, while not being lethal, produces multiple complications including the following: 
 	Chronic stress
 	Decreased food intake
 	Reduced ability to convert ingested food into muscle
 	Increased susceptibility to disease
 
 An overabundance of nutrients in the water is known as eutrophication. Nitrogen and phosphorus are two main nutrients accumulating in these areas. The cumulative excess nutrients from agriculture, industry, and domestic sewage discharges increase algal growth and degrade water quality
 The presence of algae decreases the amount of sunlight capable of reaching the bottom of the waterway. In addition, the algae consume dissolved O2 within the water during the respiration cycle in the dark; algal O2 exceeds that used by aquatic animals. A dead zone is an area experiencing hypoxia, or a lack of dissolved O2 in the water; the dead zone in the Gulf of Mexico is one example. The O2 level declines below the minimum survivable level for most organisms. Fish attempt to seek better conditions, but immobile organisms such as mollusks and other bottom dwellers cannot move and will not survive in these conditions. Decomposition of the algae and other photosynthesizers during the night releases substantial amounts of carbon dioxide into the environment, encouraging acidification of coastal waters. With enough imbalance in water quality, the water becomes a dead zone or an aquatic biological wasteland. Wild-harvested fish can be smaller and weigh less in areas surrounding dead zones.[4] 
 Chlorine
 Used widely as a disinfectant in aquaculture, chlorine is typically in the liquid form at around 6% hypochlorous solution. Chlorine is extremely toxic to fish and other aquatic species. Full removal of any trace of chlorine disinfectant is needed by thorough rinsing in fresh water. Always remember that municipal water supplies are often disinfected by chlorine and the residual chlorine in the water source is toxic. Always de-chlorinate public water sources and measure the chlorine level before filling fish tanks. Some localities will also utilize chloramines as a boost to chlorine disinfection. Chloramine takes a different inactivation. The separation of chlorine from the amine compound leaves ammonia which is also toxic to fish at low levels. 
 Alkalinity
 As discussed in the pH section, various authors may use the term “alkalinity” differently. However, alkalinity refers to the buffering ability of water. The capacity is generally measured as calcium carbonate (CaCO3). Inexpensive carbonate buffers, such as sodium bicarbonate (NaHCO3) or limestone (CaCO3), are widely used when needed. Water sources originating from calcium-rich geological formations contain a buffering system. The desired alkalinity range provided to a production facility will depend on the available water source treatments, if needed, and the species cultured. Magnesium carbonate (MgCO3) is also measured in terms of CaCO3 but yields lower buffering capacity. 
 Hardness
 Total hardness, or the sum of divalent metal ions, is commonly used to express the hardness of a water sample. The sum concentration of divalent metal ions is expressed in milligrams per liter, equivalent to calcium carbonate. Geological sources commonly contain limestone formations that release calcium (Ca) and magnesium (Mg). This measurement may include metals such as iron (Fe) and manganese (Mn). Staining, color, and odor are all problems associated with having hard water within the system. 
 Conductivity
 Most water can transmit or conduct electricity unless it is pure water without foreign substances.  Water in nature has ancillary substances picked up from surfaces it flows over or things that drain into the water. To measure the conductivity of water is an indirect measure of the level of substances held in the water. By simple reasoning, fresh water is not as conductive as sea water. Sea water has so many more ions and compounds than simple fresh water. Conductivity is useful in monitoring fish culture water as an indication of needing water addition or replacement due to evaporation or some contaminate. 
 Ammonia Cycle
 The nitrogen cycle is part of a fish’s metabolism to use proteins and other dietary and physiological compounds. For practical purposes, the ammonia cycle is used to figure out the nitrogen content of production water. The entire ammonia cycle begins with the excretion of ammonia from fish gills. Fish handle protein wastes with the gills, and the kidneys do little to excrete ammonia.[5] High quantities of ammonia in the water can cause various physical issues, including gill damage or flaring, stress, and internal organ damage. Eventually, this leads to toxic levels and death. See Chapter 6, Nutrition and Chapter 3, Anatomy and Physiology for further information. 
 Total Ammonia Nitrogen
 Ammonia (NH3) is a natural byproduct of fish waste, uneaten food, and decaying organic matter. It can be toxic to fish and other aquarium inhabitants in high concentrations. The total ammonia nitrogen consists of the un-ionized form, ammonium (NH3), and the ionized form, ammonia (NH4+). The un-ionized form is more toxic, especially at higher pH and temperature levels. On the contrary, a decrease in pH favors the ionized form of ammonia (NH4+). Ammonia toxicity to aquatic life is also affected by temperature. 
 Nitrite
 Beneficial bacteria convert ammonia into nitrates and nitrites through nitrification, a biological conversion that occurs naturally in the environment. Nitrites are toxic in high concentrations (>0.3 mg/L). They bind to hemoglobin in the bloodstream and methemoglobin is formed, resulting in brown blood disease. Normally, oxygen binds to the heme group of the protein hemoglobin. Oxygen cannot be transported throughout the body by methemoglobin, resulting in suffocation regardless of the O2 concentration in the water. 
 Nitrate
 Nitrites are further broken down into nitrates by nitrifying bacteria. While ammonia and nitrites are toxic to marine species, nitrates are not toxic in fresh water unless found in extremely high concentrations. Routine water changes will reduce nitrate levels in production waters. In natural systems and aquariums, plants can absorb nitrates, nitrogen being a significant nutrient for plant growth.[6] Denitrifying bacteria can convert nitrate to nitrogen gas. A breakdown of the nitrogen cycle in aquariums can be seen in Figure 2B5.
 [image: The Nitrogen cycle in an aquarium, with food being processed by fish to ammonium, turning into nitrites through plants, and finally leaving when water is changed.]Figure 2B5. The nitrogen cycle in an aquarium. [Image Source: XcepticZP via Wikimedia Commons, public domain. Edited by Abbey Elder with new labels for readability). Phosphorus
 The final element discussed here, phosphorus (P), is an essential nutrient for life. The nutrient aspect is addressed in Chapter 6, Nutrition. Another genuine concern for P in its phosphate form is the discharge from aquaculture facilities. The phosphate is lost from the feed, and the livestock excretions (the accumulation of environmental phosphate) result in eutrophication. Dietary P is more easily taken from animal sources for fish. The plant source of P is provided as phytate, which only ruminant animals can degrade into inositol and free P with the ability to secrete phytase. Cultured fish cannot secrete phytase or utilize the P in plant source feeds.
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		2B.3 Metals

								

	
				Metal levels are significant in production water as essential trace elements or contaminants that may accumulate in fish muscle. The amount of foreign material accumulating within the fish depends heavily on various factors, including but not limited to metabolic activity, size of fish, age, sex, and spawning status. It is critically important to test source water for metals. Studies have shown that the higher the levels of metals in the water, the more metals accumulate in fish tissues. Toxic metals can enter a fish’s body through food intake and absorption across the body surfaces.[1] Annual testing is the generally accepted schedule of testing after production has commenced.
 The partial list of metals provided in this chapter will be a brief overview. These metals can cause both acute and chronic forms of toxicity. Toxicity is influenced by pH, leaving the metal soluble or precipitated. The high salinity of marine culture results in fewer metal toxicities. Solubles may combine with anions to become organic complexes, which are more stable and less frequently toxic. Precipitates may also combine with other elements or compounds and accumulate in the sediments. Sediments may accumulate in ponds and lakes and reach toxic levels. Disturbances of sediment can be toxic and often correspond with anoxic events when the bottom organic materials are resuspended.
 The metals discussed below are often referred to as heavy metals. Some are trace minerals necessary for normal physiology and metabolism; others are pollutants from other activities. The list for discussion includes arsenic (As), chromium (Cr), copper (Cu), lead (Pb), nickel (Ni), tin (Sn), vanadium (V), zinc (Zn), and mercury (Hg). There are multiple ways metals are absorbed into the fish’s body. Ingestion, gills, and skin are more common pathways.[2] This list is broken into two categories: metals which are essential in trace amounts but can be toxic at elevated concentrations and metals which are nonessential and of concern.
 Essential Trace Metals
 Copper (Cu)
 Copper has been a longtime favorite in aquaculture as an algaecide and parasiticide in fish culture. Copper is discussed in Chapter 6, Nutrition and is a trace mineral with metabolic use. The interaction between livestock and copper levels in the water highly depends on alkalinity. Hardness and pH are also key factors in fresh water for fish safety when using copper in ponds or other enclosures. Copper in organic complexes is more stable and precipitates to the sediment. Along with the variables in water chemistry, the age of the livestock can determine the relative toxicity. Fry and young fish are considered more susceptible than mature fish through direct toxicity (salmonids) or indirect toxicity through effects on their invertebrate food supply (copper levels less than approved application rates will kill zooplankton).
 Copper sulfate, which is commonly used to control algae levels in bodies of water such as lakes and ponds, works by deactivating the fungal enzymes. Enzyme inactivation, in turn, inhibits the fungal spores from entering the germination process. The process is completed by free cupric ions, which are accepted as the most toxic forms of copper.[3] It is also important to note that copper cannot be degraded and may slowly build up in aquatic environments.
 Nickel (Ni)
 Nickel is an abundant trace element in the ecosystem. Nickel is an essential nutrient for fish, but it is very toxic at higher concentrations. Heavy metals are, in general, systemic toxins with specific effects on organs and systems. Nickel is used in making stainless steel, batteries, and plating processes to prevent erosion on other metals. The hardness of water can affect the toxicity level in fish.[4] The gill is strongly affected by lamella fusion and shortening. Blood ion levels and balance are affected in diagnosed cases.[5]
 Vanadium (V)
 Vanadium is an essential nutrient for aquatic animals but only in low amounts. However, sea squirts can concentrate the element to extremely high concentrations by extracting vanadium from seawater. Vanadium is a pollutant in fresh water as a byproduct of industrial processes. A report on the environmental contamination potential in Alberta, Canada, surrounding the development of oil sands mining was published in 1978.[6] It found that adult rainbow trout (Salmo gairdneri), zebrafish (Danio rerio), and American flagfish (Jordanella floridae) had similar responses at various concentrations in the water. The most significant level of toxicity was found in the egg-fry stage. The element did not bioaccumulate or show long-term cumulative toxicity in the fish studied.
 Zinc (Zn)
 Zinc is an essential trace element for all aquatic organisms. Zinc is a constituent of physiological compounds.[7] Zinc in the aquatic environment is significant for trout, especially early life stages. Zinc sources can be difficult to find if not in the source water. If the source-water zinc level is not high, search for galvanized pipes, especially with soft water.[8] The gills of fish are particularly impacted by high concentrations of zinc.[9] Zinc-polluted waters often decimate aquatic populations.[10] [11]
 Nonessential Metals of Concern
 Arsenic (As)
 Arsenic is a metalloid and a nonessential nutrient in animal metabolism. Arsenic exists naturally in waters such as groundwater, seawater, lakes, and rivers. It often comes from anthropogenic sources such as industry wastewater, pesticides, and mining. Natural groundwater associated with arsenic ore or volcanic activity can have concentrations high enough to cause accumulation in fish tissues. Arsenic has the highest accumulation in the liver and kidneys. It is complex in its valences and reacts or binds to organics and other metals, such as iron, as particulate contaminants. Arsenic can be acutely toxic to phytoplankton at very low levels. Inorganic forms of arsenic will be the most toxic. Fish and invertebrates appear to have similar sensitivities to toxicity.
 Chromium (Cr)
 Chromium is found in natural waters. The chemistry of chromium is complex due to the multiple valences it has to combine within compounds. In aquaculture systems, chromium is most toxic in its oxidized hexavalent form. It readily binds to organics and is found in suspended solids or sediments. Chromium is more toxic in soft and acidic water and is seldom troublesome in marine waters.
 Lead (Pb)
 Lead is not needed or wanted in the source-water supply. Fish have no physiological need for lead. Although lead occurs naturally in the environment, it is found at toxic levels from anthropogenic sources. Lead has been used in society for centuries and can be called an environmental disease because it is ubiquitous where humans live. Water contamination comes easily from the mishandled or inappropriate disposal of lead-acid batteries. Lead water pipes or pipes joined with lead solder are still being used for municipal water in locations nationwide. Lead is necessary to minimize radiation exposure while conducting radiography on medical patients. Lead was previously used in paints for durability; however, most uses of lead are now prohibited. Lead toxicity mostly targets the brain, liver and kidneys. The risk of bioaccumulation of lead in food animals can be dangerous to humans that eat the affected animals.
 Increased gut absorption makes young animals more susceptible than mature animals.[12] Testing the water supply for lead can alert the operator to pending problems as lead accumulates in fish while they are living. This accumulation causes oxidative stress and results in neurotoxicity. In addition, lead exposure has a devastating impact on the fish’s immune system.[13]
 Tin (Sn)
 Tin has no known role in fish physiology. Tin is a natural trace element at minimal levels in the fish environment and has no nutrient value. Human activities have raised surrounding levels due to industrial, agricultural, and mining activities. Relatively low metal concentrations may threaten the health of aquatic organisms. However, the water levels of tin in natural flowing streams can be multiple orders of magnitude less than sediment loading of tin.[14]
 Mercury (Hg)
 Mercury has no level of safety in fish water and has no bona fide physiological reason to be in fish water. Mercury tends to accumulate up the food chain. Predatory fish in the wild will have the highest mercury levels in the flesh, while shellfish will have the lowest.[15]
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		2B.4 Toxic Gases

								

	
				The gases of primary importance to be aware of can be from the source water or accumulate in recirculating aquaculture systems. Chlorine, hydrogen sulfide (H2S), carbon dioxide, and nitrogen gas are the most often encountered. The components of the ammonia cycle readily dissolve in water and are a problem if not removed. Ammonia and nitrite were described previously in connection with production water. While nitrate, the end product of ammonia nitrification, is not so acutely toxic in freshwater rearing, it is a good indicator of water exchange rate. Nitrate is a more critical concern in marine fish production.
 Chlorine
 Chlorine is a worldwide cornerstone of water disinfection practices, balancing effectiveness with safety considerations. Chlorine is a natural gas element widely used for water disinfection because it effectively kills bacteria, viruses, and other pathogens. Chlorine gas is extremely dangerous and toxic to humans. Chlorine in water is toxic to aquatic life forms. Chlorine attacks the respiratory systems of terrestrial and aquatic organisms. The gas is highly corrosive to most metals. Chlorine, even at low doses, is lethal to most aquatic organisms. Chlorine is effective against a wide range of pathogens. The disinfection level of chlorine and its byproducts must be removed for refilled tanks to be compatible with aquatic animals.
 Chlorine disinfects by penetrating microorganisms’ cell walls, disrupting metabolic processes and leading to cell death. Chlorine is introduced to water by gaseous chlorine in water treatment plants; chlorine bleach (sodium hypochlorite) is used for small water disinfection, as in local emergencies; and calcium hypochlorite is often used to disinfect swimming pools.
 Chlorine is easily off-gassed quickly with aeration and more slowly in open water and stagnant zones. Chlorine can remain in water mains of municipal water sources, but the residual life is short-lived in complex water systems where water may be days before use points. The duration of effectiveness can be extended by using a chlorine byproduct, such as chloramine, which is stable for longer periods to provide ongoing disinfection as the water travels through pipes to consumers. Chloramines do not leave water under aeration or static conditions.
 Ties to Practice: Chlorine in Municipal Water Chlorine reacts with organic matter in the water to form chlorinated compounds. The potentially harmful byproducts, such as trihalomethanes and haloacetic acids, are regulated due to their health risks. In light of this information, numerous municipal water supplies are treated with chlorine and an intentionally created chlorine-ammonia byproduct that extends the duration of chlorine effectiveness throughout complex water supply systems. When using municipal water for fish tanks, investigate the water for chlorine and chloramines. Chloramines are almost as toxic as free chlorine to fish and other aquatic organisms. Check the dechlorination product used to ensure the chloramines are also inactivated.
 
 Hydrogen Sulfide
 Hydrogen sulfide is considered toxic to most aquatic organisms at low levels and even mammals at high levels. There are nuances in play as well. The gas originates primarily from sediments that have become anaerobic due to stagnant water flow or heavy organic matter loads, especially in warmer temperatures. The U.S. Department of the Interior, through the U.S. Geological Services, summarized findings on six marine invertebrates exposed to H2S at differing levels or time. The effect was on all life stages. While the estuaries studied had typical H2S concentrations approximating 1.0 mg/L in the water overlying the sediments, the tolerance of H2S reflected the degree of anoxic conditions typical of the natural habitat. Tolerance would be expected with bottom-dwelling species such as oysters and crabs. However, the early life forms, veligers of Crassostrea gigas (Pacific oyster), were the most sensitive of the species and life stages investigated, being sensitive to 0.32 mg/L for only 2 hours.[1] Fish are sensitive to H2S in various conditions and life stages. With few exceptions, most aquatic animals are killed by micromolar ranges, while most can adapt to H2S-rich environments.[2]
 Two sources described tolerance in goldfish, finding that temperature and O2 levels influenced H2S tolerance.[3] and commercially cultured species.[4] Culture conditions such as warm summer lakes (temperature) and ice-covered ponds (temperature and anoxia) were often found detrimental to the fish without the needed remedy or precaution. Goldfish eggs were less sensitive to H2S than were sac fry in the reproductive stage of the life cycle. Saltwater-adapted salmon were evaluated for tolerance of H2S in acute and chronic exposures for 18 weeks. The gills showed the most evident changes. While there is concern for H2S buildup around cage pens from fecal and feed waste, natural background levels prohibit cage-pen sitings, as evidenced by chronic health problems during production when those sites have been chosen.
 Carbon Dioxide (CO2)
 CO2 was previously discussed in detail in section 2B.2, Chemical Parameters. CO2 interactions affect water chemistry. Remember that CO2 is a natural product of animal respiration and microbial activity. The CO2 level may vary in a production unit and is a strong indicator of the working level of other components discussed in evaluating water quality.
 Nitrogen Gas
 Nitrogen gas is a major component of Earth’s atmosphere. It causes gas bubble disease when it reaches abnormally high proportions. Bubbles can be seen in the membranes of fins and sometimes in the eye’s anterior chamber. When air is sucked into pipes by faulty plumbing, the gas will reach elevated levels relative to the baseline in air. Other gases (O2 and CO2) can also contribute to gas bubble disease. Nitrogen can be high in source water, such as groundwater, and needs to be degassed in a degassing column before being put into the production water. The production can be saved if found early and the gases brought to normal levels. However, operations and aquariums often only find the problem when all the fish die overnight.
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		2B.5 Salinity

								

	
				As discussed in section 2A, salinity is the descriptor of salt concentration in water. There, we discussed how sodium chloride is commonly thought of but may be only one of many salts in natural waters. Here, the discussion on salinity focuses on how salinity affects animals and the production of aquatic animals.
 There are known species that can survive across a range of salinity levels. Survival across a wide salinity range allows fish to live in various environments. Outside optimal salinity ranges, animals have poor feed-conversion ratios, slowed growth rates, more stress, and disease susceptibility, particularly over longer periods of time.[1]
 [image: A generic fish species plotted along a salinity and temperature niche, where its upper limits are marked darker to show risk factors.]Figure 2B6. A graphical representation of a fish species’ ecological niche. Note how the upper limits of its habitable salinity and temperature ranges are still areas of concern due to limited food sources and other risks (e.g. parasites). [Image Source: L Gerhart-Barley via LibreTexts, cropped to second panel with additional text removed. CC BY SA 4.0.] Salinity refers to the amount of dissolved ions in water. Eight ions contribute most to salinity. These ions include positively charged ions called cations (calcium, magnesium, sodium, and potassium) and negatively charged ions called anions (chloride, sulfate, bicarbonate, and carbonate). Bicarbonate and carbonate are considered together depending on water pH. Carbonate predominates above pH 8.3. Source water can affect the salt content and will be noticed in the initial evaluation of the source. Evaporation can increase the salinity of freshwater ponds in coastal regions and during droughts.
 Fast Facts Feed components are another potential contributor to salinity if water exchange is not sufficient. Of interest at this point is the nutritional aspect of water to fish. Some species are capable of absorbing calcium, phosphorus, and other ions from the water to bolster their dietary requirements. See Chapter 6, Nutrition for further details.
 
 
	Dawood, M. A., Noreldin, A. E., & Sewilam, H. (2021). Long term salinity disrupts the hepatic function, intestinal health, and gills antioxidative status in Nile tilapia stressed with hypoxia. Ecotoxicology and Environmental Safety, 220, 112412. https://doi.org/10.1016/j.ecoenv.2021.112412. ↵



	

			
			


		
	
		
			
	
		

		2C. Water Treatments

								

	
				Section C is focused on water treatments and especially the recycling or recirculating aquaculture systems (RAS). The adage that agriculture is a downhill industry that uses water and then discharges it to run downhill is antiquated but still attributable to different aspects. Aquaculture is a livestock industry that relies on water for every life function of the livestock. Production of aquatic livestock can have better control of the wastewaters than can production of terrestrial counterparts like ruminants because of the ability to contain and prevent waste runoff. However, the aquaculture industry still faces a major challenge in wastewater treatment since it affects water utilization, fish production, and energy use. There is a range of treatments for both the intake and discharge of waters used in rearing aquatic livestock. Treatment of the source water is generally minimized by site selection. For a review and broader discussion of intake or source water, see Chapter 1, Aquaculture Industry Overview, and the first section of this chapter on water sources.
 Ties to Practice: Aquaculture Wastewater Aquaculture water discharge, or wastewater, has a large range of characteristics on an industry-level and global basis. Discharge water control is typically determined by the facility or system of production used and the geographical location. Historical methods of aquatic livestock culture were extensive and more dependent on the nature services of the ecosystem tapped for removing harmful qualities of the discharge. For example, pond culture is limited in the biomass of livestock produced. This is a natural limitation dependent on the nature services of the pond’s ecosystem. Pond management may incorporate minimal producer input. For example, pond discharge, in the case of channel catfish ponds in the southern United States, may only need to be periodically drained and dredged, a process that captures and reuses the bottom sediments.
 
 Flow-through systems (e.g., raceways) involve continuous new source-water replenishment and continuous discharge of spent livestock production water. Recent attempts have been described as “reusing” the water flow. The water flow course is lengthened to include more raceway space for livestock biomass. The O2 level is the first limiting factor. O2 is replenished with so-called low-head oxygenation and off-gassing carbon dioxide. The livestock biomass is subsequently limited by the quality and quantity of water that can be passed through raceways in order to accommodate the feed input and waste production. This is most often exemplified by the trout industry as it strives to become more environmentally responsive in reducing discharges of nitrogen, phosphorus, and other nutrients.
 In aquaculture the purpose of water treatment steps is to maintain a habitable livestock environment. Yet if the water is to be discharged, different standards that are not necessarily needed by the livestock are applied. One example is discharging into a state-classified high-quality trout stream that restricts high nutrient inputs. That said, other production systems claim to have better control or better management practices than these systems. The concept of recirculating or reusing livestock production water several times is becoming more popular today. The steps can be described in a pond culture system that totally reuses its water resources for entire production cycles. For example, trout farms that use raceways often reuse multiple stages, supplementing the water with additional O2 before discharging. All of these advancements were steps towards enhancing water reuse and recycling.
 
	

			
			


		
	
		
			
	
		

		2C.1 Water Reuse in RAS

								

	
				Recirculating aquaculture systems (RAS) are closed-loop aquaculture production systems that reuse and recycle water through multiple steps. The key principle behind water reuse in RAS is to minimize the amount of fresh water required for aquaculture operations by continuously treating and recirculating the same water. This is achieved through a series of mechanical and biological filtration processes that remove waste products and maintain water quality, allowing the water to be reused repeatedly.
 The Purpose of Recirculating Aquaculture Systems
 RAS were developed as a technology for intensive-culture fish farming, used mainly when water availability is restricted. They allow up to 90% to 95% of water to be recycled through many different components. RAS are not simple; they are technology-biology interaction systems that require a lot of components involving high capital and operational cost as well as careful management and difficulties in treating diseases. RAS have been seen as a possible solution and opportunity to further develop aquaculture in instances of lack of space for expansion and new sites, limited fresh water availability, and concerns over pollution that have been seen with traditional systems. Several countries, including Denmark and Spain, have turned towards RAS, justifying the change for reasons of sustainability, being large exporters of fish across the world.
 The goals of RAS have not been fully realized. The desirable features of RAS are to reduce land use, reduce water use, improve waste disposal, improve biosecurity, and reduce environmental influences.[1] RAS are quite common in small-scale home aquariums with biofilters and undergravel filters. These concepts are scaled up several magnitudes to accommodate the production needs of food fish, ornamental fish, or large public aquariums.
 RAS should be designed before construction to enable the advantages to be fully utilized. The idea of minimizing water usage (both intake and discharge) is challenged by the requirement to maintain optimal water quality for livestock growth and health. Figure 2C1 is a schematic showing a simplified loop of an RAS.
 [image: Flowchart of RAS system, where water is cycled through a large tank, solid and bio filtration, CO2 removal, pumps, disinfection, fine particle removal, pH control, oxygenation, and back to the tank.]Figure 2C1. Recirculating aquaculture system flow chart. [Image Source: AndyyParadise via Wikimedia, CC BY SA 4.0.] Key Features of RAS
 	Water reuse: RAS recirculate and reuse the same water repeatedly, with relatively small amounts of new water added to replace evaporative losses and remove waste.
 	Filtration: RAS employs mechanical and biological filtration to remove solid waste, dissolved nutrients, and metabolic byproducts, allowing the water to be reused.
 	Controlled environment: RAS allow for precise control over water temperature, dissolved O2, pH, and other water quality parameters to optimize fish growth and health. An indoor RAS further shelters the production operations from environmental factors and influences.
 	Biosecurity: The closed-loop design of RAS helps to maintain biosecurity and prevent the introduction of pathogens or diseases. RAS maintains biosecurity through the closed design, which minimizes the ability of pathogens to enter or exit the system. If pathogens cannot exit the system then other units in the same facility are at minimal risk of disease spread.
 
 
 
 
	Ahmed, N., & Turchini, G. M. (2021). Recirculating aquaculture systems (RAS): Environmental solution and climate change adaptation. Journal of Cleaner production, 297, 126604. https://doi.org/10.1016/j.jclepro.2021.126604 ↵



	

			
			


		
	
		
			
	
		

		2C.2 RAS Adaptations

								

	
				RAS design and operation should be adapted to fully utilize the positive features of these systems. Some adaptations offer more efficient space utilization to reduce construction costs or provide multiple-use purposes.
 Space Efficiency for Indoor RAS Tanks
 Circular tanks provide advantages for water flow and fish environment. However, the circular tank design leaves a significant dead space between tanks that cannot be filled with useful equipment or function. There is poor space utilization on a water unit basis. Turning the circular tank into a long, straight-sided oval adapts the space to be more suitable for square building enclosures such as tunnel-house structures (see Figure 2C2).[1]
 [image: ]Figure 2C2. Example of an elongated recirculation system. (Albeit used for algal production outdoors.) [Image Source: Matos et al (2018), CC BY 4.0.] Biofloc-Based RAS
 A biofloc-based system, or biofloc technology, is an in situ water treatment method that stimulates the growth of heterotrophic bacteria by assimilating total ammonia nitrogen into bacterial protein via manipulation of the carbon to nitrogen ratio.[2] For this system to work, a carbon source that stimulates growth of heterotrophic bacteria is supplied to the system, and the heterotrophic bacteria then consume dissolved nutrients and organic matter. This system is different from conventional RAS, in which you would normally move the ammonia nitrogen to nitrates as the end product. Biofloc technology is based on minimal or zero water exchange.
 This adaptation creates nutritional byproduct for the livestock. Tilapia and shrimp can be successfully reared by consuming the biofloc to grow and produce meat for harvest. The system requires careful monitoring of the carbon to nitrogen ratio to maintain the process. Some operations will add carbon to the system in the form of sugars to balance the nitrogen budget of the growing livestock.[3]
 [image: ]Figure 2C3. Example of a biofloc system. When compared to clear-water RAS the biofloc system was determined to have higher turbidity and lower ammonia. [Image Source: Biofloc tilapia harvest by M Joko Apriyo Putro via Wikimedia Commons, CC BY-SA 4.0.] Aquaponics-Based RAS
 This adaptation alters the waste pathway to grow plants, becoming a waste treatment process of sorts. Aquaponics integrates aquaculture and hydroponics (plant culture in nutrient-rich water); the nutrient-rich water from fish tanks is used to grow plants. When using this system, the plants are grown in a symbiotic environment where the byproducts from the aquaculture system are broken down by bacteria into nitrate and ammonium. The plants use the nitrate and ammonium as nutrients, and the water is then recirculated back to the aquaculture system.
 The closed-loop system (aquaponics) not only reduces the need for chemical fertilizers and freshwater input but also significantly cuts down on livestock waste discharge into the environment. The bacteria involved in nutrient conversion, primarily nitrifying bacteria, form an additional layer of biofiltration that is essential for maintaining water quality and fish health. By removing the nitrate and other ammonia products, the water exchange is reduced because the waste products do not accumulate in the production water. The balance between fish stocking density and plant uptake is critical to prevent nutrient accumulation or deficiency, and careful monitoring of water parameters such as pH, dissolved O2, and temperature is necessary to support both plant and fish growth.
 In addition to providing a sustainable food production method, aquaponics-based RAS can be adapted for various scales, from home-based systems and educational models to large commercial operations. The choice of plant species can also be tailored based on market demand or system design, with leafy greens and herbs being especially popular due to their fast growth and efficient nutrient uptake.
 [image: ]Figure 2C4.Example of a small scale aquaponics system being utilized in tilapia cultivation. This system was designed to be used by small scale producers in home settings. [Image Source: Aquaponics_at_Growing_Power,_Milwaukee by Ryan Griffis via Wikimedia Commons, CC BY-SA 2.0] Overall, this integrated approach promotes efficient resource use, enhances food security, and contributes to more environmentally friendly agricultural practices. However, fish health management can be problematic in aquaponic systems that overlook the need to treat the livestock when disease invades the facility. Some chemotherapeutants used to treat sick fish are not compatible with the plant side of the operation. The livestock treatment regimen is severely restricted if the livestock water circulation is not able to be separated from the greenhouse circulation circuit. Likewise, treatment of plant disease may leave residues or taint the meat from the livestock if the water circuits cannot be isolated.
 Constructed Wetlands RAS
 Another alternative RAS involves the use of constructed wetlands technology, which is known for its energy efficiency because the primary energy demand comes from pumping and distributing water for treatment. A constructed wetland is a basin constructed to contain the water treatment components, allowing wastewater to flow from the fish tanks through the wetland for treatment before being recirculated (see Figure 2C5).[4] Vegetation and soil within the wetland help improve water quality, particularly through the effective treatment of nitrogen compounds and removal of solids.
 [image: A culture tank feeds into the setting cell and the constructed wetland.]Figure 2C5. Illustration of typical constructed wetland for aquaculture. [Source: Turcios & Papenbrock (2014), CC BY 3.0. Traced by Abbey Elder with new text labels for readability.] At larger RAS scales, these systems have demonstrated effective removal of nitrite, nitrate, phosphorus, organic solids, heavy metals, and antibiotics.[5] Constructed wetlands typically require a wetland to aquaculture area ratio of 0.083 to 0.096.[6] The actual practical scale depends on inlet concentrations, hydraulic loading rates, and target effluent levels. These variables will ultimately determine the wetland area and establish a ratio between wetland and production.
 Advantages and Disadvantages of RAS
 Advantages
 	Controlled environment: RAS allow for further control over water quality parameters, leading to improved fish growth and health. RAS can also reduce the impact of direct predator control and parasites, further controlling the environment.
 	Water conservation: RAS can reuse a high percentage of the water, reducing water usage compared to flow-through systems.
 	Waste management: RAS can effectively remove and manage solid and dissolved waste, reducing the environmental impact of aquaculture operations.
 	Biosecurity: The closed-loop design of RAS helps to maintain biosecurity and prevent the introduction of pathogens or diseases. Disease freedom reduces the dependency on antibiotics and “safer” food products.
 	Year-round production: RAS can operate year round independent of seasonal variations, enabling continuous production.
 	Versatility: RAS can be used to culture a variety of finfish and shellfish species in fresh or saltwater, including finfish for food, ornamental, conservation, and laboratory purposes: tilapia, striped bass, barramundi, Atlantic salmon, rainbow trout, sturgeon, catfish; shellfish: shrimp, crayfish, clams, oysters; and invertebrates: cephalopods, urchins.
 	Efficiency and decreased costs in some areas of operations: Employee distance to perform work is reduced. Feeding operations can be fully automated except for filling the feed storage bin. In the comparison between a net-pen system and RAS, Tal et al found a 16% improvement in feed efficiency in the land-based marine RAS.
 
 Disadvantages
 	High capital and operating costs: RAS require significant upfront investment in infrastructure and ongoing operational costs for energy, maintenance, and labor.
 	Complexity: RAS are more complex systems than flow-through or pond-based aquaculture, requiring specialized knowledge and expertise to operate effectively.
 	Energy consumption: RAS have higher energy demand due to the need for water pumping, aeration, and water treatment processes.
 	Biofilter Efficiency: Temperature of the system can affect the efficiency of the biofilter used in the system. This point expands upon the complexity of RAS and expertise needed to ensure systems work properly to keep a healthy environment.
 	Equipment failures: Electrical outages, pump failures, and other equipment malfunctions are very detrimental to livestock safety and health.
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		2C.3 Waste Management in RAS

								

	
				While RAS can effectively manage waste, the concentrated waste streams created still require proper disposal or treatment. Effective management of concentrated waste streams in RAS is crucial for maintaining water quality, minimizing environmental impact, and ensuring the sustainability of aquaculture operations. RAS are unique in comparison to earthen pond aquaculture because a considerable amount of waste solids is consolidated in the form of sludge. Sludge management is an important part of RAS operation to reduce potential pollution problems. Key strategies include efficient removal of solid waste (uneaten feed, feces, and other particulates) to prevent the accumulation of organic matter and the buildup of nutrients in the system. A current method of treating the solid fish waste is by storage in sludge ponds where the liquid part is drained off before the sludge is spread on agricultural land as fertilizer.
 Processes of Water Reuse
 Maintaining high water quality in RAS is achieved through the use of various water treatment technologies such as mechanical and biological filtration.  Recirculating the treated water back into the production system can significantly reduce water consumption and the volume of waste streams. Regular monitoring of water quality parameters such as dissolved O2, pH, and nutrient levels is crucial for identifying and addressing any issues in the system. Optimization of system design, feeding strategies, and waste management practices can further improve the efficiency of RAS and reduce the environmental impact.
 Mechanical Filtration
 [image: ]Figure 2C6. [Image Source: “Sotokake filter” by 下記参照 via Wikimedia Commons, licensed CC BY SA 3.0] Mechanical filtration works primarily to reduce suspended solids such as uneaten feed and fish waste. Mechanical filtration, such as with drum filters or settling tanks, can effectively remove solid waste from the system. Solid waste is removed from the recirculated water using drum filters, bead filters, or microscreen filters and other mechanical mechanisms or methods. Proper disposal or treatment of the collected solid waste, such as with composting or anaerobic digestion, can further reduce the environmental impact. By utilizing anaerobic digestion, waste collected from RAS can be harnessed for potential energy. Anaerobic digestion can provide acidogenic products that will drive heterotrophic denitrification or produce combustive methane. In environmentally conscious countries or areas with strict environmental laws, anaerobic digestion is a sound method for disposing of solid waste from RAS. A relatively simple water filtration system for aquariums, an over-the-side filter, is shown in Figure 2C6.
 Filtration for large commercial aquaculture facilities can be industrial scale. The combined mechanisms of the aquarium filter are separated for precise management. The process steps will often include suspended solid filtration in screen filters and/or sand filters.
 Biological Filtration
 Biological filtration (biofiltration) is the primary microbial treatment process in recirculating aquaculture systems (RAS). In a biofilter, microorganisms digest and convert dissolved nitrogenous wastes, transforming toxic ammonia and nitrite into less-toxic nitrate so that water to be reused without compromising animal health. Biofilters may be configured as stationary media, moving bed, or fluidized bed designs; however, all designs aim to provide high surface area and stable conditions for microbial conversions.
 Fast Facts Water in aquaculture systems is not biologically inert; therefore, biofiltration is best understood within the context of a broader microbial ecosystem. Even when water appears visually clean, it contains diverse microbial communities that influence nutrient dynamics, water chemistry, and animal health. These communities occupy niches shaped by oxygen availability, organic loading, temperature, and hydrodynamics, and they interact continuously with system design and management practices.
 
 Within this ecosystem, microbes drive the majority of water treatment functions. Their collective activity regulates concentrations of dissolved nutrients, transforms organic matter, and mediates many of the chemical conditions that determine fish performance. Accordingly, effective biofiltration is not only a matter of selecting filter hardware, but also of cultivating stable microbial communities. Although the biofiltration process stabilizes water quality, nitrification consumes dissolved oxygen and alkalinity, creating direct links between microbial metabolism and dissolved oxygen, pH, and buffering capacity. In many systems, oxygen demand associated with microbial respiration can be substantial—sometimes approaching or exceeding the oxygen demand of the cultured animals—so aeration/oxygenation capacity should be designed and managed with microbial activity in mind.
 Every surface below water level can have a biofilm that also conducts the nitrogen cycle—surface-attached communities that form on tank walls, piping, and, most importantly, on the high-surface-area media within the biofilter. Biofilm structure and function depend strongly on the balance between organic carbon and nitrogen. Heterotrophic and autotrophic bacteria are crucial for nutrient cycling and water quality management. Heterotrophic bacteria grow rapidly when organic carbon is abundant, whereas nitrifiers grow more slowly and can be outcompeted under high organic loading. Overfeeding, poor solids removal, or accumulation of fecal material can shift the community toward heterotrophs, increasing biological oxygen demand (BOD), contributing to suspended solids and biofilm sloughing, and ultimately reducing nitrification capacity and water clarity.[1] This benefit to the system’s success comes with a cost of needing up to 50% of the RAS O2 budget. The carbon to nitrogen ratio or balance leads to dominance of either heterotrophic or autotrophic bacteria, which results in water quality issues. The total microbial biomass can be capable of over consuming dissolved O2 levels for the cultured livestock if the system does not have a balance of inputs to outputs. As a practical rule, maintaining an appropriate carbon-to-nitrogen (C:N) balance—often in the range of roughly 10:1 to 20:1—helps support reliable nitrogen removal while limiting excessive heterotrophic growth.
 Although every submerged surface contributes some biofilm activity, the biofilter provides orders-of-magnitude greater effective surface area and therefore dominates nitrification performance. In some designs, additional biological “polishing” units (e.g., constructed wetlands or algal-based processes) may be integrated to target nutrients such as dissolved phosphorus, but these are complementary to well-managed biofiltration.
 Overall, maintaining stable water quality in RAS depends on aligning system design and daily management (feeding rate, solids capture, oxygenation, and alkalinity control) with the needs of the microbial communities that power biofiltration. Additional water-treatment processes commonly used in RAS, including ozonation and UV disinfection, can support the management of waste streams.
 Ozonation and Ultraviolet Disinfection
 Ozonation is the addition of ozone (O3) to water as a strong oxidizing step that targets dissolved and colloidal organic matter that can accumulate under high water reuse. In practice, ozone can: oxidize a portion of the organic load and reduce color and refractory organics; promote microflocculation by altering the surface properties of fine and colloidal particles so they consolidate into larger particles; and reduce overall microbial loads in the recirculated water when bacterial numbers become excessive.[2], [3] Because dissolved ozone residual is toxic to fish, ozonation is typically applied in a side-stream contact unit with off-gas control, and dosing is managed so that ozone demand is satisfied and no residual reaches the culture tanks (often monitored indirectly using oxidation–reduction potential, or ORP).[4]
 Ultraviolet (UV) disinfection is commonly used as a complementary polishing step to inactivate waterborne microorganisms as water passes through a UV reactor.[5] UV does not remove solids or dissolved wastes; therefore, it is most effective when installed after mechanical filtration (and, where used, after ozonation/solids conditioning) so that turbidity and suspended particles do not shield microorganisms from UV exposure.[6] When UV is placed downstream of ozonation, it also provides an additional safety barrier to ensure that any oxidant residual is neutralized before water returns to sensitive units such as the biofilter or to the livestock. With appropriate design and maintenance, UV can reduce pathogen pressure in the recirculated flow and support biosecurity without changing major water chemistry parameters.[7] [8]
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		2C.4 Water Replenishment

								

	
				Typical Water Replacement Percentages in RAS
 Depending on the specific design and operation of the RAS, the typical target water replacement rate is generally in the range of 5–10% of the total system volume per day. Actual water usage will vary when extra water is needed for flushing spent therapeutants, for example. Maintaining water quality may need dilution of some parameters such as ammonia as the system operates and the livestock grow. The target is only a target.
 Ties to Practice: Evaporation Losses The small percentage of replacement water can mean 90–95% of the remaining volume is continuously recirculated and reused. Consideration must be given to evaporation losses in some environments. Evaporation contributes to alterations in mineral levels if the replacement water is the same composition as the original production water. This is a general concern since facilities operate on a single water source. If evaporation becomes a problem, it may become necessary to take remedial steps such as flushing a volume greater than the normal replacement amount through the system to dilute the elevated components. This dilution method is often used to reduce nitrate levels in production tanks of species sensitive to an elevated nitrate level. This point should cause the reader to evaluate the water source to ensure there is sufficient volume to accommodate these types of events.
 
 Zero-Discharge RAS
 While the term “zero discharge” is sometimes used in the context of RAS, it is important to note that there is no truly zero-discharge system in practice. The evaporation of water in RAS can be significant enough to require additional water replacement to make up the difference in evaporation. When water is replaced because of evaporation, the net gain of minerals and electrolytes will change the water chemistry unless the water is distilled or low in mineral content. Therefore, additional water testing might be needed to correct any differences in mineral and electrolyte levels in the system.
 There is potential for higher water-use efficiency. Hybrid systems are described in publications. Even in the most advanced RAS, there is always a small amount of water discharge, primarily due to the need to remove some unique accumulating component and maintain water quality. Nonetheless, the water replacement and discharge rates in well-designed and well-operated RAS are significantly lower than in traditional flow-through or pond-based aquaculture systems.
  
 
	

			
			


		
	
		
			
	
		

		Chapter 2 Summary

								

	
				The three parts of this chapter underscored water as the foundation and essence for successful aquatic livestock production. Water impacts every part of an aquatic animal’s existence, including breathing, feeding, movement, excretion, and reproduction.
 Section A started the discussion by emphasizing the critical need to evaluate available water resources first, even before choosing the species or location for an aquatic livestock facility. This involves understanding different water categories (fresh water, brackish water, marine water, and brine) and their unique characteristics and limitations for specific species. Surface water is susceptible to variable quality and quantity due to weather patterns and contamination, while groundwater is generally more consistent and stable, making disease prevention easier. Municipal water, though often of higher quality for human consumption, requires careful evaluation to ensure its safety for aquatic animals due to treatment processes and disinfectant byproducts like chlorine and chloramines.
 Section B of the chapter highlighted the paramount importance of meticulously monitoring and managing a comprehensive array of physical and chemical water parameters. These include physical aspects like temperature, clarity, turbidity, and solids and crucial chemical indicators such as pH, dissolved O2, carbon dioxide (CO2), alkalinity, hardness, the ammonia cycle (ammonia, nitrite, and nitrate), metals, toxic gases (hydrogen sulfide and nitrogen gas), and salinity in brackish and marine water. Maintaining stability and optimal ranges for these interconnected parameters is crucial because even subtle shifts can lead to stress, disease, reduced growth rates, and ultimately mortality in aquatic livestock.
 The water parameters described have critical roles in setting and keeping the boundaries needed for successful aquaculture, fulfilling our objectives of listing key water parameters and appreciating their necessity for healthy fish. It is key for the reader to understand the interconnectedness and profound impact the parameters have on the aquatic environment and fish well-being. The vital ammonia cycle is specifically mentioned in this summary to emphasize the toxicity of ammonia and nitrites and the importance of beneficial bacteria in nitrification. Maintaining stable and optimal levels of these parameters through routine monitoring and appropriate interventions is paramount as even subtle shifts can lead to stress, disease, and reduced productivity in aquatic livestock. Diligent water quality testing and responsive management are fundamental to achieving sustainable and profitable aquaculture operations.
 Finally, Section C delved into water treatment strategies for final discharge and particularly the development and application of recirculating aquaculture systems (RAS). RAS represent a significant advancement in aquaculture by minimizing source-water usage through continuous treatment and recirculation and effectively managing waste. While RAS offer substantial advantages in water conservation, waste management, biosecurity, environmental control, and year-round production, these systems also present challenges such as high capital and operational costs, complexity, and energy consumption. The core of the success of RAS lies in the mechanical and biological filtration processes that incorporate aeration, removal of solid wastes, and conversion of dissolved nitrogenous compounds. If this entire process can be done in a coordinated way, the capacity and efficiency of RAS can reach high levels of productivity and livestock well-being.
 In conclusion, diligent water evaluation, continuous monitoring, and proactive treatment are not merely operational tasks but rather essential responsibilities for the economic viability and welfare-driven success of any aquatic animal facility. Mastering these considerations is foundational to sustainable and profitable aquaculture operations.
 
	

			
			


		
	
		
			
	
		

		3.0 Anatomy and Physiology

	

	
		Contributors: David E. Starling, D.V.M.
 with M. Samanu, M. Pugh, L. Lopez, C. Harness, E. Jung, J. May, & C. Shafer
 This chapter aims to introduce basic fish anatomy and physiology to the newcomer in aquatic animal medicine. Such a foundation allows navigation through the diversity that makes this group of vertebrates unique. The chapter will NOT make the reader an Ichthyologist! Ichthyology is a lifetime specialty devoted to the detail and deciphering of newly discovered or described anatomical structures and relations. Nonetheless, the chapter is laid out to give an orderly discussion of the veterinarian perspective of aquatic animal medicine surrounding anatomy and physiology. Ichthyologists give us hope that there is something to learn through comparative anatomy in this diverse group of aquatic vertebrates. A special acknowledgment is due to the book that has become a reference: Fishes of the World, 5th Edition by Nelson, Grande, and Wilson.[1]
 
  
 
 	Nelson, J. S., Grande, T. C., & Wilson, M. V. (2016). Fishes of the World. John Wiley & Sons. ↵
 
 
 
	

		


		
	
		
			
	
		

		3.1 Introduction

								

	
				In order to better understand the vast array of physiological, medical, and welfare needs unique to various species of fish, it helps first to consider their place among different taxonomic groups. Fish classification begins with three main groups:
 	Agnatha: A superclass of jawless fishes, including lampreys and hagfishes.
 	Chondrichthyes: A class of cartilaginous fishes, including sharks, rays, and skates.
 	Osteichthyes: A superclass of bony fishes that includes lobe-finned fishes and ray-finned fishes.
 
 The Agnathans are the most primitive of the fishes. They do not have jaws (a = no and gnatha = jaw) or paired fins and their skeleton is made up of cartilage. Jawless fish have a cylindrical, eel-like body and a sucker-like mouth around rasping teeth. The skeleton is cartilaginous. Agnathans have two groups or types of fish: hagfish and lampreys. Hagfish are deep-sea scavengers, while lamprey are blood-sucking parasites to other fish.
 Chondrichthyes are fish with cartilaginous skeletons, streamlined bodies, five to seven uncovered bilateral gill slits, and a large number of sharp teeth in the jaws. These animals have an extreme sense of smell in conjunction with electroreception effective in detecting and locating prey for several miles.[1]
 The ray-finned fishes of Osteichthyes are often the species that are more familiar to the public and are what many envision when they hear the word “fish.” They include the bass, salmon, catfish, carp, mackerel, trout, tuna, and other species commonly seen on aquaculture farms.[2]
 Although each species in the above groups shares the commonality of spending their entire lifespan in water, each group diverges widely in how they live. For example, there may be differences in lifestyle between freshwater and marine species, those that inhabit cold versus warm water, those with a carnivorous diet, and those with an herbivorous diet, and whether they are egg layers or livebearers.
 From an anatomic and physiological perspective, a fish refers to a poikilothermic, water-dwelling vertebrate possessing gills and fins as extremities. Osteichthyes, the bony fish, represent the largest taxonomic class of vertebrates in the modern world. This superclass includes over 27,000 living species and accounts for over 95% of the species commonly called fish. Within the superclass Osteichthyes, the Sarcopterygii and the Actinopterygii are the two subclasses recognized. The former is the lobe-finned fishes; the latter are the ray-finned or spiny-finned fish classified into the Neopterygii, which includes the Teleostei or modern bony fish, and the Chondrostei. The veterinarian will encounter most fish from among the Actinopterygii, particularly the Teleostei. Nelson provides a more comprehensive description of the fish taxonomy and species diversity.[3]
 
 Several variables impact how the animals in this class of vertebrates can be described. There are currently around 60,000 vertebrate species, and fish make up over half of that number by having 35,000 species of their own.[4] This count of 35,000 is still growing due to discoveries of fish species in unique niches. These species appear in every imaginable size, shape, and occupy every marine and freshwater habitat. The variability is because these animals are variously malleable to water salinity, temperature range, tolerable oxygen levels, and several other environmental factors. This malleability allows for the creation of successful adaptation to niches for survival. As a result, fish have rightfully earned the description as the most successful vertebrate group.
 [image: Bass skeleton.]Figure 3.1. Bony skeleton of bass. [Image Source: Goodrich, S.G. (1859). Animal Kingdom Illustrated Vol 2. New York, NY: Derby & Jackson. Public domain.] The skeletal image of an Osteichthyan gives a general appearance of a “typical” fish skeleton, which possesses some of the greatest complexity and number of bones of any vertebrate class (Figure 3.1). Wildlife biologists and aquarists can be experts in using fin rays or other minute anatomical traits to differentiate two closely divergent species like black crappie and white crappie; anatomical peculiarities are essential for classification purposes.
 On an evolutionary and comparative basis, anatomical features and distinguishing characteristics permit species classification and methods of classifying physiological traits and preferred environments. This chapter will discuss various anatomical pieces found in fish to help students better understand their diverse needs.
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		3.2 External Anatomy Practical for Veterinarians

								

	
				For veterinary practitioners entering aquatic animal medicine and interacting with new species, it is often beneficial to begin by observing the external characteristics of specific individuals who appear successful in movement and essential behaviors. Historically, when caring for aquatic animals in captivity, most veterinarians and aquarists have little knowledge of their natural diet, what diseases afflict them in their various life stages, or what parenting behaviors are shown. In addition to most of their life history, how they accomplish reproduction has yet to be well understood for some species in captivity. Many species do not display apparent gender dimorphism, so mitigation can be achieved by putting enough fish in a tank to encourage the formation of a mating pair or group. When viewing captive animals, it should be assumed that little life history is well-known or widely published. Thus, applying a comparative approach to their care can be beneficial to better detect normal from abnormal. The attempt to observe and compare the external traits is not necessarily used to identify the animal by species nomenclature. Instead, it helps to gain insight into how the fish lives in its natural habitat. We can best obtain this insight and evaluate the care needed by understanding their normal anatomy.
 Mouth and Teeth
 The mouth position, size, type, and presence of dentition provide the culturalist and attending veterinarian some indication of a fish’s diet and habitat preference. Externally, the mouth is observable at or near the cranial aspect of the fish. Once the mouth is located, it is essential to attempt to examine the dentition or lack thereof. If teeth are present, their shape can provide helpful information on the diet most compatible with this fish species. Likewise, the absence of teeth indicates a diet that may rely on filter-feeding and smaller, easier-to-digest food sources. Within the mouth, there can be immense variation in the teeth seen among different fish species.
 For example, the molariform teeth seen in species of Pacu (Piaractus brachypomus) aka Red-bellied Pacu, are well-formed for crushing. The crushing ability allows their diet to consist of many different foods, such as plant matter and insects, and nuts and shells that require cracking and crushing. Conversely, the Orinoco piranha (Pygocentrus nattereri) aka Red-bellied Piranha, have sharp, incisor-like teeth that allow for tearing of flesh. As a result, their diet consists of smaller fish and other fleshy meats. Both groups of South American fish have been found in natural waters around the United States. They are suspected aquarium releases, but Pacu can often be misidentified as piranhas based on initial appearance (see Figure 3.2). The two may be distinguished based on the shape of their teeth, thus indicating that teeth can be an essential component of both species identification and understanding the necessary diet.
 [image: Red-bellied piranha versius pacu. The fish have similar external features, but the piranha has sharp teeth that interlock and the pacu has human-like molars.]Figure 3.2. Distinguishing two similar fish by examining dentition type. [Image Source: © Irah Dhaseleer, Dhaseleer Biological Illustration, CC BY NC SA 4.0. Download the full Pacu and Piranha comparison.] When examining the oral cavity, knowing that some species will mouth-brood their young after hatching is crucial as parental protection behavior. Thus, until their young leave the parent’s oral cavity, detailed examination should be delayed. Additionally, observing mouth position (Figure 3.3) can allow for a better understanding of how a fish consumes its nutrients. For example, species of white sucker, which typically graze the surfaces and floors of their habitat for algae, benefit from a ventral-facing mouth. This mouth positioning allows them to achieve close contact with their food sources while still allowing them to be correctly angled for swimming. Common mouth positions for categorizing the bony fish are presented in the following illustrations:
 [image: Four fish with different mouth placements: the white sucker, stargazer, sheepshead, and barracuda.]Figure 3.3 A. The white sucker has a mouth pointing downward B. The stargazer’s mouth points up C. The Sheepshead’s mouth is tiny. D. The Barracuda’s mouth is large and pointed forward. [Image sources: the White sucker comes from the New York State Biological Survey; the others are from the DNREC Division of Fish and Wildlife, Public domain, compiled and edited with text labels by Abbey Elder] The size of a fish’s mouth can also provide helpful information about its diet. When teeth are present, their shape and arrangement can provide further information on diet and lifestyle. For example, in Figure 3.3, with the Sheepshead’s tiny mouth, an observer might surmise that it picks food off piers and rocks. Their food is relatively stationary, so they do not need a large mouth for catching sustenance. In contrast, species with more enormous mouths, such as the Barracuda or Northern Pike, are more likely to capture larger prey on the move, such as other fish. If the sizeable oral opening comes with full carnivorous dentition, the fish are likely predators located higher on the food chain. In the case of newly hatched fry, they will begin eating when the yolk sac is completely absorbed. As these young fish continue to grow and develop, they require food that fits in their mouth—if they do not feed on something of appropriate size, they risk starvation. Consequently, their food source may vary as they develop and grow in mouth size.
 Fins
 Fin shape can be an essential indicator of where a fish naturally resides and their lifestyle. Fins are one of the most distinguishing traits of fish, as there are many fin designs and classifications. Fins provide control of the locomotion effort and permit fish to change direction and establish orientation, such as pitch (upward and downward movement) and roll (rotating the abdomen) in the water. Fish are classified in part by the description of their fin structure. The layouts of fins may be used to identify a species of fish. The following illustration has the fins labeled for reference purposes.
 [image: ]Figure 3.4 The types of fins and the locations on the body of a fish. [Image Source: Goodrich, S.G. (1859). Animal Kingdom Illustrated Vol 2. New York, NY: Derby & Jackson. Labels added by Abbey Elder] In addition to being used for species identification, fin appearance can help scientists determine if the fish is sedentary or cruising in its natural habitat. To determine this, some scientists have been studying aspect ratio (AR), a measurement that compares the span length of the fin to its surface area. When the AR is high, fins tend to have a longer span and a smaller surface area, creating narrow, wing-like fins valuable for swift movement. These fins, such as tuna, are typically seen in cruisers or swimming in larger schools. When the AR is low, fins have less span length and a greater surface area, creating a paddle-like function for maneuvering and more precise movements. These fins are typically seen in sedentary fish with a slower pace of life, such as the classical reef fish that are part of a dependent community surrounding corals.[1]
 Fins are classified by location on the body. Figure 3.4 shows the general classification of fish fins. Not all species have all the fin types, but rather sport those fins which aid them in exploiting the niches they occupy. For example, fins of predatory species, such as tuna, will differ from the prey species. Fish fins can be divided into two categories: median or paired. Median fins, which are unpaired, are located at either the dorsal or ventral medial body wall. They include the dorsal, caudal, adipose, and anal fins. Paired fins include the pectoral and pelvic fins and are often described as homologies to the legs of other vertebrate classes.
 Median Fins: Fins for steering, catching up, and escaping
 Caudal Fins
 The caudal fin is the hindmost fin at the end of the fish’s body and is very important for fish identification. It consists of two lobes: the dorsal epichordal lobe and the ventral hypochordal lobe. This fin is primarily used for forward motion and speed. Some species have rounded, pointed, notched, or truncated caudal fins. The shape of this fin can be helpful for both species identification and understanding of the fish’s natural habitat and style of movement. For example, a rounded tail fin suggests a more sedentary lifestyle that utilizes local type browsing, while a lunate shape to the fin suggests a lifestyle with more constant motion. Lunate caudal fins usually belong to fish of open water, such as tuna, which are used to swimming at high speeds and long distances.
 The caudal fins may be divided into three shape categories for adult fish: Homocercal, Heterocercal, and Isocercal. Homocercal fins consist of two lobes that are equal in size. Heterocercal fins consist of two asymmetrical lobes, often extending the dorsal fin longer. Isocercal fins consist of the caudal rays in combination with the dorsal and anal fin rays to create a more whip-like tail. Within these three categories are seven main types of caudal fins noted in fishes. These variations result from modifications of the caudal most vertebrae and provide information on the swimming habits of these fish. The following illustrative drawings depict a variety of common caudal fin types.
 [image: ]Figure 3.5 Types of fish fins. [Image Source: Compiled by Abbey Elder, using public domain images from the Freshwater and Marine Image Bank.] 	Rounded: Used for slow swimming, accelerating, and maneuvering. e.g., Turbot and Lemon-Sole.
 	Emarginate: Older evolutionary structure compared to newer streamlined designs, i.e., Salmonids and Carp
 	Lunate or Crescentic: Used for continuous long-distance swimming. i.e., Tuna
 	Forked: Used for rapid swimming, i.e., Herring
 	Truncate: Aids in turning quickly. i.e., Flounder
 	Pointed: Used for slow, snake-like movement, e.g., Eels
 	Double emarginate: Used for rapid movements and ambushing prey. i.e., Great Barracuda
 
 Adipose Fin
 Adipose fins are soft fins located between the dorsal and caudal fins and are often found closer to the caudal fin. These appendages have long been considered vestigial, but recent research suggests they are used as sensory organs to detect movement in the water. For North American native freshwater species, the adipose fin is found in salmonids like trout, char, and salmon and ictalurids like channel catfish, blue catfish, and bullheads. Amongst ornamental species, the Characins, such as tetras and African Tiger Fish, have this trait.
 Anal Fin
 The anal fin, also known as the cloacal fin, is located on the ventral midline behind the cloaca. It supports or enhances the action of the dorsal fin by stabilizing the fish during swimming and preventing the fish from rolling over in the water. Anal fins on the midline offer stability and can contribute to propulsion due to their caudal location and flexion of the peduncle.
 Dorsal Fin
 The dorsal fins are located on the dorsal (superior) midline and are positioned between the head and tail. Their primary purpose is to aid in the stability of the animal, similar to a keel on a boat. Nonetheless, they have many other uses, including aiding in direction changes, acting as a lure to attract prey, holding venomous spines, and giving propulsion. Some species have a second dorsal fin that sets caudally either separated or continuation. When a fish species has two dorsal fins, the cranial fin is more likely to have a bony spine for protection, whereas the second dorsal fin may or may not have bony rays. A tissue web will connect the rays along the fin to establish a continuous surface. This structure is necessary for controlling the rolling motion and aids in the stabilization of the animal. Caution is needed in describing fish with two dorsal fins because they can have a double or a dorsal fin with an adipose fin. The dorsal fins are not paired, as described for pectoral and pelvic fins.
 Paired Fins
 Pectoral Fins
 Pairs of pectoral fins are found on the lateral body wall near the operculum. Pectoral fins are considered to be homologous to the forelimbs of tetrapods. These fins can create dynamic lifting force and assist the fish in turning left or right. Pectoral fins are used for turning, bottom resting, land movements, flying, searching for food, and holding venomous spines.
 Pelvic Fins
 The paired pelvic fins are present ventrally and caudally to the pectoral fins. Pelvic fins are primarily used for stability and moving up and down in the water column, known as pitch movement. However, the fins can be structurally modified and used for other functions. For example, some pelvic fins are modified into a sucking appendage that aids in anchoring the fish to particular objects. In contrast, other fins are modified into a physical apparatus used for reproduction.
 Integument covering the body and appendages
 The integument is the separation between the animal and the environment. It serves many roles in addition to its essential environmental barrier function. Integument and its associated structures have roles in communication, information collection from external stimuli, and locomotion. Behavior modification is an essential component of the veterinarian’s involvement. Understanding what is “normal” for a species can be challenging, but normal behavior observed in the clinic helps derive a diagnosis. The integument can also aid the practitioner in determining how well the fish is thriving in its environment, especially for species in captivity. For example, some fish reveal stress by altering their integument’s coloration.
 There are many specialized individual cells scattered within the epidermis. For example, the natural environment in which the animal exists may have permitted camouflage or the display of breeding markings at the time of spawning. At the same time, other species may have surface markings to confuse potential predators. Some species will also adapt to captivity by displaying more colors, especially after repeated generations and the selection of certain traits. If domestic fish are placed with feral fish of the same species, it may be difficult to recognize them as part of the same species. The noted reference gives some background and natural history of the zebrafish in their native biotope and the laboratory as a research animal.[2] Such changes are often noted in domestication and selective breeding across various livestock and food crops.
 The integumentary system, or the skin, covers the external body. Since a keratinized layer of skin prevents an animal’s internal structures from drying, it is purposeless in an aquatic environment and thus often absent. The little keratinized epithelium found on some fish is seen on the breeding tubercles and analogous structures.[3] The following image depicts the typical cellular layers described for fish skin.
 [image: ]Figure 3.6 Fish skin layers. Caudal peduncle, longitudinal section (Formalin, H&E, Bar = 16.9 µm). 1. squamous epithelial cells; 2. mucous cells (expelling mucus); 3. cuboidal epithelial cells; 4. alarm cell; 5. scale pocket with scale; 6. dermis (stratum compactum); 7. skeletal muscle; 8. chromatophores (melanocytes); 9. red blood cells. The following sections cover the listed areas of integument common to many fish: mucus, cuticle, epidermis, special cells in the epidermis, basement membrane, dermis, and scales.
 Mucus
 While not depicted in this illustration, the integument is always coated with mucus. The mucus layer is produced from the goblet cells embedded in the epidermis that open to the skin surface. The mucus layer has multiple functions, including making the fish slippery for an escape advantage from predators and providing a first layer of defense against environmental invaders. As a result, when handling or moving fish, it is best to utilize practices that preserve the mucus layer. Capturing fish for examination with nets is traumatic to the mucus layer—nets with fine mesh will reduce the damage, but mucus is still lost with contact. Examination gloves should also be worn when handling to avoid stripping away the mucus layer, even though gloves can make the fish more difficult to grasp and control. Using salt to reduce osmotic stress in fish during handling and hauling can stimulate the goblet cells to release more mucus, thus creating a more substantial protective barrier.
 Mucus is also a component of immunity. The mucus layer is a primary protective barrier of the innate immunity and a “living” medium for transporting macrophages on to the skin. Immunoglobulins, part of the active immunity are also found in the skin mucus in response to pathogens. These immune components migrate out of the body into the mucus layer to begin to detect their environment and make some early defensive responses. The mucus layer of some fish, such as Rainbow trout (Oncorhynchus mykiss), is also essential for reducing drag by filling and covering the inter-scale junctions to reduce swimming effort.[4] There are still areas to explore, let alone define how many different functions or processes the mucus layer on fish integument is used.
 Cuticle
 A cuticle can be viewed as an intimate coating for the epithelia of the external layer of the epidermis. This coat is under the mucus layer but does not cover the entirety of the body. The cuticle has been described as arising from the surface epithelial cells, and it differs from the mucus of goblet cells by higher amounts of protein. The top layer of epithelial cells is thought to become secretory cells as they reach the top of the epidermis.[5]
 Epidermis
 The epidermis is stratified epithelium. Scales protrude into, but not through, the epidermis from their origin in the dermis. Therefore, each scale is covered with epidermal tissue, and a very close association exists between the epithelial tissue covering the scale and the scale itself. When pulling scales from a fish, the top layer of the skin is pulled away, like opening a blister before it heals. Understanding the deep insertion of scales in the skin provides insight into the damage done when scales are lost or removed. The thickness of the epidermis is of critical interest to the veterinary surgeon as it varies by species and body region but not by body size. The bottom feeders, by nature, typically have a thicker epidermal layer than pelagic species that live more in the middle of the water column they inhabit. In bony fishes, the epidermis lays against the deeper acellular basement membrane, which then lays outside the loose connective tissue of the dermis. The squamous and keratinized epithelial cells of terrestrial creatures proceed evolutionarily with metabolically active cells covering an extracellular layer previously described as the cuticle used by fish integument.
 The epidermis also consists of several specialized cells. For example, the epidermis has mucous glands scattered amongst the epithelial cells, which include oil glands, club cells (alarm cells), and goblet cells. Goblet cells are the most common accessory cell type of fish integument. In fish with a thick epidermis, the functioning goblet cells may reside superficially at the epidermal border, while thin skin may find active goblet cells extending to the basal membrane.
 Some species like minnows and catfish, have specialized club cells in the skin that contain an alarm substance. When the skin is traumatized, these cells rupture and release the Schreckstoff alarm, a signal that communicates danger to the group. This triggers survival behaviors such as excessive darting, forming into dense schools or sinking to the bottom. This ancient mechanism is present in most freshwater fish and about 25% of marine species. Describing  how and why this alarm mechanism exists is found in the reference accompanying this part and adds valuable understanding to this phenomenon.[6] The current reasoning for the alarm mechanism is a survival mode that communicates danger to other members of the group or community.
 Basement membrane
 The basement membranes separate the outer epidermis and the dermis (stratum spongiosum). The basement membrane is a distinct histological trait in aquatic animals and other vertebrates, including mammals.
 Dermis
 The loose connective tissue in the dermis layer contains many elements. The capillary beds wander through this level, chromatophores give pigmentation, and the scale structure arises and anchors itself in this level.
 Scales
 Scales may be divided into four categories: ctenoid, cycloid, ganoid, and placoid.
 	Ctenoid scales: These scales are the most prolific of the categories. Similar to cycloid scales, they have toothed grooves along the outside edges. They have substantial overlap, allowing for flexibility in movement. They are found in sunfishes, perch, temperate basses, and many more.
 	Cycloid scales: These scales are smooth and lack the toothed grooves found in ctenoid scales. They overlap much like ctenoid scales and provide flexible movement. They are found in the more primitive fish families, such as salmon and carp.
 	Ganoid scales: These scales are like rigid plates of armor. They are coated with a substance called ganoin, which is thought to be an evolutionary precursor to enamel. These scales are found in Gar.
 	Placoid scales: These scales give the skin surface an abrasive feel and “provide protection from predators and ectoparasites, reduce mechanical abrasion and possibly minimize swimming-induced drag.” These scales are found on sharks and rays.
 
 [image: ]Figure 3.7 Shows the four primary types of scales. [Image Source: Adapted by Abbey Elder from public domain images for USFWS by Duane Raver and Timothy Knepp; Placoid scales taken from Nathan Waters on Flickr, CC BY SA 2.0.] Some species may have appendages in/on the skin, such as barbels in catfish, that give additional sensory input. With all the variations in body shape, fin arrangements, mouth locations, and physiologies, we might debate if the basic anatomy and physiology that a fish species displays results from their environment or if they chose to inhabit specific environments because of these traits that impact their ability to function. Understanding these species’ regular external anatomical features can help develop an approach to observe changes in external characteristics, gain insight into how the fish lives in its natural habitat, and create an appropriate treatment plan.
 
	Aiello, B. R., Westneat, M. W., & Hale, M. E. (2017). Mechanosensation is evolutionarily tuned to locomotor mechanics, Proceedings of the National Academy of Science, 114(17), 4459–4464. https://doi.org/10.1073/pnas.1616839114 ↵
	Neff, E. P. (2020). Where the wild zebrafish are. Lab Animal 49(2020), 305–309. https://doi.org/10.1038/s41684-020-00665-z ↵
	Harder, W. (1975). Anatomy of Fishes, Part I (S. Sokoloff, Trans.). E. Schweizerbart'sche Verlagsbuchhandlung, Stuttgart. ↵
	Gorb, S.N., &  Gorb, E.V. (Eds.). (2017). Functional surfaces in biology III: Biologically-inspired systems (Volume 10). Springer. ↵
	Whitear, M. (1970). The skin surface of bony fishes. Journal of Zoology, 160(4), 437–454. ↵
	Mathuru, A.S., Kibat, C., Cheong, W.F., Shui, G., Wenk, M.R., Friedrich, R.W., & Jesuthasan, S. (2012). Chondroitin fragments are odorants that trigger fear behavior in fish. Current Biology, 22, 538–544. https://doi.org/10.1016/j.cub.2012.01.061 ↵



	

			
			


		
	
		
			
	
		

		3.3 Skeletal System

								

	
				As mentioned in the opening, the teleost calcified skeleton is the most complex of vertebrate skeletons. Because there are over 30 thousand extant species, we will not specify the number of bones and will not be naming many of the bony structures in fish now. The following covers some notable or unique structural layouts found in fish.
 The Skull
 The fish skeletal system has many unique structures compared to other vertebrates, especially mammals. At the bony fish’s cranial (rostral) end, there is an elaborate arrangement of jaw and facial bones across the scope of the first vertebrate class. Organization of these bones is part of the classification scheme ichthyologists use for identifying or finding new species.
 [image: ]Figure 3.9. Fish Skull, labeled. [Source: Adapted by Abbey Elder with new labels from public domain image by Sir Francis Day, 1889.] Bones arise from embryonic centers of ossification. If the individual ossification centers (OC) properly fuse, then there are fewer bones present in the mature animal. Vertebrates have numerous OCs for the bones of the head and jaw. Unlike many other vertebrates, many of the OC in the fish head skeleton did not fuse into single bones, resulting in a much more complex skull structure. The more complex bone structure is helpful in facilitating the function of food prehension. Mammals, however, consolidate more of the OC before birth to “simplify” the actions of prehension with paired mandibles (lower jaw) and maxilla (upper jaw). The feline skull depicted in image 3.10 is for comparison and visualization of the OC consolidation in mammals. Veterinarians and those who study skeletons in other vertebrates, such as cats or dogs, will find similar names and terminology in the fish skull above, such as maxilla, coracoid, and lacrimal.
 [image: ]Figure 3.10. Cat skull, labeled. [Source: Adapted with new labels by Abbey Elder from Elements of mammalian anatomy and Mammalian anatomy, public domain.] Jaws and Teeth
 Before departing from the cranial end, it is worth noting that teleosts have many prehension developments in the jaws and teeth. For example, the Monterey eel has a second set of jaws located in the pharyngeal region, which varies from the prehension of many other teleosts. Teeth are variable in number and design, ranging from almost human-like to more simplified forms like spikes. Fish can utilize teeth in various places other than the jaw. For example, Cyprinids have pharyngeal teeth in the pharyngeal jaws used for crushing and pulverizing shells in the diet.
 [image: ]Figure 3.11. Pharyngeal and oral jaws. [Source: Gareth J Fraser, CC BY SA 3.0.] Teeth are not always permanent, depending on the species. Sharks, while not teleost, have a constant renewal of teeth arising caudally and migrating rostrally as previous teeth are lost in action.[1] Species such as the Pufferfish (Tetraodontidae) change dentition formats between first and second tooth generations. Adults have a dental pad without individual teeth, creating a powerful beak-type dentition for crushing shells.[2] Captive pufferfish with inappropriate diets may be presented when the pad over-grows and needs to be reduced to permit prehension again.[3]
 The Skeleton
 The skeletons of teleosts are often similar to those of most vertebrate species, except for the diverse adaptations for aquatic environments. The vertebral column is divided into the pre-hemal (abdominal) and hemal (caudal) vertebrae. The abdominal vertebrae are cranial to the anus bear ribs, while the vertebrae are caudal to the anus bear hemal spines. The division typically occurs at the last rib, where the vertebral processes curve down and form the hemal arch enclosing the caudal aorta. Thus, for many species, both the spinal cord and the portion of the aorta caudal to the ribs are protected by a bony enclosure.
 This spinal enclosure also means that from a clinical perspective, there is no practical access to the aorta or any large blood vessel for cannulation except via the mouth or near the gill arches. Some authors have described three vertebral regions in specific species, i.e., cervical (vertebrae 1–4), abdominal (vertebrae 5–12), and caudal (vertebrae 13–25).[4] There is enough individual variation that vertebrae numbers are seldom the primary trait for species identification. The specific number of vertebrae can vary as selected or determined by genetic, nutritional, and environmental factors.[5]
 [image: Spinal vertebrae from a fish, including the top (neural spine) bottom (hemal spine) and hard, round center (centrum).]Figure 3.12 Fish hemal vertebrae. [Source: Fig 22 from An Introduction to the Study of Fishes by Albert C.L.G. Günther, public domain. Cropped with labels edited for readability by Abbey Elder] Another adaptation for aquatic environments that impacts skeletal structure is fins. As the name implies, the fins are made of bony rays and attached to the body via bony radials in the ray-finned fish. The rays themselves are long, parallel bones arranged in a fan-like appearance. The radials are smaller bones that support the rays of the fins and aid with the attachment of the fins to the base of the body. This general structure provided an evolutionary layout for what would become the limbs of terrestrial species.
 Connections to Other Systems
 We will conclude our discussion on the skeletal system by connecting it to the functioning of the auditory system. Bones and bony structures, like otoliths, can be found in the inner ear and around the swim bladders of some fish species. The inner ear and swim bladder also have a role in conducting hearing. In the case of the swim bladder, when solid bone contacts this enlarged balloon, it can act as an “extra-large tympanic membrane,” allowing sounds and vibrations traveling through the water to be transmitted to the ear. Thus, besides providing essential structural support, bones can significantly impact an animal’s sensory experience.
 
	Boyne, P. J. (1970). Study of the chronologic development and eruption of teeth in elasmobranchs. Journal of Dental Research, 49(3), 556–560. ↵
	Thiery, A. P., Shono, T., Kurokawa, D., Britz, R., Johanson, Z., & Fraser, G. J. (2017). Spatially restricted dental regeneration drives pufferfish beak development. Proceedings of the National Academy of Sciences, 114(22), E4425–E4434. https://doi.org/10.1073/pnas.1702909114 ↵
	Davies, R. R. (2000). Dental overgrowth and trimming in pufferfish. Fish Veterinary Journal, 5, 1–5. ↵
	Nowroozi, B. N., Harper, C. J., De Kegel, B., Adriaens, D., & Brainerd, E. L. (2012). Regional variation in morphology of vertebral centra and intervertebral joints in striped bass, Morone saxatilis. Journal of Morphology, 273(4), 441–452. https://doi.org/10.1002/jmor.11034 ↵
	Zouiten, D., Ben Khemis, I., Slaheddin Masmoudi, A., Huelvan, C., & Cahu, C. (2011). Comparison of growth, digestive system maturation, and skeletal development in sea bass larvae reared in an intensive or mesocosm system. Aquaculture Research, 42(11), 1723–1736. https://doi.org/10.1111/j.1365-2109.2010.02773.x ↵



	

			
			


		
	
		
			
	
		

		3.4 Muscular System

								

	
				The musculature layout of fish differs from the muscular layout in mammals and other vertebrates. For the most part, the majority of muscle mass is organized as myotomes, “a set of muscles innervated by a specific, single spinal nerve.”[1] When we look at the muscles’ structure, these myotomes are bundles of parallel muscle cells. They are separated into vertical and horizontal layers of connective tissue called myocommata and myosepta, respectively.
 [image: A salmon seen from the side with the skin peeled back to show the fleshy muscles, with clear vertical striations.]Figure 3.12 King Salmon musculature. [Source: Bulletin of the United States Bureau of Fisheries, 1913, public domain. Edited by Abbey Elder] Fish also have a horizontal septum that divides the hypaxial and epaxial muscles. This segmented orientation of the musculature allows them to move in the traditional wave-like, precise motion that fish perform. A figure depicting these movements can be found below.
 [image: ]Figure 3.13 Fish in motion. [Source: Biology-Resources.com © D.G. McKean] The myotomes are localized into separate or segmented masses and may appear with various coloration based on metabolic needs. There are both white muscle and dark muscle types found in fish. Dark muscle is for steady, sustained motion, while the white muscle is for rapid, impulsive motion. These muscles combine to help a fish achieve specific movements when needed.[2]
 Due to the lack of weight-bearing limbs, a large proportion of the musculature is found on either side of the body, often referred to as the fillet. These muscles propel the fish forward while swimming and maintain that undulating motion. However, additional muscles are located around the jaw, in the face, around the pectoral region, and near the fins that assist with jaw and fin movement. Nonetheless, they are simplified in comparison to various terrestrial species.
 
	"Myotomes." (n.d.). Physiopedia. https://www.physio-pedia.com/Myotomes ↵
	Venugopal, V., & Shahidi, F. (1996). Structure and composition of fish muscle. Food Reviews International, 12(2), 175–197. https://doi.org/10.1080/87559129609541074 ↵



	

			
			


		
	
		
			
	
		

		3.5 Respiratory System

								

	
				Similarly to terrestrial species of animals, aquatic animals need to respire or exchange carbon dioxide with oxygen to support their metabolic needs. However, in most waters, oxygen is available at much lower concentrations. Typically, air has an oxygen concentration of 21%, whereas water may reach only around 10%. The difference in oxygen levels explains why land-dwelling animals will drown by taking water into their lungs. Water is also quite dense, 830 times denser than air.
 Additionally, physical activities in water require greater energy than in air. These factors impact the aquatic animal’s need for and means of obtaining oxygen. The oxygen level in water will also vary based on temperature, salinity, and pressure. These water traits were mentioned further in Chapter 2, Water. When we study how these factors impact water’s ability to carry oxygen, the discussion quickly turns to fish biomass that can thrive in the water provided. As mentioned before, this calculation may determine the species to culture depending on the economic variables in the equation. A few aquatic animals can get oxygen from the atmosphere at the water’s surface or even when on land. The emphasis is on “few” because most fish have gas exchange across gills, skin surfaces, and fins. In young fry, some teleost species hatch with fully developed gills and cardiovascular systems, whereas others hatch without these features and depend entirely on respiration across the body surfaces. The surface area to mass ratio is large enough to permit dermal gas exchange in early life stages. However, gills must eventually develop for the fry to complete the lifespan successfully.
 Ties to Practice: CO2 and pH Remember that, unlike atmospheric breathing, carbon dioxide gas modifies the pH of water. More CO2 gives acidity. Less CO2 allows higher alkalinity conditions as the buffering system permits. Alkalinity levels can be a serious consideration to keep in mind with higher densities of livestock in a tank that will need to maintain levels of CO2 to prevent adverse occurrences such as ammonia toxicity or, in some instances, sedation of animals if biofilter able to handle ammonia increase as in sudden spike of ammonia in source water.
 
 When comparing fish to air-breathing vertebrates, the first difference is that water respiration has the respiration membranes everted to the outside rather than inverted into sacs, such as lungs. Fish and other aquatic animals move water one way across the gills at an almost continuous flow. Coupled with the intimacy of water and blood separated by a single cell layer, the ability to extract oxygen from the water is efficient. The gas exchange is accomplished efficiently by a process called counter-current exchange. A counter-current between the two fluids, water and blood, exchanges gas following the concentration gradient. Because of this mechanism, fish can remove much of the oxygen from the water that contacts their gills.
 Interestingly, the same concept is used in the swim bladder of physoclistous teleosts to extract gas from the blood to fill the bladder. Likewise, fish in marine environments have kidneys with a counter-current flow to regain water from the tubules after the excretion of excess electrolytes. The counter-current is achieved via a rete-mechanism that causes a specific arrangement between the blood and gas mediums, as shown in the figure below.
 [image: ]Figure 3.14 Fish respiration. [Source: Adapted from Duane Raver, NOAA for OpenStax Biology 2E by Clark, Douglas, & Choi, CC BY 4.0] Fish have external respiration since the gaseous exchange surface is outside the body cavity, where water can flow over the surface. External respiratory organs are vulnerable to trauma or other damage, so many species have evolved to have bony covering over them. Fish provide gill covers called opercula that shield the gills and take part in moving water across the gills for gas exchange. The movement of the opercula can be timed to judge the respiration rate of observed fish. This movement frequency is also used in dosing anesthetics. The gill structure is then divided and subdivided to the secondary lamellar level. This results in dispersion of the blood supply from the artery into a capillary where a single cell layer separates the blood and the water. At the level of the counter current, blood is flowing in one direction while the water is flowing in the opposite direction, and this thin layer of separation allows for quick and efficient gas exchange, nutrient absorption, and waste excretion. For example, the water flowing through the gills may have an oxygen concentration of 100% and leave the body with a concentration of 30%.
 On the other hand, the returning blood within the capillaries may have an oxygen concentration of 20% that will rise to 90% as it takes up the oxygen from the water. Because of their essential role in gas exchange, knowing where to clip when taking gill clips for parasite evaluation is essential. It is best to clip at the very tip of the gill filaments. As a reminder of the gill structure, there are four primary gill structures called gill arches. These arches have a bony frame and large arteries. If a gill arch is cut, as when doing gill clips, it damages a significant artery and kills the fish. It is essential when gill-clipping not to cut the branchial arch. Instead, take a tiny clip from the gill fringe or edge for the best and safest sample collection.
 Fast Facts A few species in the polar regions are known to exist without hemoglobin.[1] They do not need it. The oxygen concentration in water near freezing is very close to 100%. The species without hemoglobin can saturate the blood with enough oxygen with only the counter-current of water/blood to exchange CO2 for O2.
 
 Amongst the diversity of over 30,000 species of fishes there are 400 species that have adapted to auxiliary air breathing. The extant air-breathing species are Osteichthyes, but the evolutionary heritage of different species indicate air-breathing arose independently on several occasions. The current understanding indicates either an air-exchanging swimbladder or a lung-like structure, as in the labyrinth-fish, is used to accomplish gas exchange in air-breathing fish.
 There are also fish that use the gastrointestinal tract to aid respiration. This adaption confers a number of survival strategies. The ability to exchange oxygen and carbon dioxide directly with air means tolerance to hypoxic water environments, escape from predators, seasonal hibernation in dry seasons, and even moving across terrestrial areas to new aquatic habitats. The main concern is to keep gas-exchanging surfaces minimally wet for gas exchange across the exposed surface(s) in adapted structures.[2]
 
	di Prisco, G., Cocca, E., Parker, S. K., & Detrich III, H. W. (2002). Tracking the evolutionary loss of hemoglobin expression by the white-blooded Antarctic icefishes. Gene, 295(2), 185–191. https://doi.org/10.1016/S0378-1119(02)00691-1 ↵
	Graham, J. B., & Wegner, N. C. (2010). Breathing air in water and in air: the air-breathing fishes. In G. E. Nilsson (Ed.), Respiratory Physiology of Vertebrates: Life With and Without Oxygen (pp. 174–221). Cambridge University Press. ↵



	

			
			


		
	
		
			
	
		

		3.6 Cardiovascular system

								

	
				Similarly to most other living animals, fish rely on a circulatory system to send blood to the body, distribute oxygen and nutrients, and remove waste products. One of the most notable traits of the circulatory system of these aquatic animals is that they live efficiently with a two-chamber heart. Since the respiratory function is external to the body, blood flow is directed to the gills, where it takes on oxygen, and then oxygenated blood is sent to the rest of the body. In multiple-chambered hearts, the additional chambers aid blood movement through the lungs and into the rest of the body’s tissues.
 Due to the two-chambered nature of their hearts, fish hearts may be thought of as simplified. However, they are more efficient than those of air-breathing vertebrates. In the fish, blood returning from the body enters the atrium, gets pushed into the ventricle, and then travels through the bulbus arteriosus. Within a short distance, the aorta divides into the branchial arteries in the gill arches. Evolutionarily, this is a closed circulatory system, meaning that blood is always traveling and contained within a vessel. This pattern is found in fish and many other vertebrates, including mammals. Thus, while the heart consists of only two chambers, the structures of the dorsal aorta, the atrium, and the ventricle should all be recognizable and comparable to the other classes of chordates. The main difference is that mammals and other vertebrates with internal respiration need another set of chambers to get blood through the lungs and back into the body’s circulation.
 [image: 4-part illustration of circulatory systems in different animals.]Figure 3.16 Circulatory systems of Fish, Amphibians, Reptiles, and Mammals. [Source: OpenStax Biology 2E by Clark, Douglas, & Choi, CC BY 4.0] Image Long Description: 	Part A shows the circulatory system of fish, which have a two-chambered heart with one atrium and one ventricle. Blood in systemic circulation flows from the body into the atrium, then into the ventricle. Blood exiting the heart enters gill circulation, where gases are exchanged by gill capillaries. From the gills blood re-enters systemic circulation, where gases in the body are exchanged by body capillaries.
 	Part B shows the circulatory system of amphibians, which have a three-chambered heart with two atriums and one ventricle. Blood in systemic circulation enters the heart, flows into the right atrium, then into the ventricle. Blood leaving the ventricle enters pulmonary and skin circulation. Capillaries in the lung and skin exchange gases, oxygenating the blood. From the lungs and skin blood re-enters the heart through the left atrium. Blood flows into the ventricle, where it mixes with blood from systemic circulation. Blood leaves the ventricle and enters systemic circulation.
 	Part C shows the circulatory system of reptiles, which have a three-chambered heart. While the right and left atrium are completely separated, there is only a partial septum separating the ventricles, and thus there is some mixing of blood between these chambers. Blood from systemic circulation enters the right atrium, then flows from the right ventricle and enters pulmonary circulation, where blood is oxygenated in the lungs. From the lungs blood travels back into the heart through the left atrium. Because the left and right atrium are not separated, some mixing of oxygenated and deoxygenated blood occurs. Blood is pumped into the left ventricle, then into the body.
 	Part D shows the circulatory system of mammals, which have a four-chambered heart. Circulation is similar to that of reptiles, but the four chambers are completely separate from one another, which improves efficiency.
 
  
 The more unique circulatory aspects in the teleosts worthy of introduction are the additional portal and secondary blood systems. Regarding the additional portal systems, two portal systems are unique to fish. The pseudobranch portal system consists of arteries that supply the gill arches branching off to supply the lower jaw, the pseudobranch, and the heart. The pseudobranch is a reduced gill arch located within the fish’s operculum. Blood is drained from this site and brought through an artery to supply the eyes. The renal portal system consists of most of the veins draining blood from the skin and muscles of the caudal part of the body. The blood collected will pass through the renal portal system before traveling to the heart.
 Fish also have the hepatic portal system, but since it is not unique to fish, we will not discuss it in detail. Fish also have secondary blood systems which some scientists believe are analogous to the lymphatic system in higher vertebrates. However, this system consists of arteries, veins, and capillary networks in the fish’s gills, kidneys, skin, and other parts. It also connects to the primary circulatory system, which is not an actual lymphatic system. Although its purpose is not entirely understood, it is thought that this system helps send nutrients to mucus cells and helps to transport white blood cells to mucosal surfaces. With all of these unique aspects seen in teleosts, it is essential to note that several factors can impact circulatory system morphology between and within species. For example, water temperature, increased oxygen demands due to lifestyle, and oxygen availability in the water itself can all impact the appearance and functionality of the circulatory system. Additionally, the secondary circulatory system may have more importance and be more developed in one species versus another. As a result, it is essential to consider all aspects that impact the anatomy and health of a fish.
 Ties to Practice: Blood Draw Locations The most critical vascular landmarks for veterinarians and fish caretakers to know will be those that are used for blood draws and those that need to be avoided when giving injections. The most widely used location for blood draws is the caudal venous puncture. With the caudal venous puncture, it is best to insert the needle along the ventral midline in the narrowed area of the fish’s body near the base of the tail, otherwise called the caudal peduncle. The needle should then be aimed toward the vertebral column to collect from the hemal arch.
 Watch this video for a demonstration of this process:
  One or more interactive elements has been excluded from this version of the text. You can view them online here: https://iastate.pressbooks.pub/aquaticanimalhealth/?p=861#oembed-1 
 
 Collecting blood from a fish using the tail vein.[1]
 
 
 When working on larger fish, the dorsal aorta puncture can be accessed by inserting the needle through the midline at the roof of the mouth, slightly behind the level of the second-gill arch. When giving injections or vaccines, depending on what is injected, either the intracoelomic cavity along the ventral midline or dorsal musculature caudal to the dorsal fin.[2] However, because there are many vital organs within close vicinity of this injection area, it is best to make injections one fin-length cranial to the anal pore. When doing so, it is also important to consider the appropriate needle length and gauge for the size of a fish. If one of the organs in this area is lacerated, many complications could follow, which may lead to the death of the fish. Thus, it is important to exercise caution when performing any injections, and when available, oral and immersive vaccines can provide a safer route of administration.
 
	https://youtu.be/MPoqU6721_Q ↵
	Canada Department of Fisheries and Oceans. (2004). Blood sampling of finfish. https://ccac.ca/Documents/Education/DFO/4_Blood_Sampling_of_Finfish.pdf, archived at https://perma.cc/A8FC-HFRH ↵



	

			
			


		
	
		
			
	
		

		3.7 The Body Cavity and Viscera

								

	
				Mammals divide their body cavity into the thoracic, abdominal, and pelvic cavities, whereas fish do not have this separation. Instead, fish have a single body cavity called the coelomic cavity.[1] This cavity consists of the heart, liver, gall bladder, spleen, stomach, intestines, swim bladder, kidney, reproductive organs, and urinary bladder. These organs will be discussed in more detail in their respective sections, but we will briefly mention their location and general function here.
 [image: ]Figure 3.17 Internal organs of a fish. [Source: Sharon High School via Wikimedia, CC BY SA 3.0] The heart is located in the frontmost part of the cavity, beneath the gills. The proximity allows for efficient blood transport to the gills for oxygenation. Just behind the heart is the liver, with the gall bladder nestled within it. Surrounding the liver is the stomach and intestine. These organs are within proximity to maximize the efficiency of digestion. The liver provides the necessary components for digesting and aids in detoxification. Located more dorsally within the cavity is the swim bladder, a gas-filled organ that allows changing buoyancy levels to adjust the vertical status within the water. Many Chondrichthyes rely on the liver for buoyancy by accumulating an abundance of oil—both structures within the body cavity aid in navigating a three-dimensional world. The head kidney is nestled just above the swim bladder, near the spinal column. It aids in osmoregulation and the formation of urine that rids of excess ions or water, depending on what is needed for a specific environment. This urine will collect into a urinary bladder before being expelled from the body. Urine, fecal matter, eggs, and sperm can all exit through a shared orifice called the vent.
 
	Jaber, J. R., Fumero-Hernández, M., Corbera, J. A., Morales, I., Amador, M., Ramírez Zarzosa, G., & Encinoso, M. (2023). Cross-Sectional Anatomy and Computed Tomography of the Coelomic Cavity in Juvenile Atlantic Puffins (Aves, Alcidae, Fratercula arctica). Animals, 13(18), 2933. https://doi.org/10.3390/ani13182933 ↵



	

			
			


		
	
		
			
	
		

		3.8 Digestive System

								

	
				The digestive system varies across the species relative to the diet consumed. A fresh necropsy of a new species will help understand the natural diet by allowing scientists to analyze the stomach contents. Since fish can be herbivores, omnivores, or even carnivores, necropsy is a helpful tool in determining what a fish in captivity should be fed. In coordination with the differing diets, each digestive system has different structures needed to properly digest those nutrient sources for obtaining metabolic energy. The range of diets and their respective digestive systems is depicted in the figure below.
 [image: Diagram showing the same digestive systems across 4 fish species and their differences in length and placement.]Figure 3.18. Fish digestive length in comparison. [Image Source: “Types of digestive systems in marine fish” by Egerton, Culloty, Whooley, Stanton, and Ross, CC BY SA 4.0] Part 1 & 2 of this illustration displays the short gastrointestinal tract of a carnivorous species such as the eel and the salmonid or seabass. The stomach can also have an additional pyloric caeca that provides added digestive support. The midgut is short because of the high digestibility of animal proteins and nutrients.
 Part 3 shows the GI tract associated with an omnivorous diet, as seen in a Blenny or Goby. These animals will consume and digest both animal and plant proteins. Consequently, the stomach is larger to accommodate the variability of food intake and difference in intestinal absorption. Notice the increased midgut length due to the slower digestion of plant materials. Please also note that fish will have slower digestive processes than birds and mammals because of the lower temperatures. Enzymes, for example, work slower in cooler environments—even in warm water ponds at 86°F (30°C).
 In part 4, we see the mullet as an example of a strict herbivore that eats phytoplankton and algae. The GI tract is longer and more tortuous since it requires more time and work to break down the plant nutrients. Assimilating nutrients requires a gizzard and pyloric caeca to support digestion.
 Overall, diets and digestive systems can vary among the different fish species. Understanding the digestive layout and feed preference is essential for those keeping fish in captivity since the diet provided will impact the growth and health of these animals. We will discuss more on the nutritional needs of fish and how they are determined later in Chapter 6, Nutrition.
 
	

			
			


		
	
		
			
	
		

		3.9 Renal and Urinary Systems

								

	
				The “renal function” in fish includes the same excretory, acid-base balance, and osmoregulation functions as described for land animals. However, The urinary system differs due to the constant presence of water for the animals living in these aquatic environments. The urinary system in fish includes the kidneys as paired longitudinal structures located retroperitoneally, ventral to the vertebral column, and dorsolateral to the swim bladder. Freshwater teleost fish have a kidney with nephrons with a glomerulus, proximal tubules I and II, distal tubule, and a collecting tubule and duct. A renal portal blood supply also permits tubular secretion to continue without glomerular perfusion.[1]
 The main difference between mammalian renal physiology is that in fish, the kidneys do not entirely achieve osmoregulation. Instead, the osmolar burden is shared with a few other sites: the gills and intestines are the other significant osmoregulation sites between the blood and external environment. Each of these osmoregulatory sites has specific ion-transporting cells that aid in excretion. The proportion of osmoregulation completed by each site depends on the water quality of the natural habitat.[2], [3]
 [image: ]Figure 3.19 Osmoregulation in freshwater and saltwater fish. [Source: Duane Raver, NOAA, adapted for OpenStax Biology 2E by Clark, Douglas, & Choi, CC BY 4.0] When discussing the structure of the kidney, let us think back to renal embryology. Terms such as pronephros and metanephros tissues were described as the fetus advanced. Some early evolutionary types of aquatic vertebrates develop no further than the original renal stage of pronephros located in the diffuse tail of the kidney. Fish can survive their whole life with this level of kidney development functioning adequately. Fish can rely on the gills and intestines to help with osmoregulation, so the kidneys remain relatively underdeveloped. One of the most critical factors of osmoregulation in fish is determined by the water they swim in and the ions that the gills can take up. Freshwater fish live in diluted water with fewer ions than blood in circulation. As a result, freshwater fish drink very little water since they are constantly battling the risk of becoming waterlogged. The freshwater-dwelling fish will expend energy to excrete the excess water that is taken in while also working to conserve ions and electrolytes. On the other hand, marine fish survive with a type of “desert physiology.” Marine fish work to conserve water while also excreting excess electrolytes taken in from their salty environment. The marine species are also more dependent on the gut for absorbing water and rejecting the ions from their salty habitats. Hence, marine species are described as continually drinking seawater.
 Some fish species can migrate between fresh and saltwater conditions with acclimation. Fish born in freshwater and migrating to marine waters before returning to freshwater for reproduction are called anadromous. Salmon are an anadromous type of animal. Salmon and some trout migrate from their freshwater hatcheries to the saltwater to grow and mature. As their environment changes to higher salt levels during migration, they rely on the chloride cells found in their gills to manage the chloride levels in the blood. When it is time to spawn, they return to freshwater and migrate to the breeding pools where the fry is hatched.
 On the other hand, some species can migrate oppositely. Catadromous fish are born in marine waters and migrate to freshwater to grow and mature before returning to marine waters. An example of catadromous fish are freshwater eels. Understanding the differences between marine, freshwater, and migrating fish osmoregulation gives an appreciation for the habitats the different groups occupy. For example, adding salt to the freshwater fish tank raises the osmolar pressure against the gills to reduce water influx to the body. The raised osmolar pressure decreases the animal’s energy expended on protecting stable osmolarity and thus helps decrease the risk of stress-induced diseases. These differences between freshwater and saltwater species permit them to fill specific niches and behave uniquely. The genetic plasticity of fish permits them to adapt to an enormous variety of environmental niches. Teleosts have survived and flourished through at least five near-life-extinction events on the planet during the 400 million years they have occupied the planet. No other vertebrate group is comparable in the flexibility that fish display in populating all waters on Earth.
 
	McDonald, M. D. (2019). The renal contribution to salt and water balance. In B. Baldisserotto, J.M. Mancera Romero, & B.G. Kapoor (Eds.), Fish osmoregulation (pp. 309–331). CRC Press. ↵
	Hoar, W. S. (1988). 4 The physiology of smolting salmonids. In W. S. Hoar & D. J. Randall (Eds.) Fish Physiology, Volume 11 (pp. 275–343). Academic Press. ↵
	Hwang, P. P., & Lee, T. H. (2007). New insights into fish ion regulation and mitochondrion-rich cells. Comparative Biochemistry and Physiology Part A: Molecular & Integrative Physiology, 148(3), 479–497. https://doi.org/10.1016/j.cbpa.2007.06.416 ↵



	

			
			


		
	
		
			
	
		

		3.10 Nervous System—Senses

								

	
				Fish, as with other vertebrates, have a central nervous system (CNS) that resides within the bony confines of the cranium and spinal column. The teleosts studied have somatic (voluntary control) and autonomic (visceral control) nervous systems. The CNS is constructed to send and receive information via nerves of the peripheral nervous system (PNS). The organization is much like other vertebrate nervous systems. There are, however, some sensory specializations that have evolved for aquatic life. The sensory mechanisms in fish can include the same five senses that create the human sensory experience. However, some special modifications in fish aid in self-defense or capturing prey.
 Photoreception (Vision)
 Most fish species have eyes. The exceptions are some fish species that live in dark caves and other realms with little to no light. For those with eyes, their structure and function differ from the eyes of other vertebrates due to the differences between atmospheric and aquatic light spectrums and differences in the index of refraction. Aquatic light spectrums may also vary depending on the type of water the fish inhabits. For example, clear waters are very near the atmospheric spectrum, ranging from ultraviolet transmission to far infrared. On the other hand, deep waters effectively filter out all wavelengths but blue. The type of water a fish lives in can impact what colors are depicted.
 [image: The spectrum of colors in light plotted against water depth. As you go deeper, reds and yellows are no longer visible, with only blues and greens remaining past 100 meters.]Figure 3.20. A diagram comparing penetration of light of different wavelengths in the open ocean and coastal waters. Note how, in the open ocean, as you go deeper, only the green and blue portions of the color spectrum are still visible. [Image Source: NOAA via Wikimedia Commons, public domain] Through behavioral studies, scientists have confirmed that fish can discern colors, recognize shapes, determine distance, measure size, perceive speed, and utilize polarized light.[1] This information leads us to believe that their vision functions similarly to the other vertebrates. The structure of the fish eye is also quite similar to that of other vertebrates except for the spherical shape of the lens—the ability of the eyes to focus in the water by providing a larger angle of view. When a veterinarian inspects a fish’s eye, they can expect to find the pupillary response for most species that are not deep-water dwelling. The deep-water species have eyes adapted for life in an environment where light is greatly diminished, so their eyes do not perform in a typical way.
 Auditory Perception (Hearing)
 Let us start exploring the auditory sense in fish by first describing hearing from the terrestrial perspective. All terrestrial vertebrates have evolved the sense of hearing to detect and respond to the pressure of sound waves in the air. The pressure of these waves acts against the tympanic membrane and is then converted to mechanical motion in the bones of the inner ear. This motion is picked up by the sensory hair-like nerve receptors called mechanoreceptors. As mentioned, this pressure is initially created by the motion of particles. While water and air are both fluid mediums that move energy with wave motions, only air moves sound energy as pressure because air is a compressible fluid—gas. Water is not compressible since it is a liquid and thus moves sound energy in wave motion only. Fish receive and respond to the wave motion of the sound energy at a much lower frequency since the inertia of the bones of the inner ear allows them to move in synchrony with the frequency of lower pitches. The speed at which sound is transmitted can also be altered by water temperature and salinity due to the differences in water density. For example, freshwater does not transmit sound as far as marine water, and sound travels faster in warm water than in cold water.
 Fish do not have external or middle ear structures, yet approximately 8,000 freshwater fish are termed Otophysine.[2] The Otophysines are termed “hearing-specialists,” meaning they can sense and respond to a broader range of sound frequencies. The anatomical reason is that they can use the swim bladder to enhance their hearing. Since the swim bladder is filled with air, the sound waves from the water can be translated to pressure, which impacts the size and shape of the bladder. Swim-bladder distortion is similar to terrestrial tympanic membranes vibrating in atmospheric sound. This type of motion is transmitted to the ear by a chain link of cranial vertebrae that connects the swim bladder to the bones of the inner ear. The chain of connected bones is called a Weberian mechanism.
 Because the swim bladder is a proportionately large air component in the body cavity, a significant deal of amplification is created through this process. This point of knowledge can offer insights into welfare issues of environmental noise for fish in captivity since fish with swim bladders and Weberian mechanisms will be more affected by this noise.[3] Thus, it is vital to find ways to reduce excess noise for the fish that are being held in captivity.
 Olfaction (Smell)
 Across the spectrum of fish species, there are multiple levels of olfaction and gustatory integration and interaction. The receptors of the olfaction nerve endings are responsive to select chemicals in the environment. These specialized receptors are chemoreceptors. Smell and taste are two sensory systems that utilize chemoreceptors. The nasal cavity, a blind indenture from the skin surface, houses the olfaction chemoreceptors and transmits the sensory information via the olfactory nerve fibers directly to the brain’s olfactory lobe. Fish rely on olfaction in numerous life functions and behaviors. Fish feed, reproduce, migrate, recognize, and interact with others using the sense of smell. When smelling, the olfactory system recognizes water-soluble odorants, including amino acids, pheromones, and bile acids.[4]
 Anatomically, fish do have nares to aid with olfaction. Most teleosts have four nares, two on each side of their head. However, they are unlike the nasal passages of other vertebrates in that their only purpose is olfaction. The fish will take in water through the two front nostrils, and the water will flow over sensory tissues in the nasal sac containing chemoreceptors. The olfactory nerve connects these sacs to the brain’s olfactory region for the fish to interpret the scent. The water will then exit the rear pair of nostrils. This area is also used in some species, such as tuna, to help them detect the Earth’s magnetic field. Tuna have an added sensory pit in their nasal cavity that allows for this detection, which they then use to help them navigate.
 Gustation (Taste)
 Not all fish have tongues to house the tastebuds responsible for this sense. Instead, many teleost fish have intraoral tastebuds on the papillae projecting from the epithelium. These papillae are distributed uniformly on both the intraoral and exterior surfaces of the body, with the extraoral papillae being found mostly around the mouth and head. Catfish have extensively distributed taste receptors over the body surface. They can be rightfully described as a “swimming tongue.”[5] The taste spectrums of fish are not well understood. The distinction between tasting and smelling behavior is difficult to determine because chemoreceptor distributions overlap in many species.[6]
 The intraoral taste buds are believed to contribute most to dietary preferences in each species. The gustatory receptors extend to locations in the gastrointestinal tract with chemoreceptors sensing various food-related chemicals that can be involved in appetite control and other feeding behaviors.[7] Certain free amino acids are also known to stimulate gustatory behaviors. In complex aquatic environments, fish can detect a broad spectrum of amino acids, bile acids, sugars, organic acids, and other water-soluble compounds.[8]
 Due to the extensive chemoreceptor distribution for taste amongst fish species, the transmission of sensory results to the CNS requires transmission with numerous cranial nerves. Oral sensors send signals via the glossopharyngeal nerve, the anterior pharynx transmits on the anterior vagus nerve, and the head and areas around the mouth send signals through the facial nerve. However, the general body gustatory innervation is conducted mainly by the vagus nerve.[9] Overall, the olfactory system involves many complex components, justifying its reliance on several different nerves.
 Mechanosensation (Touch)
 Mechanosensation is a universal element of animals that is essential for behavior. It allows for the detection of an animal’s body movement and positioning, as well as the physical characteristics of the environment. The distal forelimb of tetrapod vertebrates is homologous to fishes’ pectoral fin rays and membranes. Therefore, as humans rely on their hands for touch, fish use their fins to feel their environment, detect proprioception, and gather information. Vertebrates were using the core mechanosensory inputs, such as fast and slow adapting nerve responses, to dictate fin function and behavior prior to the diversification in fish and tetrapod lineages.[10] When looked at histologically, the fins contain cells similar to the Merkel cells found in many other animals that aid in detecting pressure and touch. Detection of pressure and touch may be especially essential for those who live in darker, deeper waters since touch can help them navigate their surroundings better. Fish also rely on touch in their fins to better understand fin movement and swimming mechanics. The sensation of resistance against the water can provide information that signals the fish to alter fin movement for a quicker and more efficient mechanism to maneuver the environment. As a result, mechanosensation is useful in allowing the animal to thrive in its given environment.
 Special Sensory Systems
 Fish also have a lateral line along both sides of the body, from the head to the caudal fin. It is a special sensory organ found in most fish, but its purpose may differ depending on the species. Of its varied purposes, the lateral line acts as a pressure sensor, velocity sensor, and sound aid. The depression where the line is located houses sensory cells called neuromasts that measure the surrounding water’s pressure distribution and velocity field. The neuromasts are accompanied by hair cells that resemble the sensory cells of the inner ear chambers. The hair cells detect patterns in water movement and translate them into electrical signals sent to the brain for interpretation. The sensory input allows them to sense and understand when pressure changes in the water or at what speed a potential predator is approaching. This special-sensory system can also aid with one of the other senses, hearing.
 [image: Three-part figure, showing how the lateral line helps fish sense movement in its environment even when their brain would otherwise be distracted by the movement of water around its swimming body.]Figure 3.21. The lateral line in fish. Commands from the brain to the lateral line via efferent nerves copy the commands to the swimming muscles, suppressing “noise” from swimming movements to reveal the small signals from the environment, such as of wriggling prey. [Image Source: “Lateral Line” by Ian Alexander, CC BY SA 4.0] Research has found that both inner ears and lateral lines are responsive to sound. The lateral line is the sensing organ for the lower frequencies. In addition to the detection of water movement, the lateral line gives fish the ability to triangulate on the disturbance source and more fully decipher the size, movement, and speed of the source.[11] The sensory input of the lateral line is also likely involved in the escape response, locating food, and schooling action. It is also likely that the lateral line is targeted in electrofishing since electricity interferes with water movement sensations around the fish. Once the fish sense the direct current, they continue to move toward the electrodes until they lose consciousness, which allows them to be caught more easily. The lateral line system is crucial to the fish’s understanding of the water’s movement and flow.[12] Barbels are common amongst fish species and are used to collect sensory info about the surroundings.
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		3.11 Blood Components

								

	
				 The blood cells circulating in most fish are easily identified with the same stains (e.g., Wright’s stain) and have the typical morphology of the corresponding cells in higher vertebrates. The exception is the nucleated erythrocytes, or red blood cells, which contain organelles within their cytoplasm. These nucleated RBCs can phagocytose pathogens and act as antigen-presenting cells, functioning differently from mammalian RBCs.[1] These nucleated red blood cells rely on active metabolism, taking oxygen from the plasma over time. Clinically, a gas machine can do a blood gas assay to identify any issues associated with oxygen levels. Performing blood gas assays in teleosts must be done promptly to prevent RBCs from depleting or altering the clinical value.
 [image: Microscopic look at red blood cells, groups of pinkish ovals with dark blue nuclei.]Figure 3.22 Typical red blood cell found in teleosts. [Source: Cropped from www.eclinpath.com, Cornell University College of Veterinary Medicine, CC BY NC SA 4.0] White blood cells are similar in structure and function to mammalian cells. The two types of WBCs are granulocytes and agranulocytes. The granulocytes include neutrophils, basophils, and eosinophils. The agranulocytes are monocytes and lymphocytes.
 Ties to Practice When there is an infection and need for white blood cell action, the aquatic animals will display redness, swelling, pain, and loss of function, but not fever. The absence of fever is accepted because teleosts are poikilothermic, meaning their internal temperature varies. Fish can show a “behavioral fever” by moving to warmer water in some instances. The immune system and the cells involved with immune responses will be discussed in further detail in Chapter 5, Infectious Diseases in Fish.
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		3.12 Endocrine and Reproductive System

								

	
				 The endocrine system of teleosts is similar to those described for other vertebrates, only with some special modifications permitting adaptation to eco-niches. The same organ components are typically seen but may be in unique anatomical locations. For example, some species have pancreatic tissue amongst the hepatic tissue. Nonetheless, the general layout and function of the endocrine system follows what is known for many other vertebrates. The pituitary gland works closely with the hypothalamus to control the release of certain hormones that act in particular areas of the body. The gonadotropins are highly involved in reproduction, and the function of ovaries and testes, and thyroid hormones are essential in growth, development, and metamorphosis, and corticosteroids and catecholamines aid in increased uptake of oxygen and mobilizing energy for use.[1]
 [image: The hypothalamus sends signals to the pituitary gland, which supports the development of the reproductive system. For this male, that includes the testes, deferens duct, and sperm sac.]Figure 3.23. Reproductive system of a shark, labeled. [Image Source: “General model of the endocrinology of male chondrichthyans in terms of steroid hormones and reproductive biology” by Becerril-Garcia, CC BY 4.0. Figure has been cropped and simplified to show only the basic systems noted here]. Reproduction hinges on endocrine function. Everything scientists have found regarding fish’s reproductive physiology fits within the vertebrate paradigm. Fish reproduction is a variety of reproductive strategies. For introduction, there are species that all genders expel gametes freely into the water column and show low parental care. Other species may scatter gametes in restricted locations and provide parental protection and guidance. Some species rely on internal fertilization and females giving live birth. When discussing gender, it is not always determined by genetics. Environmental cues can also influence the gender ratio. This apparent malleability and complexity in fish reproduction have hindered the captive culturing of these animals. Due to the immense variety in reproductive physiology across species, the reproductive system and behaviors will be addressed in a chapter of its own in a future edition to provide an adequate space to go into the fine details.
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		Chapter 3 Summary

								

	
				While fish anatomy and physiology can appear very complex due to the variations amongst species and the accommodations for aquatic environments, a veterinarian needs a basic understanding of what is clinically normal. By being able to recognize healthy skin, visualize normal fin movement, discern normal scent-related behaviors, and understand osmoregulatory needs, veterinarians and fish caretakers can better detect when care is needed. Based on the recognized issue, a treatment plan can be adequately researched and organized to promote the individual animal’s health and any animals with which they may share an environment.
 Livestock health is essential for aquaculturists and fish farmers since their livelihood relies on the health of their livestock. When creating a treatment plan, it is essential to remember how to use antibiotics correctly. Concerning disease and treatments, hobbyists or culturalists may misuse antibiotics simply because an accurate diagnosis is not available. Understanding fish anatomy and physiology is the first step in providing good medicine and care.
 However, antibiotics should only be used when an accurate diagnosis is made to avoid inappropriate use and the development of antimicrobial resistance. This diagnosis can be best determined once the veterinarian understands fish anatomy and physiology. Additionally, it is crucial to remember that some antimicrobials can be toxic to fish species or dangerous to associated species sharing the tank. Nonprescription antibiotics and antimicrobials from online sources or pet stores may not be accurate in their concentration or labeling. The Food and Drug Administration (FDA) is a federal agency of the US Department of Human and Health Services) regulates approved drugs and requires all antibiotics to be prescribed by a licensed veterinarian. Ensure proper storage and safety practices with chemicals used (see Chapter 7, Drugs, Pesticides, and Biologics, for more information).
 
	

			
			


		
	
		
			
	
		

		4.0 Parasites of Fish

	

	
		Contributors: David E. Starling, D.V.M.
 with J. Acevedo, E. Blay, H. Chen, M. Fischer, M. May, M. Painter, G. Rigdon, R. Thomas, T. Benz, R. Castejon, M. Crane, E. Jung, M. Lahr, P. Deres de Jesus, & M. Pinckney
 
 [image: A lake trout with sea lampreys hanging down, latched onto its side.]Lampreys are examples of chordata parasites. [Image Source: USGS, public domain] This chapter covers fish parasites, organisms that live on or within fish and depend on their hosts for survival. Parasites can harm the host by reducing its ability to grow or survive, and in some cases, they can cause disease or death.
 
 Overview
 The study of fish parasites is important for several reasons, many of which are expanded throughout this chapter.
 	Parasites from fish can cause significant economic losses in the aquaculture and fishery industries by reducing fish growth, survival, and marketability. Understanding the biology and ecology of parasites can help in the development of effective control and prevention measures to minimize impacts on fish production.
 	Fish parasites can also have negative ecological impacts on aquatic ecosystems by altering host behavior, population dynamics, and community structure. Studying fish parasites allows us to understand their role in the ecosystem and the potential consequences of their spread or introduction.
 	Some fish parasites are zoonotic, meaning they can infect humans who interact with fish or consume raw or undercooked infected fish. By studying fish parasites, we can identify and manage potential human health risks associated with fish care and consumption.
 	Fish parasites can serve as indicators of environmental quality and changes in ecosystem health. Monitoring fish parasite communities provides information on habitat degradation, pollution levels, and many other environmental stressors.
 	Finally, studying fish parasites can advance our understanding of host-parasite interactions, evolution, and coevolution. This knowledge can help us develop new tools and strategies to control and manage disease in fish and other animals.
 
 
	

		


		
	
		
			
	
		

		4.1 Introduction to Parasites in Fish

								

	
				Classification of Parasites
 Parasites are classified in a variety of overlapping schemes. Classification is based on interactions with hosts or life cycles. Regarding parasite-host relationships, an obligate parasite depends entirely on the host to complete its life cycle, while a facultative parasite does not.
 Parasite life cycles are described by the number of hosts or forms the parasite passes through to complete its life cycle. Parasites that use only one host have a direct life cycle; those with a definitive host (in which the parasite reproduces sexually) and at least one intermediate host have an indirect life cycle.
 Fish parasites harbor a wide variety of organisms, including protozoans, monogeneans, digeneans, copepods, nematodes, and trematodes, as their own parasites. Several parasites have free-living stages in their life cycles. Parasites with direct life cycles can be important pathogens of cultured fish.
 Common Types of Fish Parasites
 Each of the following parasite groups has its own unique morphology, life cycle, and mode of transmission. Understanding the biology and ecology of these parasites is essential for managing fish populations and sustaining aquatic ecosystems.
 	Protozoan parasites: single-celled organisms that can infect fish.
 	Myxozoan parasites: These are the smallest “animals” known to science; they are multicellular organisms, yet most are microscopic. These can be found in every water environment. The myxozoan life cycle requires two hosts to complete, so they are considered indirect obligate parasites. Myxozoans cause some of the most economically important diseases in the fish industry.
 	Microsporidian parasites: These parasites infect host cells directly. Heterosporis sutherlandae is considered an emerging pathogen in fish from and near the US/Canadian Great Lakes region. Maintaining high water quality and minimizing stress in the fish population can be beneficial.
 	Platyhelminthic parasites: The phylum Platyhelminthes includes the monogeneans, digenean trematodes, and the cestodes. These parasites can cause significant losses in both captive livestock and wild fish populations. 	Monogenean parasites live on the skin, gills, and fins of fish. Monogenean parasites of fish include Gyrodactylus spp. and Dactylogyrus spp. The native waters host numerous monogenean species that affect fish across wild habitats and extensive production facilities. Specifically, Gyrodactylus salaris is a foreign animal pathogen in North America at this time.
 	Digenean parasites (trematodes or flukes) can infect fish and other animals. Common digenean parasites of fish include Neoparamphistomum , Diplostomum spp., and Heterophyidae spp.
 	Cestode parasites (tapeworms) are elongated, segmented flatworms that attach to the intestinal wall of the definitive host. The life cycle often involves at least one intermediate host, which is often a copepod (a class of small crustaceans). Fish serve as second intermediate hosts for several cestodes. Adult cestodes in the definitive host feed on the host’s digesta, leading to malnutrition and reduced growth rates.
 
 
 	Nematode parasites: These are roundworms that can infect fish. Common nematode parasites of fish include Anisakis simplex and Contracaecum spp.
 	Acanthocephala parasites: These are elongated organisms with a thorny proboscis used to attach to the gut wall of a host. Most life cycles of this group are not well understood; however, they have at least one required arthropod intermediate host.
 	Arthropoda parasites: These are parasitic crustaceans such as copepods. These small crustaceans can attach to fish and feed on their tissues. Common copepod parasites of fish include Lepeophtheirus salmonis and Caligus spp.
 	Annelida parasites: Leeches are an example of this group. The primary concern is virus transmission.
 	Molluscan parasites: For example, the freshwater bivalve family Unionidae. These organisms have a parasitic larval stage called glochidia that can invade the gills of fish, forming cysts.
 	Chordata parasites: Lampreys are an example of this group. The primary concern is lesions caused during host attachment.
 
 
	

			
			


		
	
		
			
	
		

		4.2 Protozoan Parasites

								

	
				Ichthyophthirius multifiliis
 Ichthyophthirius multifiliis, commonly known as “Ich” or “white spot disease,” is a ciliate protozoan parasite that can infect a wide variety of freshwater fish. The related parasite, Cryptocaryon irritans, causes marine Ich in saltwater fish. Ich has a distinctive pear-shaped body and a single nucleus. The parasite is covered in cilia that it uses to swim and move around. Ich can be seen as small white spots, about the size of a grain of salt, on the skin, fins, and gills of infected fish.
 [image: Cyclical life cycle, where trophonts feed on fish skin, develops into a small tomont, reproduces, and finally bursts, producing tomites which will repeat the cycle.]Figure 4.1. Simplified illustration of the life cycle of Ichthyophthirius multifiliis. [Image Source: Richter, Strauch, Azizullah, & Hader (vector by Pixelsquid) via Wikimedia Commons, CC BY 4.0] 	Life cycle: Ich has three stages: trophont, tomont, and theront. The trophont is the feeding stage of the parasite. It attaches to the skin, fins, or gills of a fish and begins to feed on the host’s tissue. The trophont grows and eventually leaves the fish. Once the trophont detaches from the fish, it finds a suitable surface to attach to and develops into the tomont stage. The tomont is the reproductive stage of the parasite. The tomont encases itself in a cyst. Inside the cyst, the tomont divides into numerous daughter cells called tomites, which are then released into the water. After being released into the water, the tomites develop into free-swimming theronts, which actively seek out a new host fish to attach to and begin the trophont stage again. The entire life cycle can take anywhere from a few days to several weeks, depending on environmental factors such as water temperature. Ich can be transmitted through direct contact between infected and uninfected fish or through contaminated equipment or water.
 	Host range: Ichthyophthirius multifiliis infects a wide range of freshwater fish, including aquarium and ornamental fish species, trout, salmon, catfish, and tilapia. When infected, a fish will present with small white spots over its body. Ich infections in fish can cause a variety of symptoms, including lethargy, loss of appetite, increased mucus production, and respiratory distress. In severe cases, Ich can lead to death.
 	Transmission: The parasite is transmitted through direct contact with infected fish or contaminated water. Free-swimming theronts can infect healthy fish by attaching themselves to the host’s skin and mucous membranes, such as gills.
 	Prevention: Preventive measures include maintaining good water quality, avoiding overcrowding, and instituting quarantine procedures for new fish.
 	Treatment: Raise the water temperature and add chemicals such as formalin, potassium permanganate, copper sulfate, or salt. Raising water temperatures on tolerant fish species to >32°C will kill the parasite in 5 days.
 	Zoonotic potential: Ichthyophthirius multifiliis is not considered a zoonotic parasite, and there are no reports of human infections.
 
 Trichodina spp.
 Trichodina spp. are a genus of ciliate protozoa belonging to the phylum Ciliophora. They are small, disk-shaped organisms found in freshwater and marine environments. These organisms have a ring of interlocking cytoskeletal denticles that enable the organism to adhere to fish tissue and other surfaces, and are essential for locomotion. Trichodina spp. parasitize fish, amphibians, and some invertebrates, leading to various diseases and health issues.
 	Life cycle: Trichodina spp. have a simple life cycle, with the adult organism replicating asexually through binary fission. The newly formed individuals are released into the environment where they can infect new hosts.
 	Host range: Trichodina spp. are commonly found on fish and amphibians, but can also infect other aquatic animals such as crustaceans and mollusks.
 	Clinical symptoms: Infection by Trichodina spp. can lead to extensive mortality and stress on the host population because this organism reproduces very effectively.
 	Transmission: Trichodina spp. are primarily transmitted through direct contact with infected individuals or contaminated water sources. They can also be spread through the use of shared equipment such as nets, tanks, or other aquatic habitats. The cilia of Trichodina spp. also enable the parasites to move through water.
 	Prevention: Preventive measures for Trichodina spp. include maintaining good water quality and hygiene practices, avoiding overcrowding of aquatic animals, and regularly disinfecting equipment.
 	Treatment: Trichodina spp. treatment typically involves chemical agents such as formalin, salt baths, or copper sulfate. It is important to note that treatment options may vary depending on the Trichodina species and the host species infected.
 	Zoonotic potential: There is currently no evidence to suggest that Trichodina spp. can infect humans. However, as with any aquatic parasite, it is important to take precautions when handling infected individuals or contaminated water sources to avoid any potential health risks.
 
 Cryptobia salmositica
 [image: Microscopic photo of an abnormal cell with a long tail, found in the blood of salmon.]Figure 4.2. Stained blood smear showing Cryptobia salmositica. [Image Source: USGS, public domain] Cryptobia salmositica is a flagellate protozoan parasite that infects the kidney and blood of salmonid fish, including salmon and trout.[1]
 	Description: Cryptobia salmositica is a small, single-celled organism that measures between 10 and 20 µm in length. It has a flagellum for movement and a round nucleus in the center of its body. The parasite can cause severe disease and mortality in aquatic populations.
 	Life cycle: Cryptobia salmositica has a direct life cycle, meaning it does not require an intermediate host. The parasite has a complex life cycle that involves several stages. After the fish host ingests the trophozoite stage of the parasite, the parasite enters an active feeding stage and quickly multiplies in the host’s renal tubules. The trophozoites mature into cysts, which are the infective stages. The parasite then infects the entire kidney and blood of the fish, where it then reproduces asexually by binary fission. The parasite cysts are also shed in the urine of infected fish, which can then infect other fish that encounter contaminated water.
 	Host range: Cryptobia salmositica primarily infects salmonid fish, including salmon, trout, and char.
 	Transmission: Cryptobia salmositica is transmitted between fish populations via the movement of infected fish or through contaminated water. The parasite can also be spread via contaminated equipment or by introducing infected fish into new environments.
 	Prevention: Prevention measures for Cryptobia salmositica include strict biosecurity protocols in aquaculture facilities, such as screening to prevent the entry of infected fish, quarantining newly arriving fish in a separate facility, implementing adequate disinfection protocols for equipment, and using vaccination programs. The live vaccine has been 100% effective in juvenile and adult salmonids for at least 24 months.[2] Regular monitoring and testing of fish populations can also help to detect and control outbreaks of the parasite.
 	Treatment: There are several treatment options available for controlling Cryptobia salmositica infections, including chemical treatments such as formalin[3] and potassium permanganate. However, the effectiveness of these treatments can be limited, and the potential for resistance is a significant concern. Other management strategies include the use of probiotics and immunostimulants to boost the immune system of fish hosts and the development of resistant strains of host fish.
 	Zoonotic potential: There is no evidence to suggest that Cryptobia salmositica poses a risk to human health.
 
 Trypanosoma spp.
 [image: Microscopic figure of blood cells with twisty, wormy cells (tryposoma) present throughout the sample.]Figure 4.3 Stained blood smear showing Trypanosoma alongside blood cells. [Image Source: Wang, Li, Lukeš, & Lai (2026), CC BY 4.0, cropped to part D] Trypanosoma spp. can infect various fish species and cause a range of health problems, including anemia, reduced growth, and mortality.
 	Description: Trypanosoma spp. are unicellular organisms with a single flagellum that allows them to move through the bloodstream of their hosts. They are typically elongated or pear-shaped and can be up to 30 µm in length.[4]
 	Life cycle: The life cycle of Trypanosoma spp. in fish involves both an intermediate host and a definitive host. The parasites are ingested in the blood meal of an intermediate host, commonly leeches or crustaceans, where they undergo further replication and differentiation. The intermediate host then transmits the parasite to a susceptible fish during a blood meal.
 	Host range: Trypanosoma spp. infect a range of species, including both wild and farmed fish.
 	Transmission: Trypanosoma spp. in fish are primarily transmitted via blood-feeding intermediate hosts (e.g., leeches, crustaceans).[5] The parasites can also be transmitted horizontally between fish through wounds or other forms of direct contact.
 	Prevention: Preventive measures for Trypanosoma spp. in fish include maintaining good water quality, avoiding overcrowding, and controlling the population of intermediate hosts. In farmed fish, screening for infection and treating infected individuals promptly can also be effective prevention measures.
 	Treatment: Trypanosoma spp. treatment in fish typically involves trypanocidal drugs such as diminazene or isometamidium chloride. Treatment options may vary depending on the Trypanosoma species and the severity of infection in the population. Note that the Food and Drug Administration does not approve these drugs for use in food fish, so their use should be considered carefully depending on the situation.
 	Zoonotic potential: There is currently no evidence to suggest that Trypanosoma spp. in fish can infect humans. However, as with any aquatic parasite, it is important to take precautions when handling infected fish or contaminated water sources to avoid potential health risks.
 
 Amyloodinium spp.
 Amyloodinium spp. are parasitic dinoflagellates that infect marine and brackish water fish. Oodinium spp., a related group of species, infects primarily freshwater fish. These organisms cause a lesion commonly known as “velvet disease” due to the delicate, velvety appearance of the skin and scales of infected fish.
 	Description: Amyloodinium spp. are flagellate protozoan parasites that infect the skin and gills of fish. The parasite is pear-shaped or oval, measuring about 40-60 µm in diameter. It has a brownish-yellow color and a surface covered with small, spine-like projections.
 	Life cycle: The life cycle of Amyloodinium spp. involves several stages, including a free-swimming tomont stage and a parasitic trophont stage. The trophont stage attaches to the skin or gills of the fish and feeds on its blood and tissue fluids. It then reproduces asexually to form a cyst, which eventually ruptures to release the free-swimming tomont stage. The tomont stage can survive outside of the fish host for several days and eventually will develop into a new trophont stage. This parasite’s spread is limited to warm waters, as water temperatures below about 17°C do not support successful infections.[6]
 	Host range: Fish, including salmonids, cichlids, angelfish, and clownfish, are susceptible to external dinoflagellates. Amyloodinium spp. have a broad host range and can infect a variety of marine fish. The related organisms Piscinoodinium spp. infect freshwater fish species.
 	Transmission: The parasite can be transmitted from fish to fish through direct contact or through water. It can also be easily introduced into new environments by transporting infected fish or contaminated water containing free-swimming tomonts. Aerosol transmission via sea mist has been demonstrated as a biosecurity risk for aquaculture facilities near surf zones and other mist-producing sites.[7]
 	Prevention: Prevention of Amyloodinium spp. Infection involves maintaining good water quality, avoiding overcrowding, and quarantining new fish before adding them to an established tank. Regular observation of fish for signs of infection and early treatment can also help prevent the spread of the parasite.
 	Treatment: Several treatments, including copper sulfate, formalin, and quinine sulfate, are available for Amyloodinium spp. infection. However, it is important to follow the instructions carefully and avoid overdosing as these treatments can be harmful to fish if not used properly.
 	Zoonotic potential: There is currently no evidence to suggest that Amyloodinium spp. are zoonotic and can infect humans. However, proper handling and hygiene practices should always be followed when working with fish to prevent the risk of exposure to other potential zoonotic pathogens.
 
 Hexamita spp. and Spironucleus spp.
 Hexamita and Spironucleus are two genera of parasitic flagellates that infect fish. Hexamita spp. are found in the gastrointestinal tracts of fish and are considered commensal by some. When pathology occurs, it is most often preceded by stressors. Spironucleus sp. can be associated with a condition commonly known as “hole-in-the-head” disease or lateral line erosion.[8]
 	Description: Hexamita spp. and Spironucleus sp. are both flagellate protozoan parasites that are small, measuring only a few micrometers in length. They have a similar external appearance, with a simple structure consisting of a single nucleus and several flagella for locomotion.
 	Life cycle: Hexamita spp. and Spironucleus sp. have similar life cycles and involve both parasitic and free-living stages. The parasite infects the fish’s intestinal tract and reproduces asexually, releasing cysts that are shed in the fish’s feces. These cysts can survive in the environment for long periods and, when ingested by other fish, initiate a new infection cycle.
 	Host range: Hexamita and Spironucleus are common in freshwater fish, including cichlids, angelfish, and discus, as well as in some marine fish species.
 	Transmission: Hexamita spp. and Spironucleus sp. can be transmitted through contaminated water and infected fish. Poor water quality, overcrowding, and other stressors can increase the risk of infection.
 	Prevention: Prevention of Hexamita spp. and Spironucleus sp. infections involves maintaining good water quality, avoiding overcrowding, and feeding a varied, nutritious diet. Quarantining new fish before adding them to an established tank can also help prevent the introduction of the parasite.
 	Cure: Several treatments, including metronidazole, are available for Hexamita spp. and Spironucleus sp. infection. However, treatment effectiveness may vary depending on the severity of the infection and the species of fish involved. In severe cases, surgical intervention may be necessary.
 	Zoonotic potential: There is currently no evidence that Hexamita spp. or Spironucleus sp. are zoonotic and can infect humans. However, proper handling and hygiene practices should always be followed when working with fish to prevent the risk of exposure to other potential zoonotic pathogens (see Chapter 8, Biosecurity).
 
 Eimeria spp.
 Eimeria spp. are parasitic protozoans that can infect a wide range of animals, including fish.
 	Description: Eimeria spp. are single-celled parasites that infect the intestinal tract of fish. The parasite has a complex life cycle, with multiple stages that can involve both asexual and sexual reproduction.
 	Life cycle: Eimeria oocysts are shed in the feces of infected hosts. This stage of the parasite can survive in the environment for relatively long periods. The oocysts, once sporulated, are infective to new host fish when ingested. Once inside the host, the oocysts release sporozoites, which can invade the intestinal epithelial cells and reproduce asexually to form new merozoites. These merozoites then infect new host cells and continue to reproduce, eventually forming new oocysts, which are shed in the feces.
 	Host range: Eimeria spp. can infect a wide range of freshwater and marine fish species, including salmonids, carp, tilapia, and catfish.
 	Transmission: Eimeria spp. are primarily transmitted through the ingestion of contaminated water or food. Poor water quality, overcrowding, and stress can increase susceptibility to infection.
 	Prevention: Prevention of Eimeria spp. infection involves maintaining good water quality, avoiding overcrowding, and feeding a varied and nutritious diet. Quarantining new fish before adding them to an established tank can also help prevent the introduction of the parasite.
 	Treatment: Several treatments, such as sulfadimethoxine and toltrazuril, are available for Eimeria spp. infections. However, the effectiveness of these treatments may vary depending on the severity of the infection and the species of fish involved.
 	Zoonotic potential: There is currently no evidence to suggest that Eimeria spp. are zoonotic and can infect humans. However, proper handling and hygiene practices should always be followed when working with fish to prevent the risk of exposure to other potential zoonotic pathogens.
 
 Cryptosporidium spp. 
 Cryptosporidium spp. are protozoan parasites that can infect a wide range of animals, including fish.
 	Description: Cryptosporidium spp. are small, single-celled parasites that infect the intestinal tract of fish. The parasite has a complex life cycle, with multiple stages that involve both asexual and sexual reproduction.
 	Life cycle: The life cycle of Cryptosporidium spp. involves the ingestion of oocysts, which are shed in the feces of infected fish. These oocysts can survive in the environment for several months and can infect other fish when ingested. Once inside the host, the oocysts release sporozoites, which invade the intestinal epithelial cells and reproduce asexually to form new merozoites. These merozoites then infect new host cells and continue to reproduce, eventually forming new oocysts that are shed in the feces.
 	Host range: Cryptosporidium spp. can infect a wide range of freshwater and marine fish species, including salmonids, catfish, and tilapia.
 	Transmission: Cryptosporidium spp. are primarily transmitted through the ingestion of contaminated water or food. Poor water quality, overcrowding, and stress can increase the risk of infection.
 	Prevention: Prevention of Cryptosporidium spp. infections involves maintaining good water quality, avoiding overcrowding, and feeding a varied and nutritious diet. Quarantining new fish before adding them to an established tank can also help prevent the introduction of the parasite.
 	Treatment: There is currently no specific treatment for Cryptosporidium spp infection in fish. However, using water treatment methods such as ultraviolet light and ozonation can help reduce the number of oocysts in the water and prevent further spread of the parasite.
 	Zoonotic potential: Certain Cryptosporidium spp. can infect humans, and several outbreaks of cryptosporidiosis have been linked to the consumption of contaminated seafood. Proper handling and hygiene practices should always be followed when working with fish to prevent the risk of exposure to Cryptosporidium and other potential zoonotic pathogens.
 
 Ichthyophonus hoferi
 Ichthyophonus hoferi is a parasitic protozoan first discovered in the late 1800s. It is known to infect over 100 species of freshwater and marine fish. A typical disease characteristic is the presence of internal granulomatous and/or necrotic inflammation that interferes with normal organ function. Affected organs include the heart, liver, kidneys, and brain. Many infected animals die of apparent starvation due to the nonfunctioning organ systems.[9]
 There is no practical treatment for Ichthyophonus infection due to the thick-walled cysts formed by the protozoa and subsequent inflammation. Prevention through adequate biosecurity (examining fish at the source, quarantining fish, and periodically sampling the fish population for occurrence) is paramount, since external lesions, if any, will appear late in the disease process. Infected fish should be removed from the production system to avoid further spread of the disease.
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		4.3 Myxozoan Parasites

								

	
				 [image: 4 part life cycle, from annelids (definitive hosts) into actinospores, ingested by intermediate hosts (fish) and finally myxospores, which develop in vertebrates.]Figure 4.4 Myxozoan Parasite life cycle. [Image Source: Souza Carneiro et al (2025). Parasitologia. CC BY 4.0] Tetracapsuloides bryosalmonae
 Tetracapsuloides bryosalmonae is a myxozoan parasite that causes proliferative kidney disease (PKD) in salmonid fish.
 	Life cycle: The life cycle of T. bryosalmonae is indirect, involving a vertebrate intermediate host (salmonid fish) and an invertebrate definitive host (freshwater bryozoan). The vertebrate host, typically a salmonid such as trout or salmon, becomes infected with T. bryosalmonae by exposure to spores in water. Once inside the fish, T. bryosalmonae matures and reproduces asexually, forming spores that are released into the environment through the fish’s urine. The host lesions and clinical signs include exophthalmia, externally visible ascites, and posteriorly located kidney gray coloration and swelling.[1] The invertebrate host then ingests these spores and becomes infected. Within the bryozoan, the parasite undergoes sexual reproduction, producing infective spores for fish.
 	Host range: T. bryosalmonae primarily infects salmonid fish, such as trout and salmon, but has also been reported in other fish species, including grayling and minnows. The invertebrate hosts of T. bryosalmonae are freshwater bryozoans, which are widely distributed in rivers and streams worldwide.
 	Transmission: The primary mode of transmission of T. bryosalmonae is through exposure to spore-containing water. Fish become infected by ingesting spores released by infected bryozoans or by ingesting infected fish or invertebrates.
 	Prevention and treatment: There is no known cure for PKD caused by T. bryosalmonae, and prevention is the key approach to managing the disease. Measures such as maintaining good water quality, minimizing stress on fish, and avoiding the introduction of infected fish or invertebrates into new areas can help prevent the spread of T. bryosalmonae.
 	Zoonotic potential: There is no current evidence to suggest that T. bryosalmonae is zoonotic. However, fish infected with T. bryosalmonae may be unsuitable for human consumption due to the parasite’s impact on their health.
 
 Myxobolus cerebralis
 Myxobolus cerebralis is a myxosporean parasite that causes whirling disease in salmonid fish, particularly trout. Myxobolus cerebralis has a complex life cycle and consists of two main stages: the spore and the actinospore.
 
 	Life cycle:  	Spore stage: The spores of cerebralis are released into the water when infected fish excrete them in their feces. These spores can survive in the environment for several years. When ingested by a suitable host, the spores release a small motile structure called a triactinomyxon (TAM).
 	Actinospore stage: The TAM stage is active in the invertebrate host, which is an aquatic oligochaete worm. The TAM penetrates the worm’s gut wall and develops into a multicellular structure called the actinospore. Actinospores released by infected oligochaetes infect salmonid fish. Once inside the fish, the actinospore invades the cartilage of the fish, particularly the skull and spinal column. The parasite grows, causing deformities in the fish and interfering with its ability to swim properly. Symptoms of cerebralis infection include skeletal deformities, reduced growth rates, and swimming abnormalities such as whirling or spinning behavior, hence the common name “whirling disease.”
 
 
 	Host range: Myxobolus cerebralis affects salmonid fish, including trout, salmon, and whitefish.
 	Transmission: The parasite is primarily transmitted through contaminated water and the feces of infected fish. It can also be spread through the movement of infected fish, birds, mammals, or equipment between water bodies. The parasite is particularly problematic in hatcheries and fish farms, where fish are raised in proximity to one another.
 	Prevention: Preventing the spread of Myxobolus cerebralis involves implementing strict biosecurity measures, such as disinfecting equipment and vehicles that have been in contact with infected fish or contaminated water.
 	Treatment: There is no cure for Myxobolus cerebralis infections, and treatment options are limited. Management strategies include using clean water sources, disinfecting equipment and facilities, and using resistant fish strains. Some fish populations have been successfully treated with chemical or biological control measures,[2] However, these methods are often expensive and may not be feasible in large bodies of water or in all production settings.
 	Zoonotic potential: There is currently no evidence of zoonotic transmission of this parasite.
 
 Enteromyxum leei
 Enteromyxum leei is a myxosporean parasite that primarily affects marine fish such as sea bream and sea bass. Enteromyxum leei infects the intestines of marine fish. It causes severe inflammation and damage to the intestinal lining, leading to a range of clinical signs.
 	Life cycle: The life cycle of Enteromyxum leei is complex and involves two hosts: a marine fish and a marine worm. The parasite produces spores in the intestines of infected fish; the spores are released into the water through feces. These spores are then ingested by marine worms, in which they develop into infective stages that are released into the water. The fish then ingest the infective stages, and the cycle repeats.
 	Host range: Enteromyxum leei primarily infects marine fish, particularly marine sparids such as sea bream and sea bass, but has also been reported in other species, including turbot, sole, and porgies.
 	Transmission: The primary mode of transmission of Enteromyxum leei is through contaminated water. Transmission requires the presence of both definitive and intermediate hosts.
 	Prevention: Preventing the spread of Enteromyxum leei involves a combination of measures, including strict biosecurity measures to prevent the introduction of infected fish and marine worms into new waterways or farms, strict sanitation practices, and good management practices such as avoiding overstocking and ensuring optimal water quality.
 	Treatment: There is currently no known cure for Enteromyxosis caused by Enteromyxum leei. Treatment options utilized have not always been effective, so prevention and control of the parasite are the most effective strategies.
 	Zoonotic potential: There is currently no known zoonotic potential for Enteromyxum leei, meaning that it does not pose a risk to human health.
 
 Henneguya ictaluri
 Henneguya ictaluri is a myxosporean parasite. It is an important pathogen of channel catfish (Ictalurus punctatus) and causes proliferative gill disease (also known as “hamburger gill disease”), particularly in the southeastern United States.
 	Life cycle: The life cycle of Henneguya ictaluri involves two hosts: the definitive host, the catfish, and the intermediate host, a polychaete worm. The parasite releases its spores into the water, which are then ingested by the polychaete worm. Inside the worm, the spores develop into multicellular structures called myxospores, which are then released into the water. The catfish ingests the myxospores while feeding, and the parasite then develops inside the catfish’s muscles.
 	Host range: Henneguya ictaluri is specific to channel catfish and does not affect other fish species or humans.
 	Transmission: The parasite is transmitted through water contaminated with infected polychaete worms or free myxospores.
 	Prevention: Prevention of Henneguya ictaluri infection involves maintaining good water quality and preventing the introduction of infected fish or polychaete worms into catfish farms. Proper sanitation and disinfection of equipment, tools, and facilities can also help prevent the spread of the parasite.
 	Treatment: No efficacious treatments for Henneguya ictaluri infection in catfish are available.
 	Zoonotic potential: There is currently no evidence to suggest that Henneguya ictaluri can infect humans. The parasite is specific to channel catfish and poses no threat to human health.
 
 Sphaerospora renicola
 Sphaerospora renicola is a parasitic microsporidian that infects the kidneys of freshwater fish. Sphaerospora renicola is a unicellular Myxozoan parasite. This parasite infects the renal tubules of freshwater fish. Infection can lead to severe damage to the kidneys and eventually death.
 	Life cycle: Fish are infected when they ingest spores in contaminated food or water. The spores release a polar filament that penetrates the epithelial cells of the renal tubules, where the parasite replicates and produces spores. The new spores are then excreted in urine, contaminating water and infecting susceptible fish.
 	Host range: Sphaerospora renicola infects a wide range of freshwater fish species, including carp, trout, and salmon.
 	Transmission: The parasite is transmitted through the ingestion of spores in contaminated food or water.
 	Prevention: Measures include maintaining good water quality, avoiding overcrowding, and providing proper nutrition for the fish.
 	Treatment: There is currently no cure for Sphaerospora renicola infection in fish. Treatment options include controlling water quality, providing proper nutrition and sanitation, and reducing stress. Infected fish should be isolated to prevent the parasite from spreading to healthy fish.
 	Zoonotic potential: There is currently no evidence to suggest that Sphaerospora renicola can infect humans. However, care should be taken when handling infected fish or contaminated water to prevent the spread of other potential zoonotic pathogens.
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		4.4 Microsporidian Parasites

								

	
				Microsporidians are a unique group of organisms that are closely related to fungi. Microsporidians were previously grouped with the myxozoans, but have since been separated due to advances in genetic studies.[1]
 Heterosporis sutherlandae
 [image: Two dead fish with skin peeled back to note areas in the filet where discoloration and lesions are present.]Figure 4.5. Two Heterosporis-positive fish submitted to the Minnesota Veterinary Diagnostic Laboratory. A) Walleye (Sander vitreus) 29.2 cm long. B) Yellow perch (Perca flavescens) 16.3 cm long. Arrows indicate sites of Heterosporis-induced lesions, with multifocal to coalescing necrosis of muscle tissue. [Image Source: Phelps et al (2015). PLoS ONE: https://doi.org/10.1371/journal.pone.0132027] Heterosporis sutherlandae is a microsporidian parasite. Significant economic losses occur in the fish farming and aquaculture industries. Several locations across the Great Lakes of North America harbor the endemic H. sutherlandae; the parasite is a reportable pathogen in some states.
 	Life cycle: Heterosporis sutherlandae has a two-stage life cycle. The first stage is the spore stage, where the parasite is found in the muscle tissue of infected fish. The second stage is the infective stage, where the spores are released into the water and ingested by other fish. Once ingested, the spores hatch and release small mobile cells called sporoplasm, which can infect the new host’s muscle tissue and begin the cycle again.
 	Host range: Heterosporis sutherlandae infects a wide range of freshwater fish, including yellow perch, walleye, northern pike, rainbow trout, fathead minnow, channel catfish, largemouth bass, and koi.[2]
 	Transmission: The primary mode of transmission is through the ingestion of contaminated food or water. Spores can survive in water for long periods and are resistant to many disinfectants.
 	Prevention: Preventing Heterosporis sutherlandae infection in fish involves implementing strict biosecurity measures in fish farming operations. Prevention measures include ensuring water sources are free of contamination, regularly monitoring fish health, and quarantining new fish before introducing them to an established population.
 	Treatment: There is currently no cure for Heterosporis sutherlandae infections. However, infected nonfood fish can be treated with antibiotics such as fumagillin and with supportive care to manage symptoms and improve their overall health.
 	Zoonotic potential: There is currently no evidence to suggest that Heterosporis is zoonotic. However, it is important to handle and prepare fish properly to reduce the risk of other potential zoonotic infections.
 
 
	Siddall, M. E., Martin, D. S., Bridge, D., Desser, S. S., & Cone, D. K. (1995). The demise of a phylum of protists: phylogeny of Myxozoa and other parasitic Cnidaria. The Journal of parasitology, 961–967. https://doi.org/10.2307/3284049 ↵
	Miller, P. (2009). Diagnosis, prevalence, and prevention of the spread of the parasite Heterosporis sp.(Microsporida: Pleistophoridae) in yellow perch (Perca flavescens) and other freshwater fish in northern Minnesota, Wisconsin, and in Lake Ontario (Doctoral dissertation). http://digital.library.wisc.edu/1793/37972 ↵



	

			
			


		
	
		
			
	
		

		4.5 Platyhelminthic Parasites

								

	
				Platyhelminthic parasites fall into three main categories: monogeneans, digeneans (trematodes), and cestodes.
 Monogenean Parasites
 Gyrodactylus salaris
 [image: Microscopic photo of a G salaris parasite, with an insectoid top-half body and a long, worm-like back half.]Figure 4.6. Gyrodactylus salaris. [Image source: The Scottish Government, Crown Copyright, via Wikimedia] Gyrodactylus salaris is a parasitic flatworm that infects salmonid fish, including salmon and trout. It is considered one of the most harmful parasites for salmonids, as it causes open wounds by feeding on the host’s epidermis. This parasite is considered a foreign animal disease since it is not reported in the United States and is listed as a reportable disease by the World Organization for Animal Health (OIE). To understand the seriousness of this disease, study the OIE Aquatic Code online.
 	Description: Gyrodactylus salaris is a small flatworm with an elongated body and two suckers at the front end. The trematodes are small, up to 1.5 mm long, but just visible to the naked eye.
 	Life cycle: Gyrodactylus salaris has a direct life cycle, meaning it can reproduce without an intermediate host. The parasite is viviparous, meaning that sexually mature adults release larvae rather than eggs. The parasite has a complex reproductive system and is hermaphroditic, meaning that each worm has both male and female reproductive organs.
 	Host range: Gyrodactylus salaris is specific to salmonid fish and has been found to infect several species, including Atlantic salmon, rainbow trout, and brown trout.
 	Transmission: The parasite is transmitted through direct contact with infected fish or contaminated water. The parasite can also be spread by birds or mammals that prey on infected fish or by the movement of infected fish or equipment between water bodies.
 	Prevention: Preventing the introduction and spread of Gyrodactylus salaris is critical to managing the parasite. Prevention measures include strict biosecurity measures in aquaculture facilities, such as disinfecting equipment, screening new fish, and implementing quarantine procedures. Monitoring of wild populations can also help detect and prevent the spread of the parasite.
 	Treatment: There is no effective treatment for Gyrodactylus salaris infections, and infected fish usually die within a few months. Eradication efforts have been successful in some regions through chemical treatments, but these approaches can be costly and pose environmental risks. For example, rotenone can be used to kill the parasites in a water source, but this treatment will also kill the fish in the environment, making it a less practical treatment choice.
 	Zoonotic potential: Gyrodactylus salaris is not known to infect humans and is not considered a zoonotic pathogen.
 
 Dactylogyrus spp.
 Dactylogyrus spp. are parasitic flatworms that commonly infect the gills of freshwater fish, including carp, goldfish, and other cyprinid species.
 	Description: Dactylogyrus spp. are small flatworms that range in size from 0.1 to 1.5 mm in length and can be visible to the naked eye. They have hooks and suckers that allow them to attach to their host’s gill tissue.
 	Life cycle: The life cycle of Dactylogyrus spp. involves both sexual and asexual reproduction. Adult worms mate and lay eggs that hatch into free-swimming larvae. The larvae then infect new hosts and develop into adults, starting the cycle over again.
 	Host range: Dactylogyrus spp. have a broad host range and have been found in a variety of freshwater fish species.
 	Transmission: The parasite is transmitted through direct contact with infected fish or contaminated water. The parasite can also be spread through the movement of infected fish or equipment between water bodies.
 	Prevention: Preventing the introduction and spread of Dactylogyrus spp. is critical to managing the parasite. Prevention measures include strict biosecurity measures in aquaculture facilities, such as disinfecting equipment, screening new fish, and implementing quarantine procedures. Monitoring of wild populations can also help detect and prevent the spread of the parasite.
 	Treatment: There is no effective treatment for Dactylogyrus spp. infections, and infected fish may suffer from gill damage and respiratory distress, leading to reduced growth and increased mortality. Chemical treatments, such as formalin or potassium permanganate, can be used to control the parasite. However, these treatments can be costly and pose environmental risks.
 	Zoonotic potential: Dactylogyrus spp. are not known to infect humans and are not considered zoonotic pathogens.
 
 Digenean Trematodes
 “Digenea” comes from the Greek word “double race,” because these organisms reproduce during both the adult and larval stages. The life cycle of digenean trematodes is briefly as follows:
 Egg → Miracidium → Sporocyst → Redia → Cercaria → Adult
 Not all trematodes will follow the exact sequence of stages. Some species will omit redia and produce cercariae from the sporocysts. In some, the cercariae develop into adults within the currently infested host.
 [image: Life cycle of a digenean trematode: eggs develop into miracidium, infect an intermediate host (snail), develop into cercaria, infect 2nd host (fish) as mercercaria, and finall reach final host (bird) after fish is eaten.]Figure 4.7. Illustrated Life Cycle of a Digenean Trematode. [Image Source: Stout et al (2024), CC BY 4.0, adapted to match style of the following figure.] The life history of digenean trematodes, in general, follows the storyline of wading birds carrying the adult parasite in the intestine; the eggs are excreted with feces and enter the environment to hatch; the resulting miracidia migrate through the water to penetrate aquatic molluscs. Sporocysts reside in the mollusc and develop to release many cercariae, which find and penetrate a fish to become sexually mature metacercariae in the kidney, liver, pericardium, and spleen. When a bird eats the fish, the metacercariae are released and develop rapidly, becoming sexually mature in the intestinal tract. Although many aquatic organisms may harbor these parasites, human infections are associated with the consumption of raw or undercooked fish.
 Nanophyetus salmincola
 Nanophyetus salmincola is a parasitic flatworm commonly known as the salmon poisoning fluke. It is found in freshwater and estuarine areas of the Pacific Northwest of North America, including California, Oregon, Washington, and Alaska.
 	Life cycle: The life cycle of Nanophyetus salmincola occurs primarily in wild salmonids exposed to cercariae. Hatchery fish are less frequently exposed because snails are absent in the culture water. The life cycle involves three hosts. Carnivorous mammals and piscivorous birds are the definitive hosts. The trematode releases eggs into streams via the host’s feces. The eggs hatch into free-swimming miracidia that enter the stream snail found in northern California, in Oregon west of the Cascade Mountains, and in Washington’s Olympic Peninsula. Parasite distribution is limited by snail distribution. After cercariae develop in the snail, they are released to enter the second intermediate hosts, which are salmonids (a small number of freshwater species) and the Pacific giant salamander. The cercariae encyst to become metacercariae. When the definitive host eats infected fish, the adult trematode releases eggs in the host’s feces. The most affected fish are salmonids of the genera Salvelinus, Salmo, and Oncorhynchus. Heavy cercaria infestations released from snails are rapidly fatal. Goldfish in an aquarium with a few snails can be killed within hours.
 	Host range: Nanophyetus salmincola infects a wide range of carnivorous animals, including domestic dogs, which are susceptible to the coexisting presence of the bacteria Neorickettsia helminthoeca in the trematode.
 
 [image: Life cycle of liver fluke. Described in detail below.]Figure 4.8. Life cycle of the Opisthorchis viverrini. This liver fluke has a similar life cycle and transmission process to the Nanophyetus salmincola. [Image source: Juliaturnermda via Wikimedia, CC BY SA 4.0, adapted to translate labels to English.] Long image description:  	Embyonated eggs are passed in feces.
 	Eggs are ingested by snail as intermediate host, where they develop through the following stages: 	Miracidia
 	Sporocysts
 	Rediae
 	Cercariae
 
 
 	Cercariae encyst int eh skin or flesh of freshwater fish.
 	Metacariae in flesh or skin of fish are ingested, and fluke matures in human liver.
 
  
 	Transmission: The discussion of this parasite’s transmission is often focused on the domestic dog because of the hazardous outcomes of Neorickettsia helminthoeca transmission, which causes salmon poisoning disease. In susceptible salmonid species cultured for food production, transmission is associated with snails residing in the production facility’s water.
 	Prevention: Prevention of Nanophyetus salmincola infection may occur a few times in the life cycle of the host fish. For fish, the avoidance of snail-infested water avoids exposure to the infective cercariae. Biosecurity practices to prevent snail incursion into hatcheries eliminate the parasite in livestock.
 	Treatment: Wild salmonids are not treated. In hatcheries using untreated surface water, infestation rates can be devastating to production. Once infected, salmonids can suffer severe consequences, with rapid mortality following heavy infestations. Hershberger (2019) reported a successful decrease in cercariae populations with formalin, hydrogen peroxide, and high-salinity seawater.[1]
 	Zoonotic potential: Nanophyetus salmincola can infect humans. In humans, infection can cause a condition known as salmon poisoning disease. Salmon poisoning disease is a rickettsial disease, meaning that the fluke infection itself is not pathogenic, but the rickettsial bacteria (Neorickettsia helminthoeca) it harbors cause gastrointestinal disease. Dogs are likely to experience fever, vomiting, diarrhea, bloody diarrhea, lethargy, enlarged lymph nodes, physical collapse, and death.[2] Human infestations with Nanophyetus salmincola have been reported. However, no documented cases of salmon poisoning disease have been reported.[3]
 
 Uvulifer ambloplitis
 Uvulifer ambloplitis is a parasitic flatworm and one of the causes of black spot disease in some common sport fish species. [4] It is found in freshwater bodies of North America, particularly in the Great Lakes region and the Mississippi River basin.
 	Description: Uvulifer ambloplitis has a long and flattened body that is tapered at both ends. It can reach up to 20 mm in length and is brown. U. ambloplitis has been shown to cause mortality at parasite loads of >50 cysts/fish.
 	Life cycle: This digenean trematode resides in the gut of kingfishers (Megaceryle spp.) as adults, where they lay eggs that are passed in the feces. The eggs hatch in water, and the free-swimming miracidia that infect a mollusc (snails of Helisoma sp. and Lepomis sp.), which serve as the first intermediate host. The miracidium develops into cercariae that reproduce asexually once released from the snail, becoming free-swimming cercariae searching for a second intermediate host. The cercaria penetrate the skin of fish such as bass, bluegill, crappie, sunfish, and others. Once inside the fish, the cercariae encyst as black-spot metacercariae under the skin, in fins, or other superficial tissues. The resulting black cyst is an immune pigmentation response of the host. The black spots visible through the skin give the name “black spot” to the condition. When an infected fish is consumed by piscivorous birds, the cysts release fluke larvae, which become adults in the gut cavity. The life cycle is completed when the eggs are laid, exit the feces, hatch in water, and search for the mollusc.[5]
 	Fish host range: Freshwater fishes in the Esocidae, Centrarchidae, and Cyprinidae families can serve as second intermediate hosts.
 	Transmission: Fish are infected by consuming the snails infected with the first intermediate larvae. Human consumption of the infected fish is not known to cause infection or transmission. Cooking effectively destroys the encysted second intermediate stage.
 	Prevention: Water management practices that control snails break the parasite’s life cycle, preventing fish infection. Extensive production systems can attempt to control the presence of kingfishers to reduce the transmission or reintroduction to water impoundments.
 	Treatment: Treatment is seldom needed. Uvulifer ambloplitis infection in fish does not have approved treatments for food fish species.
 	Zoonotic potential: Uvulifer ambloplitis has no known zoonotic potential.
 
 Posthodiplostomum minimum
 Posthodiplostomum minimum is a parasitic flatworm commonly known as the white grub, as its grubs are often found embedded in internal organs. It is found in freshwater bodies throughout North America, particularly in the Great Lakes region and the Mississippi River basin.
 	Description: Posthodiplostomum minimum has a flattened body that is tapered at both ends. It can reach up to 1 cm in length and is yellowish-brown.
 	Life cycle: The life cycle of Posthodiplostomum minimum involves three hosts. The adult fluke lives in piscivorous birds, such as herons and cormorants, where it lays eggs that are passed out in the feces. The eggs hatch in water, and the larvae infect snails, which serve as the first intermediate host. The larvae develop into infective cercariae, which are released from the snail and can penetrate the skin of fish. Once inside the fish, the cercariae typically migrate to the pericardium, liver, kidney, and spleen. GL Hoffman reported in 1958 that heavy laboratory infestations could spread metacercariae throughout the body, including migration into the eye.[6] The infected fish is then consumed, where the fluke larvae mature into adult flukes, completing the life cycle.
 	Host range: Posthodiplostomum minimum primarily infects fish, particularly sunfish and perch. The adult flukes are found in piscivorous birds, particularly herons and cormorants.
 	Transmission: Posthodiplostomum minimum is transmitted through the ingestion of raw or undercooked fish infected with fluke larvae.
 	Prevention: Posthodiplostomum minimum infection can be prevented by avoiding the consumption of raw or undercooked fish, particularly sunfish and perch. Cooking fish to an internal temperature of at least 145°F for at least 15 seconds can kill the fluke larvae.
 	Treatment: No treatment is available for Posthodiplostomum minimum infection in fish. Infected fish should be disposed of properly to prevent transmission to piscivorous birds.
 	Zoonotic potential: Posthodiplostomum minimum does not have zoonotic potential when fish are adequately cooked.
 
 Clinostomum spp.
 [image: Photo of a microscopic parasite, an elongated, fat, wormlike organism.]Figure 4.9. An image of a Clinostomum spp. organism. [Image Source: Mike Kinsella via Wikimedia Commons, public domain.] Clinostomum spp. are digenean trematodes (parasitic flatworms) that infect various species of fish-eating birds and freshwater fishes.
 	Description: Clinostomum spp. have an elongated, leaf-shaped body with two suckers: an oral sucker at the anterior end and a ventral sucker in the middle of the body. They have a complex life cycle that involves two intermediate hosts: a snail and a fish.
 	Life cycle: Adult worms live in the mouth and throat of birds, where they lay eggs that are passed in the bird’s feces. The eggs hatch in water, and the miracidia (larvae) penetrate a freshwater snail, where they undergo several developmental stages to produce cercariae (another larval stage). The cercariae are released from the snail and infect freshwater fish. Inside the fish, the cercariae develop into metacercariae (the infective stage for birds), which fish-eating birds consume.
 	Host range: Clinostomum spp. have been reported to infect over 100 fish species and more than 60 bird species worldwide. They are commonly found in freshwater bodies, including lakes, ponds, and rivers.
 	Transmission: Clinostomum spp. transmission to humans is rare but can occur through the consumption of raw or undercooked fish infected with metacercariae. Humans are accidental hosts, and the parasite cannot complete its life cycle in the human body.
 	Prevention and treatment: The best way to prevent Clinostomum spp. Infection is prevented by thoroughly cooking fish before eating. There is no specific treatment for human infections with Clinostomum spp. In general, antiparasitic drugs such as praziquantel or albendazole can be used to treat trematode infections, but their efficacy against Clinostomum spp. is not well established.
 	Zoonotic potential: Clinostomum spp. are known to cause disease in birds and fish, but their impact on human health is limited. While rare, human infections have been reported, and infection can lead to acute pharyngitis or laryngitis. Most cases are not severe.[7]
 
 Diplostomum spp.
 Diplostomum spp. are parasitic trematode flatworms that infect freshwater fish and other aquatic animals, such as snails. There are over 100 species of Diplostomum, and they have a worldwide distribution.
 	Life cycle: The life cycle of Diplostomum spp. involves multiple hosts. The adult worms live in definitive hosts such as birds, mammals, or reptiles. The eggs are excreted in the host’s feces and hatch in freshwater. The larvae then infect snails, where they develop into cercariae. The cercariae are released from the snail and swim in the water, where they infect fish. Inside the fish, the cercariae develop into metacercariae, which can invade the retina of several freshwater fish species and impair vision. This loss of vision inhibits feeding and lowers the ability to avoid predation. Thus, the parasite’s life cycle comes full circle.[8]
 	Host range: Diplostomum spp. have a broad host range, including fish, birds, mammals, and reptiles.
 	Transmission: Diplostomum spp. are transmitted through the consumption of undercooked or raw infected fish.
 	Prevention: Preventing Diplostomum spp. infections involves cooking fish to a safe temperature, avoiding eating raw or undercooked fish, and properly cleaning and cooking fish.
 	Treatment: Several medications, such as praziquantel and triclabendazole, are available to treat Diplostomum spp. infections.
 	Zoonotic potential: Diplostomum spp. can infect humans, but infections are rare. Symptoms of infection in humans can include abdominal pain, nausea, and diarrhea. In severe cases, the infection can cause damage to the eyes.
 
 Heterophyidae spp.
 Heterophyidae spp. infect many fish, but freshwater species are particularly vulnerable. Infection with Heterophyidae spp. is known as heterophyiasis.
 	Life cycle: The life cycle of Heterophyidae spp. in fish involves the same stages as in humans, dogs, and cats. The adult worms live in the small intestines of definitive hosts, and the eggs are excreted in the host’s feces and hatch in freshwater. The larvae infect snails or bivalve mollusks, where they develop into cercariae, a free-swimming larval stage. The cercariae are released from the snail or bivalve and swim in the water, where they infect fish or crustaceans. Inside the fish or crustacean, the cercariae develop into metacercariae, which can then infect humans, dogs, cats, or other animals that consume undercooked or raw infected fish or crustaceans.
 	Host range: Heterophyidae spp. can infect a wide range of freshwater fish, including carp, catfish, and tilapia.
 	Transmission: Heterophyidae spp. in fish are transmitted through the consumption of undercooked or raw infected fish.
 	Prevention: Heterophyidiasis in fish can be prevented by thoroughly cooking fish before consumption.
 	Treatment: There are no specific medications available to treat heterophyidiasis in fish, but proper cooking of the fish can eliminate the parasite.
 	Zoonotic potential: Heterophyidiasis in fish poses a low zoonotic threat, as the parasites are typically eliminated by proper cooking of the fish. However, consuming undercooked or raw infected fish can lead to infections in humans, dogs, cats, and other animals.
 
 Cestode Parasites
 Cestodes, commonly known as tapeworms, are a group of parasitic flatworms that can infect fish and other animals. Cestodes are elongated, segmented worms with a scolex (head) bearing hooks or suckers that allow them to attach to the host’s intestinal wall. They have a long ribbon-like body composed of proglottids, segments that contain reproductive organs. The mature proglottids, or “gravid” segments, contain large numbers of eggs, which are released into the environment with the host’s feces.
 The life cycle of cestodes typically involves two hosts. The adult worms live in the intestine of the definitive host, which, in the case of fish tapeworms, is typically a fish-eating bird or mammal. The eggs are passed out with the host’s feces and can be ingested by an intermediate host, such as a freshwater snail or a crustacean. Inside the intermediate host, the eggs hatch and the larvae develop into cysticerci, the infective stage for fish. The cysticercus is consumed by a fish, where it develops into an adult tapeworm.
 Cestode parasites can infect a wide range of fish species, including both freshwater and marine species. There are several effective treatments for cestode infections in fish, including praziquantel and niclosamide. Cestode infections in humans from eating undercooked fish are typically asymptomatic, but in some cases, they can cause abdominal pain, diarrhea, and weight loss. While rare, cestode infections in humans can be severe, and properly cooking fish is the best way to prevent them.
 Diphyllobothrium latum
 [image: Poster showing the lifecycle and transmission of tapeworms from eggs to human and animal infection.]Figure 4.10. Informational poster about Diphyllobothriid tapeworms. [Image Source: CDC via Wikimedia Commons, public domain.] Long image description:  	Unembryonated eggs are passed in feces of definitive host.
 	Eggs embryonate in water.
 	Coracidia hatch from eggs and are ingested by the first intermediate host, crustaceans.
 	Procercoid larvae develop in body cavity of crustaceans.
 	The infected crustacean is ingested by a second intermediate host, usually a fish. Procercoid larvae released from the crustacean develop into plerocercoid larvae.
 	A predator fish (paratenic host) eats small fish and the plerocercoid invades tissue.
 	A definitive host ingests plerocercoid in infected fish. Many fish-eating mammals (dogs, seals) and birds are definitive hosts.
 	The parasite develops into adult tapeworms in the small intestine, and the cycle repeats.
 
  
 Diphyllobothrium latum is a type of tapeworm that primarily infects fish-eating mammals, including humans. It is commonly known as the broad or fish tapeworm.
 	Life cycle: Diphyllobothrium latum has a two-host life cycle. The first host is typically a freshwater copepod that becomes infected by ingesting tapeworm eggs. The eggs hatch inside the copepod and develop into larvae known as procercoids. The second host is a fish, which ingests the infected copepod. The procercoids migrate to the fish’s muscles, where they develop into plerocercoids, the adult tapeworm stage. Humans and other fish-eating mammals become infected by ingesting raw or undercooked fish containing the plerocercoid larvae.
 	Host range: The primary hosts of Diphyllobothrium latum are fish-eating mammals, including humans. The tapeworm can infect a wide range of fish species, including salmon, trout, pike, and perch.
 	Transmission: Diphyllobothrium latum is transmitted to humans by ingesting raw or undercooked fish that contain the tapeworm larvae. The tapeworm cannot be transmitted from person to person.
 	Prevention: The best way to prevent infection with Diphyllobothrium latum is to thoroughly cook all fish before eating. Freezing fish at −4°F (−20°C) for at least 24 hours can also kill the tapeworm larvae. It is important to avoid eating raw or undercooked fish, especially from endemic areas.
 	Treatment: Treatment for Diphyllobothrium latum infection involves medication such as praziquantel, which is highly effective at killing the tapeworm.
 	Zoonotic potential: Diphyllobothrium latum is a zoonotic parasite, meaning it can be transmitted from animals to humans. The tapeworm is commonly found in fish from freshwater lakes and rivers in Europe, Asia, and North America. Infection with Diphyllobothrium latum in humans can lead to a condition known as diphyllobothriasis, which can cause abdominal pain, diarrhea, and weight loss. Severe cases may require hospitalization.
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		4.6 Nematode Parasites

								

	
				Nematodes are parasitic roundworms that can infect various tissues and organs of fish. They have a mouth with tooth-like structures and can attach to or invade various tissues in the fish’s body. The life cycle of nematode parasites typically involves an intermediate host, such as a copepod or crustacean, and a definitive host, such as a fish. Nematode parasites can infect a wide range of fish species, both freshwater and marine. Nematode parasites can be transmitted through contaminated water or by ingestion of infected intermediate hosts. Some chemical treatments, such as levamisole or fenbendazole, can be effective against particular nematode species, but they can be costly and pose environmental risks.
 [image: Anisakiasis poster from the CDC. Shows life cycle and transmission process.]Figure 4.11. Anisakis simplex. [Image Source: CDC via Wikimedia Commons, public domain.] Long image description:  	Definitive hosts excrete unembryonated eggs in feces.
 	The eggs become embryonated in water and L3 larvae form in the eggs.
 	L3 larvae hatch from the eggs as ensheathed, free-swimming forms.
 	These free-swimming larvae are ingested by crustaceans and develop in the hemocoel
 	The infected crustaceans are eaten by fish or cephalopod paratenic hosts. L3 larvae released in digestion migrate to the mesentery and muscle tissues, and can be transferred to other paratenic hosts via predation.
 	Paratenic hosts maintain L3 larvae in tissues, which are infective to definitive hosts.
 	When marine mammals ingest fish/squid paratenic hosts, L3 larvae develop into adults in the gastric mucosa (before restarting the life cycle).
 	Alternatively, the parasite may be transferred to humans after the ingestion of raw or undercooked seafood.
 	Diagnosis of anisakiasis can be made by gastroscopic examination during which the larvae can be removed.
 
  
 Anisakis simplex
 Anisakis simplex is a parasitic nematode that commonly infects marine fish, such as cod, haddock, and salmon, as well as marine mammals, such as whales and dolphins.
 	Description: Anisakis simplex is a parasitic nematode that is about 2–3 cm in length. The larvae of this parasite can be found in the muscle, liver, and digestive tract of fish.
 	Life cycle: The life cycle of Anisakis simplex begins when adult worms in the digestive tract of marine mammals produce eggs that are shed in the feces. The eggs hatch in the water into larvae, which are then ingested by small crustaceans. The larvae then infect fish, causing damage and inflammation. When a fish-eating marine mammal eats the infected fish, the larvae are released from the fish’s digestive tract and develop into adult worms in the mammal’s digestive tract, completing the life cycle. It is important to note that the parasite can complete its life cycle only with the help of marine mammals. Humans are considered “dead-end” hosts.
 	Host range: Anisakis simplex can infect a wide range of marine fish species, including both wild and farmed fish. It can also infect marine mammals, such as whales and dolphins.
 	Transmission: The transmission of Anisakis simplex to fish is facilitated by the consumption of infected crustaceans or fish that contain infective larvae. The parasite can also be transmitted through the movement of infected fish or by introducing infected fish into new environments.
 	Prevention: Prevention measures for Anisakis simplex include the proper handling and storage of fish, such as freezing or cooking fish before consumption to kill any infective larvae. Thoroughly washing and cleaning fish before preparation can also help to reduce the risk of infection.
 	Treatment: There is no specific cure for Anisakis simplex infection in fish, as the larvae cannot be removed once they have infected the fish. However, proper cooking and freezing of fish before consumption can kill the larvae and prevent infection in humans who consume the fish. The freezing temperatures vary depending on the amount of time the fish spends stored at the necessary temperatures, which range from −4°F to 31°F (−15.5°C to 0°C). In severe cases, medical treatment may be required to remove larvae from the digestive tract.
 	Zoonotic potential: Anisakis simplex is considered a zoonotic parasite, meaning it can infect humans who consume raw or undercooked infected fish. The larvae can cause a condition called anisakiasis, which can lead to symptoms such as abdominal pain, nausea, vomiting, and diarrhea. In rare cases, the larvae may cause more severe allergic reactions or even penetrate the intestinal wall and cause surgical emergencies. To prevent anisakiasis, it is important to properly handle and cook fish before consumption.
 
 Contracaecum spp.
 Contracaecum spp. are parasitic nematodes that commonly infect the digestive tract of fish-eating birds and marine mammals such as seals, cormorants, and pelicans. However, they can also infect fish as intermediate hosts.[1]
 	Description: Contracaecum spp. are parasitic nematodes that have a long, slender, cylindrical body with a tapered end. They measure 10–40 mm in length and have a characteristic coiled appearance. They infect the digestive tract of fish as intermediate hosts, where they can cause damage and inflammation.
 	Life cycle: The life cycle of Contracaecum spp. begins when adult worms in the digestive tract of fish-eating birds produce eggs that are shed in the bird’s feces. The eggs develop into infective larvae in the water and are then ingested by small fish. The larvae migrate to the fish’s intestine, where they penetrate the intestinal wall and form cysts in the fish’s body cavity. The cysts can damage the fish’s organs and tissues, and the larvae can remain dormant within them for extended periods. When a fish-eating bird or marine mammal eats the infected fish, the larvae are released from the cysts and develop into adult worms in the bird or mammal’s digestive tract, completing the life cycle.
 	Host range: Contracaecum spp. can infect a wide range of fish species, including both marine and freshwater fish, as well as other marine and freshwater animals such as seals and dolphins.
 	Transmission: The transmission of Contracaecum spp. between hosts is facilitated by the consumption of infected intermediate hosts by fish-eating birds and marine mammals. The parasite can also be transmitted by the movement of infected fish or the introduction of infected fish into new environments.
 	Prevention: Prevention measures for Contracaecum spp. include the control of bird populations in aquaculture facilities, the use of screening to prevent the entry of infected fish, and the use of disinfection protocols for equipment. Examples of detection methods for Contracaecum spp. include visual examination and pepsin digestion, room-temperature incubation, or ultraviolet light methods.[2] Regular monitoring and testing of fish populations can also help to detect and control outbreaks of the parasite.
 	Treatment: Several options are available for controlling Contracaecum spp. infections in fish, including the use of chemical treatments such as levamisole and mebendazole. However, the effectiveness of these treatments can be limited by environmental factors, regulatory restrictions, and other factors. The improper use of these treatments could lead to parasite resistance, a concern because it makes managing the infection more difficult. Other management strategies include the use of probiotics and immunostimulants to boost the immune system of fish hosts and the development of resistant strains of host fish.
 
 
	Shamsi, S. (2019). Parasite loss or parasite gain? Story of Contracaecum nematodes in antipodean waters. Parasite epidemiology and control, 4, e00087. ↵
	Vuić, N., Turković Čakalić, I., Vlaičević, B., Stojković Piperac, M., & Čerba, D. (2022). The influence of Contracaecum larvae (Nematoda, Anisakidae) parasitism on the population of Prussian carp (Carassius gibelio) in Lake Sakadaš, Croatia. Pathogens, 11(5), 600. ↵



	

			
			


		
	
		
			
	
		

		4.7 Acanthocephala parasites

								

	
				Acanthocephalosis, caused by Acanthocephalus infection, is a prevalent disease in aquaculture. Several species of cultured food fish have been reported to be susceptible, including Atlantic salmon, rainbow and brown trout, tilapia, and tambaqui.[1] The disease is increasingly reported in Brazilian cultures of tambaqui,[2] and was first reported in 2003 in cultured red snapper in Taiwan.[3]
 
 [image: A microscopic photo of a small, shrimp-like parasite.]Figure 4.12. Photo of amphipod sp. [Image Source: Photo by Michal Maňas via Wikimedia Commons, CC BY 2.5] 	Description: Acanthocephalans are notable for the anterior protrudable proboscis covered with spines or hooks. Hence the common name: spiny or thorny-headed worm. The proboscis allows the parasite to pierce the gut wall of the final host, providing anchorage to ensure adult maturation and egg laying.
 	Life cycle: Acanthocephalans are exclusively endoparasites of vertebrates and arthropods.[4] Vertebrates are definitive hosts. A general description begins in the definitive host (fish) intestinal tract, where adults mature and reproduce. The eggs are shed via the feces into the water body in which the host resides. The eggs hatch into free-swimming acanthors that seek out and enter gammarid amphipods, small shrimp-like crustaceans commonly found in both fresh and marine waters. The acanthors develop into acanthella, which then form infective cystacanths. The cycle is completed when the amphipod bearing cystacanths are consumed by the definitive host.
 	Host range: The life cycles of Acanthocephalans may involve several definitive and intermediate hosts. This flexibility works well when host scarcity is high in the ecosystem. In a complex life cycle with fragmentary knowledge, the proposed description of the life-cycle/host-range can be variable.
 	Transmission: The parasite can, in some cases, alter host behavior, such as the phototropism behavior from photophobic to photophilic[5] and alter its protective coloration to increase its chance of being eaten by the subsequent intermediate host.[6] Transmission of acanthocephalans occurs when intermediate hosts are consumed through successive trophic levels until a fish-eating bird or marine mammal. It is reasonable to assume that acanthocephalans have alternative intermediate host pathways, as previously mentioned. New environments can become infested through the movement of infected intermediate hosts, such as fish.
 	Prevention: Strict biosecurity is the best approach, though in outdoor operations, excluding all entrances may be impossible. Prevent introduction of infected intermediate hosts into rearing areas. New incoming or replacement livestock must have a certificate of veterinary inspection stating that the fish were examined and tested negative for parasites of concern. Control fish-eating birds that introduce acanthocephalan parasites by shedding their immature life stages. Regular monitoring will detect the parasite and allow treatment and control to be initiated as soon as detected.
 	Treatment: There are presently no FDA-approved medications for treating fish for Acanthocephalan parasites. The FDA-approved medication emphasizes prevention and various control measures.
 
 
 
	Valladao, G. M. R., Gallani, S. U., Jerônimo, G. T., & Seixas, A. T. D. (2020). Challenges in the control of acanthocephalosis in aquaculture: Special emphasis on Neoechinorhynchus buttnerae. Reviews in Aquaculture, 12(3), 1360–1372. ↵
	Castro, L. D. A., Jerônimo, G. T., Silva, R. M. D., Santos, M. J., Ramos, C. A., & Porto, S. M. D. A. (2020). Occurrence, pathogenicity, and control of acanthocephalosis caused by Neoechinorhynchus buttnerae: A review. Revista Brasileira de Parasitologia Veterinária, 29(3), e008320. ↵
	Cheng, L. W., Rao, S., Wang, P. C., & Chen, S. C. (2022). First report of acanthocephalan parasite, Longicollum pagrosomi Yamaguti, 1935 in cultured red snapper (Lutjanus erythropterus) in Taiwan. Journal of Fish Diseases, 45(4), 579–593. ↵
	Perrot-Minnot, M. J., Cozzarolo, C. S., Amin, O., Barčák, D., Bauer, A., Marijić, V. F., ... & Sures, B. (2023). Hooking the scientific community on thorny-headed worms: interesting and exciting facts, knowledge gaps and perspectives for research directions on Acanthocephala. Parasite, 30, 23. ↵
	Bethel, W. M., & Holmes, J. C. (1973). Altered evasive behavior and responses to light in amphipods harboring acanthocephalan cystacanths. The journal of parasitology, 945–956. ↵
	Hindsbo, O. L. E. (1972). Effects of Polymorphus (Acanthocephala) on colour and behaviour of Gammarus lacustris. Nature, 238(5363), 333. ↵



	

			
			


		
	
		
			
	
		

		4.8 Arthropoda Parasites

								

	
				 Arthropoda include the class Crustacea and the subclass Copepoda.
 Copepod Parasites
 Copepods are among the most serious gill and skin parasites worldwide. This group of crustaceans is found in every water habitat. The stages of development include egg, nauplius, and adult forms. The nauplius form bears little resemblance to the adult form and was once considered a different species, such as the aquatic “insects” called “fish lice.”
 Lepeophtheirus salmonis
 Lepeophtheirus salmonis is a species of parasitic copepod that commonly infests salmonid fish, including Atlantic salmon, Pacific salmon, and rainbow trout.
 	Description: Lepeophtheirus salmonis is a small, flattened crustacean that typically measures between 1 and 5 mm in length. It is an ectoparasite that attaches itself to the skin and gills of its host fish. The parasite has two antennae, a mouth with hooks, and a reproductive system that allows it to produce large numbers of offspring.
 	Life cycle: The life cycle of Lepeophtheirus salmonis begins when adult females lay their eggs on the skin or fins of a host fish. After hatching, the larvae undergo two molts to become copepodids, which then attach to a new host and develop into adults. The life cycle from egg to adult can take between 28 and 50 days, depending on water temperature and other environmental factors.
 	Host range: Lepeophtheirus salmonis primarily infests salmonid fish, including Atlantic salmon, Pacific salmon, and rainbow trout. However, it can also infest other fish species, including Arctic char and sea trout.
 	Transmission: Lepeophtheirus salmonis can be transmitted between fish populations through the movement of infected fish or through contaminated water. It can also spread through the transport of infected aquaculture equipment or through the use of contaminated live bait.
 	Prevention: Prevention measures for Lepeophtheirus salmonis include strict biosecurity protocols in aquaculture facilities, such as screening to prevent the entry of infected fish, disinfection protocols for equipment, and vaccination programs. The use of cleaner fish, such as wrasses, can also be effective in controlling infestations.
 	Treatment: Several options are available to control Lepeophtheirus salmonis infestations, including chemical treatments such as hydrogen peroxide, emamectin benzoate, and deltamethrin. However, the development of resistance to these treatments is a concern. Other management strategies include integrated pest management and the development of host-fish-resistant strains.
 
 Caligus spp.
 [image: A microscopic photo of Caligus, a roughly 9mm long crab-like parasite.]Figure 4.13. Caligus specimen. [Image Source: Eric A. Lazo-Wasem, Yale Peabody Museum, public domain] Caligus spp. are parasitic copepods that are commonly found on the skin and gills of fish. They can cause significant damage to fish populations in aquaculture facilities and in the wild.
 	Description: Caligus spp. are small, flattened crustacean parasites that attach to the skin and gills of fish. They have a complex morphology, including specialized mouthparts for feeding and a pair of antennae for sensing their environment. They are typically 1–5 mm long and can be seen with the naked eye.
 	Life cycle: The life cycle of Caligus spp. involves several stages, including nauplii, copepodids, and adults. Adult females lay eggs, which hatch into nauplii, which then undergo several molts to become copepodids. The copepodids attach to a fish host and develop into adults, which can lay more eggs and continue the cycle.
 	Host range: Caligus spp. can infect a wide range of fish species, both marine and freshwater. Some species are more specific in their host preferences, while others can infect multiple species.
 	Transmission: Caligus spp. can be transmitted through contaminated water or by ingestion of infected intermediate hosts. They also attach to the skin of wild fish and can spread between fish populations through natural movement or human activities such as aquaculture and stocking.
 	Prevention: Measures to prevent Caligus spp. include strict biosecurity measures in aquaculture facilities. Strict biosecurity measures include the use of physical barriers, screening new fish, and disinfecting equipment. Integrated pest management techniques, such as cleaner fish, have also been shown to be effective in controlling Caligus spp. populations.
 	Treatment: Several treatments are available to control Caligus spp. populations in aquaculture settings, including chemical treatments such as hydrogen peroxide and emamectin benzoate. However, the development of resistance to these treatments is a concern. Other management strategies include integrated pest management and the development of Caligus-resistant fish strains.
 
 
 
	

			
			


		
	
		
			
	
		

		4.9 Annelida Parasites

								

	
				 Leeches
 Leeches are in the phylum Annelida. The leeches are in the class Hirudinea, which are the annelids with suckers. The suckers are used to take blood; significant blood loss will lead to anemia. Leeches are also hosts of medically important viruses, bacteria, protozoans, and other parasites.[1]
 	Description: Leeches are tubular-shaped invertebrates with worm-like movements. These jawless parasites have a cephalic sucker with a mouth and a posterior sucker. Some species have teeth to abrade the skin of the chosen host to obtain a blood meal. The parasite group is common worldwide, with both terrestrial and aquatic species. Aquatic habitats include freshwater, brackish water, and marine environments. Piscicolid leeches are ectoparasitic organisms made up of around 60 genera and 120 species that feed on the blood of various types of teleosts and elasmobranchs.
 	Life cycle: The leeches that prefer fish are primarily hermaphroditic and reproduce by self-fertilization. The fertilized eggs are released into what will develop into the cocoon for embryonation. The cocoon attaches to solid surfaces, such as sand or crustacean shells. After hatching into a free-living swimming larva, the leech has about one week to find a suitable host. The entire reproductive cycle lasts about 4 months in some species. This description is of a direct life cycle involving larvae penetration through the skin.
 	Host range: In general, blood-feeding leeches are not host specific, which means all fish available to the leech can complete the life cycle. Leeches may not be taxon-specific because, in some ecosystems, they enlist other vertebrate species, such as frogs, in the aquatic environment.
 	Transmission: Leeches release cocoons into suitable environments in appropriate seasons for incubation in hosts. Cocooning increases the survivability of the offspring.
 	Prevention: The choice of water source used for cultured fish is the paramount prevention decision. Surface water, whether in net pens or piped in, is highly likely to host leeches if the parasite is in the source water. Filtration is a sure but expensive prevention method. With some water sources, the primary avenue of introduction is through new animals, plants, ornaments, and equipment. The simple biosecurity practice of quarantining all incoming live animals and plants for a month will eliminate most of the risk of leeches entering through that route. Cleaning all equipment entering the facility will help prevent the introduction of this parasite.
 	Treatment: There are no registered products available in the United States to control or eliminate leeches in water systems in facilities. If a facility has few fish and few leeches, manual removal and monitoring can work. Keeping the tank clean of bottom muck and debris eliminates the refuge for leeches that drop off the host after feeding. Frequent tank cleaning reduces the available surfaces for egg cocoons to attach to and the time they have to incubate. Some species may be able to commingle with the susceptible fish as a biocontrol method. Largemouth bass, catfish, and bluegills may be used when suitable, as leeches are a food source for these species. Prevention is more effective than treatment in dealing with leeches.
 
 
 
	Salimi, B., & Abdi, K. (2016). Detection of infectious pancreatic necrosis virus from the leeches Hemiclepsis marginata and Hirudo medicinalis. Journal of aquatic animal health, 28(4), 209–213. ↵



	

			
			


		
	
		
			
	
		

		4.10 Mollusca Parasites

								

	
				Molluscs (bivalves) are soft-bodied invertebrates of the phylum Mollusca that are enclosed in a calcium carbonate shell. Most freshwater clams attach to an obligate host fish for successful transition through the larval stage. Bivalves release larval forms called glochidia that attach to the gills and body surfaces of fish. If the larval infestation is heavy, the host fish may be compromised in its respiration. As temporary parasites, the glochidia will further develop and detach from the fish at various points to permit their wider dispersal in the environment. Figure 4.14 shows gills with dark circular glochidia attached.
 [image: Close-up photo of a fish' gills, with small circles present in the center of the frame.]Figure 4.14. Glochidia embedded in fish gill lamella. [Image Source: Topminnow gill with glochidia, U.S. Fish and Wildlife Service Southeast Region via Flickr, CC BY 2.0] 	Description: The glochidia are seen in parasite exams of gills and fins in some locations where the bivalve and fish species are compatible.
 	Life cycle: The life cycle is direct, from the parent bivalve to the gills and other surfaces of a fish, with subsequent dispersal into the environment. The fish serves as a means of dispersing the mollusc’s population.
 	Host range: Depending on the species, the host may be specific. Some bivalves are nondiscriminative in host choice for development and distribution.
 	Transmission: Bivalves that need to infest a fish with glochidia use an extension that appears as a food item to the potential host. When the host fish attempts to capture and eat the extension, the glochidia are dispersed into the mouth and through the gill structures for attachment. The glochidia that escape the gills attempt to attach to the body surface.
 	Prevention: If prevention is needed, the fish can be moved to a water enclosure without clams.
 	Treatment: This author is not aware of an approved molluscicide to use in the presence of food fish.
 
 
	

			
			


		
	
		
			
	
		

		4.11 Chordata Parasites

								

	
				Lampreys
 Lampreys are often excluded from discussions of parasites. However, they are newsworthy at least in the Great Lakes region because of the tremendous devastation they cause, driving populations of Salvelinus namaycush (lake trout) to near extinction. Other fish species are also parasitized. The lamprey Petromyzon marinus was inadvertently allowed to enter the Great Lakes above Niagara Falls when the Welland Canal between Lakes Ontario and Erie was opened for shipping.
 	Description: Lampreys are chordates that have an eel-like body appearance without a jaw. The mouth structure is a sucker mechanism bordered with teeth to chew through fish skin and scales to take blood.
 	Life cycle: Adults spawn once and then die. They are anadromous; they would normally migrate from the ocean to spawning streams. However, the Great Lakes population is landlocked, with the Great Lakes providing the “ocean” equivalent for the life cycle. The larvae hatch and become buried in the stream bottom for several years as filter feeders. The adults are blood eaters with the potential to consume 40 pounds of fish over their one- to one-and-a-half-year feeding period.
 	Host range: Hosts are primarily lake trout in the Great Lakes and sometimes other freshwater fish species.
 	Transmission: The life cycle is direct, without parasitic stages before or after the adult blood-feeding stage.
 	Prevention: Best achieved by using a freshwater source without lamprey populations.
 	Treatment: Strictly controlled selective toxicants are administered in the feeding streams. Nothing is available for on-site treatment.
 
 
	

			
			


		
	
		
			
	
		

		4.12 Economic and Ecological Impacts of Fish Parasites

								

	
				Economic Impacts
 Fish parasites can have a significant impact on both the aquaculture and fisheries industries. They can affect the health of fish in aquaculture and fisheries, leading to reduced growth rates, lower survival rates, and increased susceptibility to disease. Parasites can reduce production, increase mortality rates, and decrease profitability for fish farmers and fishers. Parasites can also affect the quality of fish products, making them less desirable to consumers. Infected fish may have lower market value, resulting in reduced profits for fish farmers and fishers. Parasites can also increase production costs in aquaculture and fisheries, as farmers and fishers may need to invest in treatments and other measures to control infestations.
 Fast Facts In the United States, fish parasites are accountable for 1% to 10% of fish losses at harvest. As of 2015, fish parasites were estimated to have caused losses of $945 million to $9.45 billion. Parasites can affect the health and quality of fish, making them less desirable to consumers and lowering prices, resulting in an estimated loss.[1]
 
 
 Ecological Impacts
 Parasites can affect the health of fish populations, making them more susceptible to disease and reducing reproductive success, leading to declines in fish populations. If the population is a keystone species such as the Pacific salmon, the ecosystem can be permanently altered. Parasites can also cause fish to behave abnormally, thereby affecting predator-prey relationships and other ecological interactions.
 Direct Impacts
 	Physical damage: Parasites can physically damage fish by attaching to their dermis, epidermis, scales, gills, or internal organs, causing inflammation, tissue damage, and even organ failure. Weakening the immune system makes fish more vulnerable to other diseases and infections.
 	Reduced growth and reproduction: Parasites can also affect the growth and reproduction of fish. For example, they can reduce the amount of energy available for growth or interfere with the reproductive system, decreasing the production of fertile eggs and sperm and, consequently, offspring production.
 	Behavioral changes: Some parasites can make fish more vulnerable to predation by altering their behavior, such as altered swimming patterns, reduced activity, or even suicidal behavior. For example, Myxobolus cerebralis damages the vestibular system, altering the swimming pattern to a circling motion, leading to the nickname “whirling disease.”
 	Mortality: In severe cases, parasites can cause high mortality rates in fish populations. We see this especially in farmed fish, where many are housed in a small area, which increases infection rates and makes it easier for parasites to spread.
 
 Impact on Ecosystem Dynamics
 Fish parasites can have a significant impact on ecosystem dynamics by affecting the health, behavior, and survival of fish, which are important components of aquatic ecosystems. Here are some ways in which parasites can impact ecosystem dynamics.
 	Altered trophic interactions: Parasites can affect the behavior and survival of fish, with cascading effects on trophic interactions and energy transfer within the ecosystem. For example, if parasites reduce the activity or feeding rate of a predator fish, this can affect the abundance and diversity of its prey and affect the entire food web.
 	Reduced biodiversity: Parasites can also reduce the biodiversity of aquatic ecosystems by affecting the survival and reproductive success of fish. If parasites affect a keystone species (a species vital to biodiversity) by increasing mortality or reducing fertility, the ecosystem will experience a ripple effect from the loss of that species.
 	Changes in nutrient cycling: Parasites can affect the nutrient cycling in aquatic ecosystems by altering the behavior and feeding patterns of fish. For example, parasites have a high demand for carbon from the host. To maintain internal carbon levels, the host excretes more nitrogen into the water column.[2]
 	Increased susceptibility to other stressors: Parasites can also make fish more vulnerable to other stressors, such as pollution or climate change. If parasite infestations already weaken fish, they may be less able to cope with other stressors, leading to further declines in their populations.
 	Transmission to humans: Some fish parasites are zoonotic and can infect humans who eat them; others can interfere with the human immune system. An example of immune system interference is the parasite Anisakis, which can cause an allergic reaction in humans who eat raw or undercooked fish.
 
 
	Shinn, A., Pratoomyot, J., Bron, J., Paladini, G., Brooker, E., & Brooker, A. (2015). Economic impacts of aquatic parasites on global finfish production. Global Aquaculture Advocate, 2015, 58–61. ↵
	Mischler, J., Johnson, P. T., McKenzie, V. J., & Townsend, A. R. (2016). Parasite infection alters nitrogen cycling at the ecosystem scale. Journal of Animal Ecology, 85(3), 817–828. ↵



	

			
			


		
	
		
			
	
		

		4.13 Control and Prevention Measures

								

	
				Control and prevention measures for fish parasites are essential to minimize their impact on fish health, aquaculture, fisheries industries, and ecosystem dynamics. The following strategies can be used to prevent and control fish parasites:
 	Biosecurity measures: Strict biosecurity measures, including limiting farm and hatchery access, disinfecting equipment, and monitoring the health status of fish, can help prevent the introduction of parasites.
 	Regular monitoring: Regular monitoring of fish populations with visual inspections, tissue sampling, and diagnostic tests can help detect and identify parasite infestations before they become severe.
 	Treatment: Once a parasite infestation is detected, various treatment options can be used to control the parasites. The use of chemicals, such as parasiticides or antibiotics, or physical methods, such as bath treatments, can restore a fish population to health. Use of other methods, such as quarantine and supportive care, to minimize the need for chemical treatments is preferred.
 	Host management: Strategies such as reducing stocking density, improving water quality, and providing adequate nutrition can enhance fish health and immune function, making them less susceptible to parasite infestations.
 	Genetic selection: Selective breeding programs can be used to develop fish strains that are more resistant to certain parasites, reducing the need for chemical treatments.
 	Integrated pest management: This method combines multiple measures to control pest infestations. Knowing a parasite’s biology and life cycle enables us to develop a plan to manage the problem while minimizing the use of chemical treatments for as long as possible.
 	Quarantine and supportive care: Even after all preventative measures are taken, a disease may still develop. Quarantine and supportive care can minimize the risks. Quarantine helps prevent infection of healthy fish and provides a controlled environment for chemical use, rather than applying them to the entire population. Supportive care should be provided to infected fish in quarantine.
 
 A comprehensive approach includes regular monitoring and effective treatment that can help control and prevent parasite infestations in fish populations. Early monitoring and treatment lead to improved fish health, increased production, and reduced impact on external ecosystem dynamics. Some of these strategies are covered in more detail in Chapter 8, Biosecurity.
 Chemical and Biological Treatments
 Several chemical and biological treatments can be used to control fish parasites, though the choice of treatment depends on the specific parasite, the fish species, and environmental factors. Some examples of chemical and biological treatments for fish parasites are explored in more detail here.
 Chemical Treatments
 Chemical treatments use parasiticides or antibiotics to control or kill parasites. Common chemical treatments include formalin, hydrogen peroxide, and copper sulfate. However, the use of chemical treatments may have negative environmental and nontarget-organism impacts, including on humans, due to chemical residues in food. There is also the risk that parasites will develop resistance to these chemicals over time.
 [image: A large cod with small striped fish swimming around its lips and face.]Figure 4.15. A Potato Cod is cleaned by two Striped Cleaner Wrasse (Labroides dimidiatus). North Horn, Osprey Reef, Coral Sea. [Image Source: Richard Ling via Wikimedia, licensed CC BY SA 2.0.] Biological Treatments
 Biological treatments use natural predators or competitors to control parasites. One example of a biological treatment is the use of cleaner fish, such as wrasses, which have an instinctive preference for feeding on parasites.[1] However, biological treatments may not always be effective, and introducing nonnative species into an ecosystem may pose risks.
 Other Treatments
 	Vaccination: Vaccination can be used to prevent or reduce the severity of parasitic infections, such as salmon lice, or to stimulate an immune response against a parasite. Vaccines are administered to fish in several ways, including full immersion in water containing the vaccine or intramuscular or intraperitoneal injections.
 	Probiotics: Probiotics are beneficial microorganisms that can be added to fish feed or water to help boost the immune system of fish and reduce the risk of parasite infections. Probiotics can also improve fish growth and survival rates. Some common examples used in aquaculture are Aeromonas media, Bacillus subtilis, Carnobacterium inhibens, Enterococcus faecium, and Lactobacillus helveticus.
 	Herbal remedies: Some, such as garlic or neem oil, are believed to have antiparasitic properties and can be used as natural treatments for fish parasites. However, the efficacy of these remedies is not well established, and using untested remedies may pose risks.
 
 Selecting a chemical or biological treatment for fish parasites depends on factors such as the specific parasite, the fish species, and environmental conditions. It is important to carefully consider the potential risks and benefits of each treatment option before selecting a treatment strategy.
 Genetic Selection and Breeding
 Genetic selection and breeding can be used to develop fish strains that are more resistant to certain parasites. Successful selection can help reduce the need for chemical treatments and improve fish health and production. Here are some examples of how genetic selection and breeding can be used to control fish parasites:
 	Selective breeding for resistance: Selective breeding entails choosing fish with desirable traits, including resistance to specific parasites, and then breeding them to produce offspring that inherit those traits. Through successive generations of selective breeding, it becomes feasible to develop fish strains with heightened resistance to particular parasites. This process enables aquaculturists to enhance fish populations’ natural defense mechanisms and create more robust strains that can withstand disease challenges.[2]
 	Genetic markers: Within the fish genome, they can serve as valuable tools for identifying individual fish with inherent resistance to specific parasites. By pinpointing specific genes or genetic markers associated with this resistance, aquaculturists can selectively breed fish that carry these markers. The result is a generation of offspring with enhanced resistance to the targeted parasites. This approach enables more efficient, precise breeding, contributing to the development of robust fish strains that can better withstand disease challenges.[3]
 	Hybridization: Hybridization, the crossbreeding of different fish strains, can enhance offspring resistance to parasites. Combining two distinct fish strains enables the generation of offspring with a blend of desirable traits, including resistance to specific parasites.[4]
 	Genetic modification: The introduction of foreign genes into fish can also enhance resistance to certain parasites. However, the use of genetic modification in aquaculture is a controversial topic, and there are concerns about the potential environmental and health risks associated with genetically modified fish.[5]
 
 Genetic selection and breeding can be effective strategies for developing fish strains that are more resistant to specific parasites, thereby improving fish health and production while reducing the need for chemical treatments. It is important to carefully consider the outcomes of each strategy. Breeding programs must be conducted responsibly and sustainably.
 Management Practices for Controlling and Preventing Fish Parasites
 	Regular monitoring: Regular monitoring of fish populations for parasites is essential for early detection and control. Visual inspections, laboratory testing, and specialized equipment such as underwater cameras or sonar are effective monitoring methods.
 	Quarantine procedures: Quarantine procedures should be used to prevent the introduction of new parasites into a fish population. Quarantining/isolating new fish arrivals from the resident livestock and treating them for parasites before introducing them into the main population are excellent steps to prevent parasite introduction. The duration is typically based on risk assessment.
 	Good water quality: Maintaining good water quality is important for reducing stress on fish and minimizing the risk of parasite infections. Good water quality includes maintaining appropriate levels of oxygen, temperature, pH, and water flow.
 	Biosecurity measures: Controlling access to fish farms or hatcheries, using disinfectants to clean equipment and surfaces, and practicing good hygiene can help prevent the spread of parasites.
 	Integrated pest management: Integrated pest management involves combining biological, chemical, and cultural control measures to manage pests sustainably and in an environmentally responsible manner.
 	Selective breeding: Selective breeding for resistance to certain parasites can be an effective way to control parasite infections in fish populations.
 	Education and training: Programs can help aquaculture farmers and fisheries managers understand the risks posed by parasites and implement effective control measures.
 
 Overall, a comprehensive approach that combines regular monitoring, good water quality, biosecurity measures, and integrated pest management can be effective in controlling and preventing fish parasites while minimizing the environmental and economic impacts.
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		Chapter 4 Summary

								

	
				The parasites presented in this chapter are not a complete list, but follow the classification scheme widely used to describe parasites. The species described are but examples in each group of known species. A full catalog of parasite species just in fish could make its own textbook.[1] Unknown parasites yet to be found can cause disease. Keep an open mind that an intractable clinical situation may be caused by a parasite that is less well known or as yet undescribed. Contemplating unknown parasites is especially relevant for fish newly brought into captivity, which have an unknown parasite history.
 Fish parasites range in size from microscopic to visible, and some can match the host’s body size at different life stages. Parasites of fish may cause minor erosions, but in large numbers, the denuded areas serve as entry sites for pathogens and can cause blood loss and respiratory stress. Parasites may be present in water quality indicators before clinical signs develop. Hence, health examinations help prevent livestock losses.
 Fish parasites have evolved transmission pathways that suit their environments, the diversity of surrounding hosts, and tolerable seasons. Some pathways are direct, from one fish to the next. There are also parasites with indirect life cycles that may require multiple hosts to complete their life cycles.
 Treatments depend on the parasite’s life cycle. Removing the host from exposure to the parasite through biosecurity is highly effective. If a hypothetical parasite, for example, needs an obligate intermediate host, removing the intermediate host can be a successful strategy in aquaculture. Few chemotherapeutics are registered for legal use. In the United States, “old-time” remedies like methylene blue and malachite green are illegal for use in food fish and carry a carcinogen warning to humans using these drugs in ornamental fish. Various herbal, biological, and vaccine-related approaches are being tried with mixed success. Hence, prevention is an optimum choice for production facilities. Selective breeding and genetic modification can be used to develop livestock strains that are resistant to disease.
 Impacts are often clinical and become economical. Industry management strategies have changed to respond to parasite threats, hopefully mitigating losses at minimal production cost. Vigilant monitoring, careful evaluation of the clinical situation to identify the parasite early, understanding the parasite’s life cycle, and limiting the parasite’s access to livestock minimize the impact of parasites. Clinical impacts can be noted in production records even before clinical signs develop. Management now requires proper production records able to disclose a daily drop in feed consumption or a growth rate that deviates from the predicted growth curve.
 Because of the lack of available therapeutics and gaps in knowledge of parasite life cycles, effective management strategies are optimal for controlling the effects of parasites in livestock. Biosecurity, regular monitoring, and early detection can help minimize the impact of parasites on fish populations and ensure that fish products are safe and of high quality.
 
	Hoffman, G. L. (2019). Parasites of North American freshwater fishes. Cornell University Press. ↵



	

			
			


		
	
		
			
	
		

		5.0 Infectious Diseases in Fish

	

	
		Contributors: David E. Starling, D.V.M.
 with Calderon, K., Deryck, A., Mann, C., Chai, X., Hauptmann, K., Culbertson, H., Engelhard, M., Erikson, G., Fischer, M., Fine, E., Hagelman, C., Langlois, M., Ku, B., Mann, C., Reiner, T., Sachs, K., Shermer, M., Sjullie, A., Taylor, A., & Vandusseldorp, P.
 This chapter introduces examples of infectious diseases in fish. There are different types of infectious diseases in fish. A microorganism causes the “typical” infectious disease. Scientists label disease-causing life forms as pathogens. The chapter includes a short list of pathogens in each category to give the reader an appreciation for the category’s traits. One large and diverse category of pathogenic organisms is parasites. While parasites are also considered pathogens, the parasite category has been provided a separate, dedicated chapter of its own.
 
 Introduction
 Fish, just like mammals and any other aquatic animal species, can get a number of infectious diseases. Prior to the last century, we knew virtually nothing about the reasons for infectious diseases in aquatic animals. Knowledge regarding infectious disease in fish and other aquatic animal species has grown dramatically within the past century. One of the earliest publications on aquatic disease was a 1939 article on sponge mortality that cited a fungus as the causal agent for high sponge mortality in the Bahamas.[1]
 On a weight basis, the microbial biomass on Earth is almost 50 times the biomass of all animal species.[2] Microbial life encompasses a vast array of minute organisms, including bacteria, viruses, fungi, and protists, most of which are too small for the unaided human eye to detect. Only a small portion of microbial species are available to study in traditional ways. Therefore, the majority of these life forms cannot be grown or cultured in the laboratory.
 Fortunately, many of these living organisms are not known to be pathogenic to humans and most other vertebratess. However, these life forms may be pathogenic to other living categories such as plants, algae, zooplankton, or invertebrates. Microbial life forms perform many of the processes that allow life to continue on this planet.
 In recent years, the vital role of the microbiome in animal intestines, plant roots, and global ecosystems has been acknowledged. There seems to be an undefined optimal population of a microbial community that fills almost every niche in nature for the benefit of the host. For example, Nitrosomonas species are gram-negative bacteria that play a central role in the availability of nitrogen to plants and are used to treat wastewater by oxidizing ammonia to nitrate. The yellowtail kingfish, common carp, and zebrafish have living on their gills these Nitrosomonas species that initiate the conversion of ammonia, a toxin, to nontoxic nitrogen gas.[3] For more information on this topic, refer to Chapter 3, Anatomy and Physiology and Chapter 4, Parasites.
 A quick review
 	A large portion of the planet’s biomass is microbial.
 	The microscope allows us to see microorganisms (e.g., bacteria and parasites).
 	Only a small portion of the microbes discovered can be studied in a lab via cultures.
 	A majority of microbes are not pathogenic to our immediate world.
 	A majority of microorganisms are unknown except through molecular methods!
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 	van Kessel, M. A., Mesman, R. J., Arshad, A., Metz, J. R., Spanings, F. T., van Dalen, S. C., … & Op den Camp, H. J. (2016). Branchial nitrogen cycle symbionts can remove ammonia in fish gills. Environmental microbiology reports, 8(5), 590–594. https://doi.org/10.1111/1758-2229.12407 ↵
 
 
 
	

		


		
	
		
			
	
		

		5.1 History of Infectious Diseases

								

	
				A quick historical review will take us to some fascinating views of this topic. There was a time when half of the world’s biomass was truly an invisible realm.
 The Microscopic Foundation
 Around 1688, the Dutch lens maker Antonie van Leeuwenhoek used refined single-ball lenses to provide the first precise observations of “animalcules” in water. This discovery turned an “invisible realm” of moving and wiggling shapes that gave origin to modern microbiology (Figure 5.1).
 [image: A painting of Van Leeuwenhoek and a small metal plate with a pin (the aforementioned microscope).]Figure 5.1. Van Leeuwenhoek’s microscope. Source: Wellcome Collection, Wikimedia Commons. CC BY 4.0. It is interesting to add to this discussion that the newfound moving “animalcules” were seen in water.
 “I took a drop or so of this water and looked at it through the microscope; and I discovered a great many animalcules that were red, and others that were green, whereof the biggest looked no bigger through the microscope than coarse sand doth to the naked eye, and others smaller and smaller, each after its kind.” – Antonie van Leeuwenhoek, self-taught microscopist, writing on 9 February 1702 to his countryman Hendrik van Bleswyk.[1]

 The emergence of microbiology laid the foundation for exploring the complexities of infectious diseases, including their causes, diagnosis, and management. In aquatic medicine, infectious diseases present unique challenges influenced by factors such as environmental degradation and antimicrobial resistance. Research highlights the importance of disease and health management in aquaculture, specifically emphasizing the need for effective strategies to address disease risks while sustaining the sector’s growth. There is insight into bacterial fish pathogens affecting both farmed and aquatic wildlife, including the significance of bacterial diseases in aquaculture operations and guidance on managing infectious diseases in aquatic environments.[2] [3]
 It is thought that less than 10% of microbes in existence have been described by science.[4] If we are to continue making advancements in the field of microbiology, new methods and technology must be developed.
 Challenging Spontaneous Generation
 In this day and age, it is unbelievable to think back to a time when there was little to no knowledge of microbes and disease. Many people of the time before microscopes believed in a theory known as “spontaneous generation.” This theory expressed the idea that life could arise from nonliving matter. A common example of spontaneous generation was the idea that maggots could spontaneously generate from air and onto meat that was left out. It was not until the late 17th century that Italian physician Francesco Redi challenged this theory.
 Redi hypothesized that in order for maggots to appear in meat, the meat had to first be exposed to flies. His design was simple: six jars were filled with meat. Two were left open, two were loosely sealed with gauze, and two were tightly sealed. His hypothesis was supported when the only two jars left open were filled with maggots while the other sealed jars were maggot free. Redi’s experiment was the first of many that began the study of microbiology.
 
	Dixon, B. (2008). Animalcules: The activities, impacts and investigators of microbes. ASM Press. ↵
	Bondad-Reantaso, M. G., Subasinghe, R. P., Arthur, J. R., Ogawa, K., Chinabut, S., Adlard, R., Tan, Z., & Shariff, M. (2005). Disease and health management in Asian aquaculture. Veterinary Parasitology, 132(3-4), 249–272. https://doi.org/10.1016/j.vetpar.2005.07.005 ↵
	Woo, P. T. K., & Bruno, D. W. (Eds). (2011). Fish diseases and disorders, volume 3: Viral, bacterial and fungal infections. CABI. ↵
	Mora, C., Tittensor, D. P., Adl, S., Simpson, A. G., & Worm, B. (2011). How many species are there on Earth and in the ocean?. PLoS biology, 9(8). https://doi.org/10.1371/journal.pbio.1001127 ↵



	

			
			


		
	
		
			
	
		

		5.2 Germ Theory

								

	
				By the late 1800s, Robert Koch established Germ Theory, publishing four postulates to verify that specific “germs” caused specific diseases. While effective for pathogens like Cholera, these postulates eventually faced challenges when applied to asymptomatic carriers or complex infections.
 Koch’s Four Postulates
 	The microorganism should be present in all infected animals and absent in healthy ones.
 	The organism must be able to be cultured in pure culture.
 	The disease can be reproduced by microbial inoculation.
 	The same microbe can be re-isolated from the experimentally infected and diseased animals.[1]
 
 
 
 While Koch’s postulates worked well to explain infections caused by microbes, such as cholera and tuberculosis, the use of these postulates for other microbes soon generated difficulties. For instance, some diseases can be caused by multiple microorganisms at one time.
 The Modern Contextual Shift
 In 1955, René Dubos, a Franco-American microbiologist, played a vital role in the development of antibiotics. Dubos introduced “Second Thoughts on the Germ Theory,” explaining the presence of a pathogen alone does not prompt illness. He emphasized that microbes can be ubiquitous and often only cause disease when environmental stressors or host weaknesses allow infection to proceed:
 “There are many situations in which the microbe is a constant and ubiquitous component of the environment but causes disease only when some weakening of the patient by another factor allows infection to proceed unrestrained, at least for a while.”[2]

 This progression from simple observation to the Epidemiological Triad (Host, Agent, Environment) underscores a relatively complex relationship. The following illustration shows the apparent interacting segments by which pathogens utilize in their quest to cause infectious diseases.
 [image: Venn diagram showing that the agent, host, and environment all contribute to disease.]Figure 5.2. Venn Diagram of Disease/Epidemiological Triad. Figure by Abbey Elder Pathogens are described as either primary or secondary. Primary pathogens are capable of causing pathological changes or disease in a healthy person or animal. Secondary pathogens are typically opportunistic, causing disease in individuals weakened by environmental changes or management practices such as antibiotic treatments or alterations in water quality that disrupt the status quo and allow the secondary pathogen to establish itself. Examples of secondary pathogens may include Escherichia coli, Chryseobacterium spp. , Carnobacterium piscicola, some parasites (see Chapter 4, Parasites of Fish), and fungi such as water molds that are unlikely to present as first isolates in a diagnostic plate unless no other primary pathogen presents itself.[3] [4] Some infected animals or humans are asymptomatic, meaning that they can be an infectious carrier of a pathogen while appearing perfectly healthy. An infectious carrier is a human or animal that harbors a specific infectious agent, with or without obvious clinical signs of disease, and serves as a potential source of infection.
 Fast Facts Infectious disease theories must acknowledge that in any community, a percentage of healthy and normal individuals can harbor potentially pathogenic microbes without symptoms, lesions, or economic impact.
 
 With this modern-day thinking, we can quickly understand that molecular diagnostics can rapidly lead to misjudgment when interpreting the results of clinical and regulatory assays (tests).[5]
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	Loch, T. P., Kumar, R., Xu, W., & Faisal, M. (2011). Carnobacterium maltaromaticum infections in feral Oncorhynchus spp.(Family Salmonidae) in Michigan. The Journal of Microbiology, 49, 703–713. https://doi.org/10.1007/s12275-011-0527-1 ↵
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		5.3 Disease-causing Agents

								

	
				Disease agents include viruses, bacteria, fungi, prions, and a wide array of parasites. Parasites are discussed separately in Chapter 4, Parasites. However, as Dubos noted in his thoughts on the germ theory, exposure to a disease agent doesn’t mean an animal will become infected; the animal must also be susceptible. For the majority of sick fish in captivity, the source of the disease can be found by looking at four broad categories of factors that increase susceptibility to disease.
 	Husbandry practices (i.e., experience with and knowledge of species-specific requirements)
 	Water quality
 	Nutrition
 	Biosecurity
 
 Husbandry Practices
 Husbandry is incredibly important when it comes to keeping fish healthy. Ensuring that you understand and have experience with the species you are working with is essential to providing proper care and solving health-related mysteries when they arise. In production medicine of fish, site visits to different facilities will reveal trends regarding cleanliness, efficiency, and organizational standards for operating a healthy aquatic livestock operation. The clinical skill of obtaining basic information can be applied to all livestock industries.[1] The operator of the farm can share much of their knowledge and expertise when answering questions regarding husbandry practices, water quality, feeding, and biosecurity measures during history gathering for diagnosis.
 For a new farm operator with little experience, the first priority may be profitability. However, this scenario presents challenges when the operator is presented with sick fish. Poor management disease (PMD) is a result of management decisions that lead to fish morbidity or mortality and can be caused by issues in water flow rate, overcrowding, or labor shortage. The category of PMD covers all the aspects of fish management that a new or inexperienced operations manager overlooks. Some aspects include more feeding time for early life stages, feeding the correct amount of feed, unfamiliarity with the species, and checking and maintaining water quality parameters.
 Ties to Practice: PMD Prevention Though failures regarding fish management are possible, there are also many success stories regarding the prevention of PMD. In one case, a large industrial recirculation aquaculture system switched from tilapia to Atlantic salmon production. This required some changes in staffing, feed source, water quality parameters, and many other operational tasks. By properly training the employees to the requirements of the new species of fish, they were able to avoid many of the common issues associated with PMD. The facility even expanded management of life stages to include egg incubation and nursery tanks. The excellent management improved the financial reports for the company.
 
 Water Quality
 Water quality is not only a category of PMD but can also be a standalone reason for disease, often seen following power outages or equipment failures. The experienced operator will have a list of parameters most critical to the species being cultured (see Chapter 2, Water for additional details).
 Nutrition
 In some cases, nutrition problems can be a cause of disease. Manufactured diets are widely available and preferred in aquaculture facilities. The problem arises in adapting a species that does not have a specific formulation to a feed that is focused on a different species. Fish species range from strictly vegetarian to entirely carnivorous (see Chapter 6, Fish Nutrition for additional details). Nutrient requirements are still unknown in many cultivated food fish species, resulting in PMD due to the lack of knowledge. The traditionally cultured species (e.g., trout and catfish) have nutritional requirements described. Nutritional disease is often very subtle in the early stages. The experienced producer will notice the problem after several animals become affected. Notable symptoms to recognize include slow growth rate, decreased appetite, and increased susceptibility to diseases. Nutritional excesses and deficiencies can be created when some factor changes (e.g., inappropriate elevation of toxic fungal products known as aflatoxins in feed ingredients). Even with the same feed company, same feed formulation, and so forth, there still may be an undetected rise in aflatoxins from moldy ingredients. Nutritional deficiencies, especially in trace minerals, can lead to immunosuppression. Immunosuppressed fish are more susceptible to infectious disease, and this can lead to losses in production.[2]
 Reputable companies will generally test feed to avoid issues and then report the test results. Wet feed from weather disasters will become moldy in a short period of time and can be another factor to consider in maintaining water quality (see Chapter 2, Water). Overall, fish feed quality is a key factor impacting water quality. Research has shown that different fish feed quality from different manufacturers results in different levels of microbial growth in the water environment. These changes in microbial levels have multiple causes, such as nitrogen and phosphorus loss to the environment, increased algal growth, and altered phytoplankton community.[3] Refer back to the discussion in Chapter 3, Anatomy and Physiology about mouth position to decide on the best type of feed (size and shape) for the species and the appropriate depth in the water column to feed.
 Biosecurity
 Inadequate biosecurity is the largest reason for infectious disease outbreaks. Biosecurity, as defined by the California Department of Food and Agriculture, is a series of management procedures designed to prevent or greatly reduce the risk of introducing new infectious agents to a farm. The outside world and the production facility typically have very little interaction besides through feed, water, air, and caretakers. Of the four risk categories, the issue of people who are not caretakers entering the facility is the greatest problem and is discussed in Chapter 8, Biosecurity. Executives, visitors, family, and individuals not directly involved in facility operations can cause the spread of disease or disease outbreaks.
 Just as there were the four categories or potential sources of disease agents invading, there are also four critical components and ways to diagnose disease. To make an appropriate diagnosis, the medical record should include the history, examination, testing, and actions taken. Diagnostic efforts performed in this order work best. Always start by taking a good history and visiting the facility to take notes. Some important questions to ask include size of the aquarium or tank, the population of the system, water temperature, filtration type, aeration method, and quality and quantity of light.[4] Verification of biosecurity during on-site visits can be summed as the four circles evaluation:
 	Complete circle walk about on the OUTSIDE of the building/site.
 	Complete circle walk through on the INSIDE of the building.
 	Complete circle evaluation of an individual TANK.
 	Complete circle evaluation of an individual ANIMAL.[5]
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		5.4 Disease Outbreaks

								

	
				What will a disease outbreak look like? On a production scale, diseases do not always appear similar in the rapidity of onset, total number of sick animals, or how soon the disease will subside to nonproduction settings. The following is a brief discussion of the epidemiology of pathogens as it pertains to populations of fish and other animals. Epidemiologic information as it relates to populations, in addition to gathered history and an examination, may assist in making a diagnosis and treatment plan.
 [image: A simple curved line chart showing the progress of different disease types, described below.]Figure 5.3. A hypothetical collection of some generalities about how sick populations show morbidity and/or mortality. 	Line 1, the “peracute” curve, portrays a sudden and rapid buildup of clinical signs and accumulating mortalities. These disease outbreaks are the most sudden and severe with scarce, if any, lesions or signs. The peracute line is an example of something environmental resulting in disease. One can imagine how a sudden drop in oxygen saturation will soon begin to present clinical signs and then lead to a rapidly rising death rate.
 	Line 2 is more sloped along the x-axis of time and can be considered “acute” for infectious disease. Pathogens do not affect all fish species in the same way and are seen with a slower climb in clinical signs such as illness (morbidity) or deaths (mortalities). In some fish species, pathogens will display a more gradual rise in mortality and is classified as a “subacute” disease occurrence.
 	Line 3 displays a “subacute” disease.
 	Line 4 portrays as a gradual slope of problems over longer periods of time (chronic). None of these curves would be beneficial to the productivity and efficiency of the operation in the facility.
 
 Disease Outbreak Factors
 Number of Organisms
 The population of pathogens taken in or exposed to will be a critical indicator of the exposure outcome. A main concept when evaluating the relationship between the dose of a pathogen and the severity of symptoms is the dose-response relationship; the severity of the infection depends on the dose of pathogen the host received. In many cases, as the dose increases, so does the severity of the disease. A notable person who adopted this concept was Robert Koch, known for discovering the causative agents of tuberculosis and cholera.
 Infectious Dose
 The infectious dose is the minimum number of microorganisms it takes to make the animal sick. The animal may be infected but might not be clinically ill. A notable person who agreed with this concept but took things a step further was René Dubos. He argued that the outcome was determined not solely by the pathogen but also by the host’s biological environment. Types of environmental factors include crowding, sanitation, and climate. He also was able to investigate how some pathogens are able to adapt and change depending upon those factors. The adaptations of some pathogens could account for why some animals remain asymptomatic while others show clinical signs of infection.
 Infectivity of the Pathogen
 Some pathogens are more infectious than others, meaning they exhibit traits that allow them to enter hosts more effectively. For instance, vibriosis is a zoonotic disease caused by many species within the bacterial genus Vibrio. They are highly adaptive to various environments, especially warm and brackish waters. They are able to infect humans and other animals through multiple routes, giving them a high infectious potential. Some invasive microbes are resistant to disinfection and environmental degradation or have increased production in the host (which is different from the infectious dose). Some pathogens have adapted to infect specific hosts and can mutate into new strains to increase their range of hosts.[1]
 It should be clarified that infectious dose and increased microbe multiplication can occur synergistically, enhancing each other to cause more clinical infections. For example, with some pathogens, the infectious dose is the same regardless of water temperature, but the rate of pathogen replication is greater in warm water, so less time is needed to generate the infectious dose. However, some pathogens can express virulence factors at higher rates at higher temperatures to achieve pathological conditions with fewer microbes.
 Virulence
 Virulence, the ability to produce disease, is not uniform in all descendants of bacteria or viruses due to the accumulation of mutations. An unpublished study defined a component of a modified live bacteria vaccine that was pathogenic to one specific group or phenotype of animals vaccinated. While all the biochemical assays on the vaccine strain were typical, the virulence traits were increased from the original vaccine strain after numerous generations of in vitro passages. Genetically, viruses are notorious for variability arising from high mutation rates and their rapid replication and generation of large populations.[2] An example of viruses high in genetic variability is RNA viruses such as groups of the Rhabdoviridae affecting fish.[3]
 Host Animal
 Host animals (i.e., the individuals being infected) may have different levels of susceptibility. This factor of susceptibility is distinct from the infectious dose in that it occurs with otherwise adequate nutrition and other husbandry efforts. This susceptibility may vary with the age or life stage of the population. In some cases, young animals are more susceptible than mature animals. This is due to differences in exposure as well as passive versus active immunity. In other cases, older or more mature animals are more likely to succumb to the disease even with the same pathogen dose.
 Stress
 Stress includes the environment around the animal and population density, which may play into the development of clinical illness. Stress may be a factor in seasonal disease when all other factors, such as nutrition and density, are stable. Changes in temperature alter the immune system in fish (see Chapter 2, Water). Changes in the length of daylight may alter the animal’s ability to resist infections. Part of the day-night cycle stress may be linked to the reproductive cycle in the species. As discussed in a later chapter, reproduction has a large energy requirement. This requirement preempts energy for immune function and growth, for example.
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		5.5 Probability of Disease

								

	
				The probability of disease is at best an estimation of future events. The five factors discussed in 5.4 may not be quantifiable in every case. Several factors to be considered are presented in the following equation of disease probability known as the Theobald Smith model:[1]
 probability of disease = (# agents × virulence of agents) ÷ (resistance of host)
 Despite the simplicity of this model for calculating disease probability, it does have some limitations. First, not all species are susceptible to a given pathogenic organism, and one cannot estimate the probability of a disease if the host is not naturally susceptible. This limitation is further complicated by the possibility of subclinical infection in which a host is infected but asymptomatic, having an immunosuppressive effect. But it is also given that all species have consequential infectious diseases, and while this equation may seem oversimplified to some epidemiologists, it is generally correct in its concept. This simplistic model should not interfere with realistic virulence management strategies, to be discussed further in the biosecurity chapter. In addition to understanding the probability of a pathogen taking hold in an individual or population, monitoring for infection if/when it occurs can reduce the clinical manifestation in the population by detecting individual animals early.
 Epidemiology Curves
 Practitioners can plot epidemiology curves in populations based on the number of animals showing effect versus the course of time. These graphical plots can be excellent indicators of the etiology, or the cause, that supports the diagnosis. The following epidemiology curves are graphs that develop in outbreaks plotted by time (in weeks) on the x-axis and by mortality (fish/week) on the y-axis. These graphs depict the rapidity (length of time) and severity of the illness (rise in dead animals). Examining the horizontal axis determines the speed of transmission.
 The following three hypothetical graphs are all models of horizontal transmission (transmission within the same generation).
 Graph 1
 Graph 1 shows a curve with a width proportional to incubation time and period of communicability; the agent is typically a bacterial pathogen.
 [image: ]Graph 1. Graph 1’s  layout closely resembles a “bell curve” because of its shape. The line follows the symmetrical rise and fall of an infectious disease passing through a population. The curve declines back to the baseline when the entire group has responded to the pathogen by either becoming immune or dying. The width of the curve is proportional to incubation time and period of communicability.
 Graph 2
 Graph 2 has a reduced curve width. These graphs depict a population at risk that is exposed to the pathogen at a single point in time. All susceptible members of the colony are affected. The differential diagnosis, or analysis of the possible conditions, can include a highly virulent pathogen or exposure to a toxic agent.
 [image: ]Graph 2. Graph 2 has a “plateau top” depicting a situation affecting a population that spread after entry. The plateauing effect is either from a constant recurrence or chronic condition. The declining line of mortalities would be a result of successful treatment.
 Graph 3
 Graph 3 indicates an exposure for a longer time with a slow incubation and then a slow transmission period. This case could be due to frequent but intermittent exposure to pathogens such as low- or high-virulence viruses, bacteria, fungi, protozoa, and prions. The data usually or eventually indicate a plateau effect as individual curves blend in large populations. This particular scenario takes caution in redoing the sampling (frequency of samples) to ensure specimens are taken from infectious animals and not convalescent or noninfectious individuals. Reoccurring physical parameters at less than acute levels may also lead to this phenomenon when low dissolved oxygen reoccurs nightly or replacement water is not adequately dechlorinated before using on an automated repeating schedule. The instigating factor may not be detectable except by the pattern of repeated and periodic clinical signs or mortalities. Notice the elevated baseline that has gone unexplained on each graph due to the focus on peaks. The baseline is five deaths per week for all three graphs. A cause is nutritional or chronic disease.
 [image: ]Graph 3. Graph 3 shows repeated events occurring for the same duration and to the same extent. This type of result demonstrates either repeated exposure of the population to the inciting agent or the possibility of different populations being moved into the same facility without adequate cleaning and disinfection between groups.
 
	Méthot, P. O. (2012). Why do parasites harm their host? On the origin and legacy of Theobald Smith’s “Law of Declining Virulence” — 1900-1980. History and Philosophy of the Life Sciences, 34(4), 561–601. http://www.jstor.org/stable/43831447 ↵



	

			
			


		
	
		
			
	
		

		5.6 Disease Lesions in Fish

								

	
				Fish have many lesions to show what is bothering them and threatening their health. However, very few are pathognomonic (presenting with a specific symptom). Experience coupled with observations of behavior changes will further aid in creating a list of potential etiologies. The following illustration shows the general shape and appearance of common lesions. See Figure 5.4. Since this is an illustration, it is important to note that actual lesions may be more numerous and located in different areas.
 [image: Simple line drawing of a fish with examples of lesions: jaw erosion, ulcers, furuncles (boils), abscesses, saddle-like lesions, fin rot, and a distended or emaciated abdomen.]Figure 5.4. Illustration of common fish lesions. [Image Source: adapted by Abbey Elder from source via J4p4n at OpenClipArt to add examples of lesions and labels.] The following photographs were taken at tilapia harvest/slaughter. In the photo on the left, the white area is an abscess. In the photo on the right, taken after skinning/filleting, it is apparent that the muscle was grossly deformed by the infection. Laboratory isolation and identification found a virulent Pseudomonas sp. as the likely pathogen. Not edible of course!
 [image: Two fish with examples of lesions: one with an externally visible abscess and one with pitting in the flesh of the cut filet.]Figure 5.5. Examples of lesions in fish. Source: D.E.Starling, D.V.M. CC BY SA 4.0. Diseases of fish have several etiologies to consider. Common gross signs such as cutaneous lesions can be observed.  Although cutaneous lesions can be nonspecific for a disease, they are often our first indicator that the fish is experiencing either a localized cutaneous disease or a systemic disease. An example can be seen in Figure 5.5. For microbial diseases, we will introduce bacterial diseases, viral diseases, rickettsial diseases, and mycotic diseases. The list of diseases will not cover all infectious fish diseases nor all species of fish.
 
	

			
			


		
	
		
			
	
		

		5.7 Bacterial Pathogens in Fish

								

	
				Identification
 To aid in the identification of bacterial pathogens causing diseases it is helpful to be aware of basic microbiology classification. Bacterial pathogens are categorized first on how they stain. The typical staining procedure is to apply Gram stain to a pure bacterial culture. A Gram stain is a laboratory test that is used to classify “gram-positive” versus “gram-negative” bacteria, which can be distinguished under a microscope. There are four basic steps to a Gram stain: crystal violet as the primary stain, Gram’s iodine, alcohol or acetone, and safranin as the final stain.
 Gram’s iodine acts as a mordant, a substance that enhances the affinity of dyes for cellular structures, to bind the crystal violet dye to the cell walls of bacteria and enhance the contrast between gram-positive and gram-negative bacteria. The alcohol or acetone then serves as a decolorizer to differentiate between the thickness of the cell walls of gram-positive and gram-negative bacteria. The final step of a Gram stain is the use of safranin. Safranin is a counterstain that stains the decolorized gram-negative bacteria, making them visible under the microscope and differentiating them from the gram-positive bacteria. Gram-positive bacteria have a thicker peptidoglycan layer of the bacterial cell wall that retains the crystal violet, causing the bacteria to stain purple to blue. Gram-negative bacteria have a thinner peptidoglycan layer that does not retain the crystal violet stain, causing the bacteria to appear red to pink (see Figure 5.6).
 [image: Two microscopy photos, one of gram-positive cocci (sparse groupings of dark purple bacteria on a white background) and one gram-negative bacilli (numerous bright pink bacteria on a pink-purple background).]Figure 5.6. Gram-positive cocci and gram-negative bacilli viewed with a light microscope. Source: Adapted by Abbey Elder from Gram positive cocci by Ajay Kumar Chaurasiya, CC BY SA 4.0 and Gram negative bacilli smear by Microrao, CC BY SA 4.0. A number of bacteria will not stain properly with Gram stain and may require other stains or laboratory tests to aid in identification. Gram staining usually does not provide a diagnosis alone but rather is used to broadly determine the type of bacteria and point practitioners toward a treatment method. For bacterial pathogens with cell walls resistant to most compounds (e.g., Mycobacterium spp.), acid-fast staining is often employed. Acid-fast stain utilizes carbolfuchsin, which aids in penetration of the bacterial cell wall; alcohol or acetate; and methylene blue as the final stain. The non–acid-fast organisms will stain blue, while the acid-fast organisms will retain the red color of the primary stain. Other common stains include capsule stain and silver stain. 
 Gram-Positive Pathogens
 The gram-positive bacteria most common in fish disease are Streptococcus iniae and Streptococcus agalactiae in tilapia. Streptococcus iniae is a zoonotic pathogen that can spread to humans handling or processing fresh fish, causing acute cellulitis (deep skin infection).[1] Streptococcus agalactiae is also often observed in the disease mastitis in cattle.[2] From a biosecurity standpoint, employees working with milk-producing livestock may need to take extra precautions (i.e., wearing proper and disinfected personal protective equipment) before working in production areas. 
 Lactococcus spp.
 Lactococcus spp. can be pathogenic in fish and have also been found to cause disease in immunocompromised humans.[3] Lactococcus garvieae causes lactococcosis, a hyperacute hemorrhagic septicemia of freshwater and marine fish causing significant economic losses.[4] More recently, Lactococcus petauri has been added as a cause of lactococcosis.[5] The infection can be peracute, with clinical signs of anorexia and bilateral exophthalmia. Internal lesions include excessive coelomic cavity fluids (ascites). Lactococcus garvieae is known to reside on human skin. Precautions include prohibiting uncovered hands in tanks and not using bare hands for handling nets and other equipment that will enter the tank. Equipment and hand-cleaning stations are useful to prevent the spread of disease from human hands to fish or vice versa. See Chapter 8, Biosecurity for more details. 
 Renibacterium salmoninarum
 Renibacterium salmoninarum is a gram-positive bacterium and the causative agent of the dreaded bacterial kidney disease (BKD) in salmonid production. BKD has several gross pathologic presentations, as illustrated in Figure 5.7.
 [image: 5 photos of salmon with BKD, highlighting clinical signs (described in caption).]Figure 5.7. Clinical signs of BKD in Chinook salmon, approximately 61 to 65 g and 19 cm in length and injected intracoelomically with R. salmoninarum (2.1 × 1010 cfu/mL). (A): Hemorrhage and petechiae around lateral line; (B): pale gills; (C): corneal opacity with associated hemorrhage; (D): false membrane covering the liver; (E): granulomatous lesions in the kidney. [Source: Delghandi MR, El-Matbouli M, Menanteau-Ledouble S. (2020). Renibacterium salmoninarum—The Causative Agent of Bacterial Kidney Disease in Salmonid Fish. Pathogens, 9(10): 845. CC BY 4.0.] Gram-Negative Pathogens
 Gram-negative bacteria common in many species of fish include Edwardsiella ictaluri, Flavobacterium columnare, Flavobacterium psychrophilum or marinum, and Aeromonas spp. 
 Edwardsiella ictaluri
 Edwardsiella ictaluri causes enteric septicemia, also known as sepsis, with a high mortality rate in catfish species. In fact, Edwardsiella ictaluri is one of the leading causes of death in the catfish industry.[6] This pathogen causes a distinct lesion on the head of the fish and is thus called “hole-in-the-head disease” by producers for obvious reasons (see Figure 5.8). It can also cause external lesions including hemorrhage around the mouth, on lateral and ventral portions of the body, and on the fins.
 [image: Close-up photo of catfish with a groove-like lesion on the top center of the head.]Figure 5.8. Channel catfish “hole-in-the-head disease” lesion. [Source: Jon Stein, American Fisheries Society] 	Pathogen: Edwardsiella ictaluri
 	Category: Gram-negative bacteria
 	Host: Catfish species
 	Clinical signs: “Hole-in-the-head disease,” other external lesions, enteric septicemia, sepsis
 	Diagnosis: Bacterial culture, enzyme-linked immunosorbent assay (ELISA), polymerase chain reaction (PCR) testing
 	Treatment: Oral vaccination, restricted feeding, or antibiotics
 
 Edwardsiella ictaluri enters the host body by the uptake of organisms via a fecal-oral route in the water or from the mud and can subsequently progress along the olfactory stem to the brain and other internal organs, like the liver. The oral-fecal route of transmission explains the effectiveness of feed restriction during an outbreak.
 With severe cases, there can be significant losses when this pathogen infects a population. The risk of being infected is not age related and the presence of disease at time of harvesting is quite damaging financially. The disease is primarily observed in coolwater and warmwater species such as channel catfish and many species that have conservation concerns, such as largemouth bass, bluegill, and some aquarium species at tropical temperatures. Edwardsiella ictaluri has occasionally been isolated from other genera of non-ictalurid fishes as well.[7] Due to the risk of disease transmission to other fisheries or wild populations, proper recognition of this disease and biosecurity are extremely important. Edwardsiella tarda is another traditional Edwardsiella species that may produce somewhat larger skin ulcers in hybrid catfish. More recently the isolates have been found to be Edwardsiella piscicida, which also mimics Edwardsiella ictaluri symptoms.[8] 
 Flavobacterium
 Flavobacterium are free-living organisms that are ubiquitous and primarily found in the soil of aquatic ecosystems. They tend to be strictly aerobic in nature, are motile gram-negative rods, and impact wild and cultured freshwater fish species. Outbreaks of these bacteria are difficult to prevent and control. Flavobacterium columnare, Flavobacterium branchiophilum, and Flavobacterium psychrophilum as a group cause disease and mortality that is considered to have one of the broadest host and geographic ranges of bacterial pathogens to fish. 
 Columnare
 Recent work shows that Flavobacterium columnare is composed of four separate species and has altered species predilections.[9] 
 	Pathogen: Flavobacterium columnare
 	Category: Gram-negative bacteria
 	Host: Most species of fish
 	Clinical signs: Columnaris disease, “saddleback”
 	Diagnosis: Bacterial culture and identification
 	Treatment: Water treatments such as chloramine T or hydrogen peroxide; antibiotics in feed, by injection, or in water
 
 Flavobacterium columnaris results in columnaris disease and is the first most prevalent bacterium besides E. ictaluri in catfish. Columnaris disease can occur in fish without any predisposing conditions, but outbreaks are commonly associated with stressful rearing conditions such as low dissolved oxygen, high ammonia and nitrite concentrations, and overcrowding. Additionally, handling and injuries to the skin/mucosa may predispose fish to columnaris disease.[10] The so-called saddleback lesion in the photo below is classical and almost pathognomonic. Few pathogens other than Flavobacterium sp. will present with a concise saddle-looking lesion. However, this is not a rule and there may be some lesions from fungal or other infections over the dorsum that resemble columnaris-type lesions.
 [image: A rainbow trout fry with an arrow pointing to a lesion across the center back.]Figure 5.9. Flavobacterium columnare induced a saddleback lesion in rainbow trout fry. [Source: Declercq, A.M., Haesebrouck, F., Van den Broeck, W. et al. (2013). Columnaris disease in fish: a review with emphasis on bacterium-host interactions. Vet Res 44(27). CC BY 2.0.] Columnaris disease cases in catfish will likely have a yellowing around the mouth since Flavobacterium covae, previously undistinguished from Flavobacterium columnare, is also a yellow-pigmented microbe, causing occasional brown to yellowing lesions on the skin, gills, and/or fins. In aquarium fish, the disease may present with a cotton-wool appearance like a fungus. The skin lesions can initially appear as a thin film but can progress into ulcerations. Examination of skin scrapes can resolve the uncertainty.
 The disease can range from acute to chronic. A few cases will be peracute (very severe/abrupt disease) or subacute (recent/rapid change but less abrupt than peracute), with mortalities suddenly rising from apparent septicemia (systemic infection). Catfish in warmwater ponds, aquarium fish at room temperature, and coldwater species like trout and salmon are susceptible. The pathogen appears clinically as both a primary and secondary pathogen.[11] Treatment for columnaris disease in nonfood fish can include treating the water with potassium permanganate to help decrease external disease by improving water quality, and early administration of oxytetracycline in feed is used to treat food fish. 
 Ties to Practice: Clinical Applications In cases with advanced lesions, it may become difficult to distinguish hole-in-the-head disease from columnaris. At that stage, the animal(s) may not benefit even from parenteral antibiotics as the erosions permit such extreme osmotic imbalance.
 
 Branchiophilum
 	Pathogen: Flavobacterium branchiophilum
 	Category: Gram-negative bacteria
 	Host: Most coldwater and warmwater fish
 	Clinical signs: Bacterial gill disease
 	Diagnosis: Bacterial culture and light microscopy, ELISA, PCR
 	Treatment: Chloramine T is the only US Food and Drug Administration (FDA)–approved drug approved for food fish. Penicillin and novobiocin are used to treat ornamental fish.
 
 Flavobacterium branchiophilum causes bacterial gill disease. A broad range of freshwater cultured coldwater and warmwater fishes are susceptible to Flavobacterium branchiophilum. The stress of intensive culture increases the susceptibility to outbreaks. This condition is common and occurs worldwide.[12] 
 Psychrophilum
 	Pathogen: Flavobacterium psychrophilum
 	Category: Gram-negative bacteria
 	Host: Coldwater fish
 	Clinical signs: Tissue necrosis, hemorrhagic lesions
 	Diagnosis: Observation of clinical signs, bacterial culture
 	Treatment: Antimicrobials, disinfectants, water treatments
 	Prevention: Water hardening of fertilized eggs with povidone-iodine solution
 
 Flavobacterium psychrophilum can be the etiology of so-called “coldwater disease,” which can cause extensive necrotic lesions in cultured and free-ranging populations due to its ability to hydrolyze fish tissues using proteases. The pathogen is considered very difficult to prevent, and finding an effective treatment can be hard. The name gives this one away by referring to cold in the scientific name and the common disease name. Coldwater disease occurs mostly in salmonids in their coldwater habitats, but other fish that live in cold water temperatures, such as hatchery-reared young trout, may also be susceptible. In addition to horizontal transmission, these bacteria are transmitted vertically to the next generation through fish eggs. The bacteria have been found and cultured from male and female reproductive tracts. Flavobacterium psychrophilus also causes a hemorrhagic septicemia termed “rainbow trout fry syndrome” in sac-fry and alevins.[13] In adults the disease is called “peduncle disease” because of the severe erosion of the peduncle. In late stages of the adult infection the spinal cord may be all that remains of the caudal area between the level of the adipose fin and caudal fin.[14] 
 	Horizontal transmission 	Vertical transmission 
  	Transmission of diseases among individuals within the same population of a single generation or multiple generations. This transmission commonly occurs through bodily fluids and excretions. 	Transmission of pathogens from mother to offspring. This occurs via the virus passing through the egg to infect the offspring. 
  
 Genus Aeromonas
 Several Aeromonas spp. are pathogenic to fish. The Aeromonas group of pathogens is variable in their preferences of temperature, hosts, and clinical lesions. Some bacteria in this group are commonly found in the aquatic environment. Closely related Aeromonas spp. can be simultaneously involved in one diseased individual. This pathogen has been difficult to isolate in some species cultures due to the inability to exclude Vibrio vulnificus, Photobacterium damselae subsp. damselae, Erysipelothrix rhusiopathiae, and Mycobacterium marinum in biochemical laboratory workup. 
 	Pathogen: Aeromonas hydrophila
 	Category: Gram-negative bacteria
 	Host: Freshwater and brackish water species
 	Clinical signs: Hemorrhagic lesions on skin and tail
 	Diagnosis: Observation of clinical signs, bacterial culture
 	Treatment: Terramycin in feed for food fish. Sulfadimethoxine-ormetoprim can be useful in ornamental fish.
 
 Aeromonas hydrophila are gram-negative facultative anaerobic bacteria found in sewage, fresh water, and meat freezers. The bacteria are able to survive in temperatures as low as freezing (32°F/ 0°C). Aeromonas hydrophila can grow from 22°F to 109°F (−5.5°C to 42.8°C), but its optimal temperature is 83°F (28.3°C). This organism is found in every culture system that has been tested. It may be tolerant in higher-salinity environments used for brackish species. Unfortunately, there are motile forms that are very difficult to treat and get ahead of; the microbe may go systemic quickly and kill rapidly. Slower cases of disease will be observed with hemorrhagic lesions and erosion of the skin, especially the peduncle of the tail. Severe erosions may leave only the spine keeping the caudal fin connected to the body. These infections may become complex infections of several secondary pathogens that may be resistant to the antibiotics generally chosen for Aeromonas hydrophila treatment. Treatments for Aeromonas hydrophila have pharmaceutical withdrawal times that must be accounted for in production fisheries.[15] If the diagnostic laboratory does not test for additional isolates, the secondary pathogens present in the infection will be missed. The missed pathogens may be resistant to the antibiotic selected for the Aeromonas hydrophila. This brings frustration when everything does not resolve after starting a medicated feed or parenteral injections. In addition to being deadly bacteria for fish, Aeromonas hydrophila can infect amphibians, reptiles, and humans.
 Aeromonas hydrophila and closely related Aeromonas spp. such as Aeromonas veronii are becoming increasingly antibiotic resistant, maybe more than most others found in aquatic animals.[16] This microbe is a very serious public health pathogen. This pathogen can cause loss of limbs and life if not avoided. An accurate clinical diagnosis supported with speedy laboratory results is important in all cases of septicemia, based on species and experience. 
 Ties to Practice The most serious case this author has dealt with involved an industry employee that was shoveling dead fish from the growing tanks for disposal after complete loss of the livestock! Some water splashed into his work boot, where his foot had an open blister from running. In 24 hours, he was hospitalized with swollen hands and feet. Fortunately, samples had been taken earlier from the sick fish for diagnostic workup that included the antibiogram. He was provided the appropriate antibiotic and regained the ability to walk and work in two weeks.
 
 Aeromonas salmonicida
 [image: Two dead trout with furuncles circled showing swelling and rupture.]Figure 5.10. Aeromonas salmonicida infection in trout. Clinical presentation includes large furuncles on the surface of an infected fish. The swollen skin lesion or furuncle under the skin is filled with pink fluid containing blood and necrotic tissue that ruptures to open lesions. [Source: D.E.Starling, D.V.M. CC BY SA 4.0.] 	Pathogen: Aeromonas salmonicida
 	Category: Gram-negative bacteria
 	Host: Coldwater fish
 	Clinical signs: Projecting furuncles, septicemia
 	Diagnosis: Observation of clinical signs, bacterial culture
 	Treatment: Multidrug resistance; alter water quality parameters.
 
 Aeromonas salmonicida subsp. salmonicida, known as the causative agent of furunculosis in coldwater environments, is frequently encountered in trout farming operations where low temperatures prevail. This pathogen manifests as large boils, or furuncles, protruding externally from the body wall of infected fish. Upon necropsy, internal signs of septicemia may be observed. Culturing the bacteria typically requires temperatures at or below room temperature (68°F to 75°F [20°C to 24°C]) on various nutrient agar media. Over a few days, distinctive pure colonies emerge, often accompanied by the production of a brown pigment that visibly colors the agar plate. This characteristic feature serves as a unique and nearly diagnostic confirmation of the pathogen’s identity in many cases.[17] Treatment of Aeromonas salmonicida is difficult as various subspecies strains have varying levels of multidrug resistance. Alterations in water salinity, pH, and temperature have been proposed as alternatives to antibiotic use.[18]
 Other subspecies of Aeromonas salmonicida cause atypical infections by infecting non-salmonids (e.g., ornamental fish such as goldfish and koi) to cause carp erythrodermatitis, otherwise known as goldfish/koi ulcer disease or furunculosis. The subspecies found may be achromogenes, masoucida, and smithia and do not produce the brown pigment of the salmonida subspecies. 
 Yersinia ruckeri
 	Pathogen: Yersinia ruckeri
 	Category: Gram-negative bacteria
 	Host: Warmwater fish, salmonids
 	Clinical signs: Oral subcutaneous hemorrhages, exophthalmia, skin darkening, internal petechial hemorrhages
 	Diagnosis: Bacterial culture, PCR
 	Treatment: Currently in the United States, no approved antibiotics are labeled to treat enteric redmouth disease in food fish. Amoxicillin, oxolinic acid, oxytetracycline, sulphadiazine trimethoprim, and florfenicol may be effective in ornamental fish.
 
 Bacteria of the genus Yersinia are facultative anaerobes and are uniformly coccobacilli. Several pathogenic species of humans and animals belong to this group. Phenotypic characteristics are often temperature dependent. Coccobacilli are oval or very short rod-shaped bacteria. The name is a combination of cocci and bacilli, which have different shapes (oval  vs rod shaped).
 Yersinia ruckeri is the pathogen known to cause enteric redmouth disease and has the smallest genome of Yersinia spp. The disease affects fish of all ages but is most acute in young fish; the disease appears as a chronic condition in older, larger fish. While the disease previously has been reported mostly to affect freshwater facilities where fish are hatched and raised in the first few weeks, there have been increasing reports of cases in the seawater life stages of Atlantic salmon. This increase in Yersinia ruckeri is due to chronic infection and the hatchery environment.[19] There remains open discussion by several authors about vertical transmission (mother-to-neonate transmission).[20] The greatest risk is in high-density culturing of rainbow trout in warmer water (>55°F or >13℃). The disease is frustrating to producers once it is established because of the low-level losses caused by this gram-negative bacterium and by the potential for transmission from widely distributed aquatic invertebrates and birds. Additionally, new serotypes of Yersinia ruckeri that have been emerging have reduced efficacy from existing licensed vaccines.[21]
 While antibiotics can impact Yersinia ruckeri, a narrow range of products is commonly used, potentially facilitating resistance. There is horizontal transmission often from chronically infected and asymptomatic survivors. Additionally, there is evidence for vertical transmission as the bacteria have been isolated from unfertilized eggs and ovarian fluid of Chinook salmon.[22]
 The clinical signs of acute enteric redmouth disease cannot be distinguished from other acute systemic bacterial infections, such as infections with A. hydrophila or A. salmonida.[23]
 [image: Three photos of trout with yersinia ruckeri: A shows a fish with darkened skin, B shows detail of hemorrhages in mouth, C shows enlarged black spleen.]Figure 5.11. Rainbow trout showing clinical signs of enteric redmouth disease. A:  darkening of the skin, enlarged abdominal valley (black arrows), and hemorrhages in the dorsal fin (white arrow). B: hemorrhages in and around the mouth (arrows). C: enlarged and black spleen (white arrow) and reddened intestine (black arrow). [Source : Kumar, G., Menanteau-Ledouble, S., Saleh, M., & El-Matbouli, M. (2015, September 24). Yersinia ruckeri, the causative agent of enteric redmouth disease in fish—veterinary research. BioMed Central. CC BY 4.0.] Acid-Fast Pathogens
 The organisms in this section are given this classification due to the failure to distinctly take up Gram stain as positive or negative. Acid-fast microorganisms, such as the mycobacteria, are those that will not stain consistently with Gram stain due to the high lipid content in the cell wall. The three most often recognized species of Mycobacterium recognized to be pathogenic to fish are Mycobacterium marinum, Mycobacterium fortuitum, and Mycobacterium chelonae.[24] Fish affected by Mycobacterium spp. may show behavioral changes such as separating from other fish and refusing food. Physical symptoms can include skin or pigment alterations, granulomatous lesions, and spinal curvature defects.[25]
 Most of the environmental mycobacteria affecting fish are nontuberculous because tubercles (mineralized abscesses) are not formed in the human host as occurs with the mammalian or avian isolates such as Mycobacterium bovis or Mycobacterium avium. Nonetheless, treatment may be long term to assure curative results. The host range of some Mycobacterium spp. can range across most vertebrate classes.[26] Zoonotic transmission of Mycobacterium spp. from fish or aquatic environments to people has caused skin granulomas referred to as “fish-handler’s disease” or “swimming pool granulomas.” Freshwater and marine aquariums are both frequently involved in human nontuberculous mycobacterial infections. It has been reported that the majority of freshwater aquarium fish are infected with or carry Mycobacterium marinum (Figure 5.12).
 On a public health note, people with impaired immune systems and children under 5 years old should not participate in any part of aquarium care.[27] Young children have immature immune systems, and in young children Mycobacterium spp. will colonize the cervical lymph nodes. The most successful treatment is excision of the nodes, but the surgery often leaves scars that continue to enlarge as the child grows, which can be disfiguring without cosmetic surgery (if possible in the scar’s location).[28]
 Exposure to and risk of infection with this pathogen can be mitigated by utilizing hand protection when manipulating fish or fish tank water and equipment and through the use of handwashing or alcohol disinfection after contact.
 [image: A microscopic photo of bacilli bacteria, in dense groupings with bright pink coloring.]Figure 5.12. Acid-fast bacilli identified from the M. marinum colonies (Ziehl-Niellsen stain, light microscopy, immersion 1000×). [Source: Dobrosavljević et al. (2019). Clinical, Dermatoscopical and Laboratory Essentials of Fish Tank Granuloma. CC BY NC ND 4.0. No edits made.] Other Mycobacterium isolates that have been found in aquatic animals and their environments include Mycobacterium marinum, Mycobacterium chelonae, Mycobacterium fortuitum, Mycobacterium intracellulare, Mycobacterium kansasii, Mycobacterium phlei, Mycobacterium scrofulaceum, and Mycobacterium xenopi. 
 Diagnostic Tests for Bacterial Pathogens
 The list of more common bacterial pathogens is not complete for this introduction to fish diseases, but the list has some unique limitations to be considered when trying to get a laboratory diagnosis. A medical or veterinary diagnostic laboratory conducting bacteriological testing will have incubators set at around 37°C and common media for isolation of pathogens of mammals and birds. However, diagnosing aquatic isolates requires the laboratory to deviate from standard protocols and adopt specialized methods for identifying and treating aquatic pathogens. Aquatic pathogens typically prefer lower culture temperatures, and many will not survive in the typical 37°C used in mammalian diagnostics.
 Many fish isolates are ubiquitous in the environment. Isolation and identification do not identify the etiology but only show that there is a potential problem. The identification of several pathogens for fish will also include some clinical evaluation of the history and physical examination of the livestock, as explained earlier. Fish isolates have confounded microbiologists over the years due to their fastidious growth requirements. A fastidious organism is any organism that has complicated or unique nutritional requirements, meaning it will not grow without specific factors present or in specific conditions. Some of the more fastidious organisms are the Flavobacteria, which are commonly found on fish eggs.
 The nutrient media used in mammalian diagnostics can also be too nutrient dense for these microbes to tolerate. It is important to note that contamination can be particularly heavy in aquatic environments due to the high bacterial mass present. The fastidious organisms like Flavobacteria are often outcompeted by sample contamination. Reducing the various nutrient components such as carbohydrates or amino acid sources can hamper growth of the competitors enough to permit visualization and isolation of colonies that resemble the typical aquatic pathogens.
 Traditional culture temperature for poikilothermic animal pathogens is room temperature, with a few needing refrigeration to around 60°F (15°C). The typical diagnostic incubator at 96°F (37°C) in mammalian and avian labs is lethal to many of the fish pathogens. For example, Edwardsiella spp. and Aeromonas salmonicida require incubation at room temperature. Lower diagnostic temperatures of some bacterial cultures will not yield results for several additional days and can cause results to be inaccurate.
 A negative test result on culture does not mean an absence of pathogens; it could mean that conditions or the time were not sufficient to get visual results. Further developments in molecular and genomic assays have helped shorten diagnostic time and enable detection of the fastidious and slow-growing pathogens. Two of the most commonly used diagnostic methods besides culture are PCR and ELISA. PCRs are designed to detect the presence of bacterial DNA. ELISAs detect antibodies to the bacteria in question in the fish. While ELISAs and/or PCRs have certainly not been developed yet for every bacteria of interest, they can be good diagnostic tools when available. An even newer diagnostic modality is the MALDI-TOF (matrix-assisted laser desorption/ionization-time of flight).[29] However, the assay’s database is still incomplete for identifying several fish pathogens.
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		5.8 Viral Diseases

								

	
				Before viruses were identified and described, scientists simply called them “filterable agents” as they were unable to be isolated in the same way as other disease agents. What these scientists were dealing with were eventually identified as viruses and these microbes were classified somewhere between the inanimate and the living. They could not reproduce on their own, yet they replicated at the expense of some higher life form. These were the simplest life forms discovered at that time. We have come to understand how simple some of these viruses could be. In the early 1900s, the structures and functions of DNA and RNA were unknown. Since Franklin, Watson, and Crick explained DNA in the early 1950s, the substance and significance of viral workings have been explored and further discoveries have been allowed. We now understand that viruses are mostly genetic material with some encapsulating coating to keep them intact until they are in a suitable environment for replication. Some are classified as obligatory in the sense that they have, for instance, very strict criteria for replicating in particular hosts.
 Viruses are obligate intracellular pathogens, lacking the machinery to generate energy or synthesize proteins on their own. This means that viruses depend on host cells to carry out vital functions. Some viruses may be restricted to a single host, while other viruses can infect multiple host species, causing extensive damage. For example, some of the largest algal bloom collapses are caused by viruses.[1] Algal blooms are the extensive and rapid growth of algae and/or cyanobacteria that can become harmful to humans, animals, and local ecology.[2] Viruses are everywhere. In the overall scheme of microbes, the viral species have a very large assortment of genomic structures. Viruses are genomically more diverse than plants, animals, archaea, or bacteria. We can account for approximately 5,000 viruses out of estimated millions that are unknown. The genetic material of viruses is either made of DNA or RNA. The vast majority found so far utilize RNA for their genetics. Plant viruses tend to have single-stranded RNA and bacteriophages tend to have double-stranded DNA. The second paragraph of this chapter described approximately 1 × 1010 virus particles in each liter of seawater. How many species would be included? That detail has not been clearly worked out yet, to this author’s knowledge.
 DNA Viruses
 The DNA viruses listed here are not all of the DNA viruses pathogenic for fish but rather are representative of the known viruses. DNA viruses that affect fish include lymphocystis disease virus, herpesviruses such as channel catfish virus and koi herpesvirus, and several other herpesviruses affecting koi and common carp. The scientific nomenclature used is cyprinid herpesvirus -1, -2, and -3. Cyprinid herpesvirus-3 is commonly known to koi owners worldwide as the dreaded koi herpesvirus.
 RNA Viruses
 This list of RNA viruses pathogenic to fishes is again not complete. Different rhabdoviruses in aquatic animals include viral hemorrhagic septicemia virus, spring viremia of carp virus, and infectious hemorrhagic necrosis virus.  Rhabdoviridae, especially to veterinarians, is the deadly rabies virus in mammals and is a member of this virus group. However, as the rhabdoviruses are studied “down the evolutionary tree of animals,” the pattern seen is an increase in rhabdoviruses affecting lower animals on the tree of evolution. Plants are known to have at least 100 rhabdoviruses.[3] Other RNA viruses affecting fish include paramyxovirus, orthomyxovirus, picornavirus, coronavirus, calicivirus, birnavirus, and nodavirus.[4] Retroviruses are also present in aquatic organisms and include walleye dermal sarcoma virus, snakehead retrovirus, and salmon swim bladder sarcoma virus.[5]
 There are greater limitations on viral disease diagnostics of RNA viruses that mutate frequently unless molecular or genomic assays are employed. Originally the detection and diagnosis of viruses relied on cell culture with certain cell lines. However, these viruses are often specific to certain cell lines, and many fewer culturable cell lines exist for fish than for other species. The cell line sensitivity to a specific virus was found on a trial-and-error basis and is not necessarily widely known. Established cell lines were often restricted in distribution to a few specialized laboratories that could maintain the lines by frequent use. The aquatic environment has many contaminants that can complicate the detection of true pathogens. For modern PCR assays, aquatic environments tend to have a high level of genomic material to deal with. For example, PCR cannot distinguish live from nonliving viruses. Dead viruses are not infectious elements of disease. What does it mean to detect a pathogen’s genetic material when there is no clinical disease? Because of such headwinds in diagnostics, viral pathogens are recent discoveries in aquatic animals. Nonetheless, finding pathogens amongst the extraneous viruses has been a very productive effort.
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		5.9 Mycotic Diseases

								

	
				Like mammals and other vertebrates, fish can become sick due to fungal, or mycotic, infections. In fish, these diseases tend to be chronic and progressive. Fish can succumb to these diseases due to trauma and stress, which weaken their immune system and make them susceptible to these diseases. Most mycotic diseases are a result of opportunistic fungi common in the aquatic environment. The majority of fish mycotic infections are caused by Oomycetes, or water molds. A list of important mycotic infections would include Saprolegnia infection and branchiomycosis. These two diseases do not have the ability to infect humans and therefore only pose a risk to other aquatic animals.
 Saprolegnia spp.
 The Saprolegnia spp. are everywhere in nature and they are normally present in aquariums or production systems. This organism can become established in biofilter media as part of the microbial community. All species of freshwater fish are considered susceptible. The disease is known in the channel catfish industry as “winter kill” because it normally occurs in low water temperatures.
 Saprolegnia are classified as opportunistic pathogens, most often associated with trauma, bacterial/viral tissue damage, infection, and/or other stressors. Open wounds and other abrasions that might be caused by improper handling, transport, or treatment are typical sites of infection. Production factors such as poor nutrition and extremely cold water temperature may contribute to outbreaks with high disease densities. Clinical signs include feathery lesions over the skin and gills, depigmentation, and sunken eyes (Figure 5.13). Formalin is an approved remedy for use in food fish production facilities, and 35% PEROX-AID® (hydrogen peroxide) is also an FDA-approved treatment.
 [image: Photo of a fish with an arrow pointing to light colored "fluff" on its skin, the saprolegnia fungus.]Figure 5.13. A ball of white filaments protruding far beyond the fish’s skin is what is commonly referred to as a fungus or Saprolegnia on fish and is seen in the figure above. [Image Source: Ali, AL-Taee, & AL-Jumaa (2020). Figure licensed CC BY 4.0, resized and colored by Abbey Elder for clarity.] Branchiomycosis
 Branchiomycosis (gill rot) is a disease seen in freshwater fish in ponds and aquariums. Poor water conditions with high organic levels usually precede an outbreak. Organic matter could be described as biological material in the process of decomposing or decaying. Often, these organic materials, which are nutrients for fungi and bacteria, will encourage enhanced populations of Branchiomyces and other opportunistic pathogens (more information on water quality can be found in Chapter 2, Water). The fungal hyphae can be detected histologically in wet mounts of gill clips. The clinical presentation includes signs of respiratory distress such as piping, in which infected fish attempt to breathe at the surface. Two species of this genus are involved in gill rot: Branchiomyces sanguinis and Branchiomyces demigrans.[1] This mycotic disease is most often seen in warm ponds or other warm waters.
 There is currently no approved FDA treatment for this condition, so prevention is paramount. However, there have been some limited studies investigating treatments. Meyer and Robinson stated that losses stopped with repeated 25 ppm formalin treatments, but the disease was not eliminated.[2] It should be noted this relationship was published in 1973 and as of yet no conclusive FDA-approved treatment has been put forward.
 Ties to Practice: Tips for Practitioners If an infection is noted, attempting to cool the water and increase aeration may help the fish survive. Formalin may be used to control the infection. The fungus requires warm water and high levels of organic matter, so adequate prevention methods include avoiding overstocking ponds and aquariums, quickly fixing broken filters, and keeping high water quality.
 
 Ichthyophoniasis
 Ichthyophonus hoferi is not a fungus. This discussion is included in the fungi section because of the traditional nomenclature and similar clinical symptoms. The pathogen was first classified as a protozoan; recent investigations moved it to the Mesomycetozoea class, which straddles the fungus/animal distinction. Ichthyophonus hoferi causes a fungal-like disease mostly in marine but also in some freshwater fish. The organism is a unicellular eukaryotic protistan parasite. Infected fish present with emaciation, lethargy, abnormal swimming, ascites, exophthalmos, discolorations, and increased mortalities.[3]
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		5.10 Some Zoonotic Diseases of Concern

								

	
				Zoonotic infections are diseases that originate in animals and move into humans via inoculation, ingestion, or other forms of contact. Zoonotic diseases can be categorized as 1) caused by contacting fish with hands or entering the contaminated water where topically acquired infections develop or 2) through ingestion of raw or undercooked aquatic products. The majority of zoonotic diseases between fish and humans are caused by ingestion.
 Examples of zoonotic diseases include the following:
 	Mycobacterium spp., primarily Mycobacterium marinum, via water contact or fish-handling wounds
 	Streptococcus spp. via fish-handling wounds and contaminated food products
 	Aeromonas spp. via contaminated food or fish environment
 	Edwardsiella tarda and Edwardsiella piscicida via fish environment or fish handling
 	Erysipelothrix rhusiopathiae via contact with fish and contaminated water
 	Vibriosis spp. via contaminated food and contaminated water
 
 Zoonotic diseases are a concern when dealing with any species, and fish are no exception. Main zoonotic concerns in aquatics include agents of bacterial origins. However, viral and mycotic zoonoses have also been noted. It is important to understand the zoonotic agents that may exist within fish, how the diseases are transmitted to humans, signs and symptoms humans may experience, and the precautionary measures to take to mitigate risk. A few zoonotic concerns are described below.
 Mycobacterium marinum
 This bacterium is present in a wide array of fish species, including trout, carp, salmonids, white perch, yellowtail, sea bream, Atlantic menhaden, and bay anchovy. Transmission occurs through contact with contaminated water or direct contact with infected fish. Infection can occur through open wounds, cuts, or abrasions, most commonly on the hands or arms. Lesions that result from infection have been given the names “swimming pool granuloma,” “fish tank granuloma,” and “fish handler’s disease” due to the mechanism of transmission. The disease in humans occurs rarely and manifests clinically as raised sores and granulomatous lesions on the skin at the site of infection. These can progress to severe necrotic lesions and deep tissue infections if left untreated.[1]
 Streptococcus iniae
 Increased antibiotic resistance is a contributor to the re-emerging infection concern with the bacterium Streptococcus iniae. Humans handling infected fish are at an increased risk of becoming infected. Transmission occurs via water, with fish acting as carriers and sources of infection. Ingestion of infected material can be another mode of transmission. Streptococcus iniae appears as cocci arranged in chains. When plated, colonies are small, round, and smooth. Streptococcus iniae does not cause blood cell lysis. Infection may result in cellulitis, arthritis, septicemia, endocarditis, and other severe systemic infections.[2]
 Aeromonas hydrophila
 Although human infections of this bacterial disease are rare, it is possible to become infected through ingestion of contaminated water while swimming in rivers or lakes or by pathogen contact with wounds. Common clinical signs of infection in humans include nausea, vomiting, diarrhea, septicemia, and soft-tissue infections if contracted through a wound site.[3]
 Edwardsiella tarda and E. piscicida
 Because these are foodborne and waterborne bacterial pathogens, transmission can occur from ingestion of undercooked, contaminated fish as well as through exposure of a wound to contaminated water or while handling infected fish. Foodborne infection with E. tarda/piscicida commonly results in gastroenteritis symptoms. On the other hand, waterborne infection with E. tarda/piscicida can be life-threatening, with clinical signs including osteomyelitis, meningitis, necrosis of the skin and muscle, and septic shock. Although it is rare for humans to contract this zoonotic disease, it can have potentially fatal complications.[4]
 Other Zoonotic Threats
 This is not an extensive list of all zoonotic agents of fish as the agents were previously described as causing disease in humans: Salmonella, Escherichia coli, Klebsiella, Pseudomonas, Campylobacter, etc.[5] Many avenues of risk for getting a zoonotic disease are also routes of spread to other fish (by hands and equipment). When working with fish and/or their environment, some general guidelines include wearing gloves, washing your hands before and after interacting with fish, covering any wounds with waterproof materials, wearing protective eyewear, and abstaining from eating or drinking around areas with fish present.
 Precautionary measures when handling fish or interacting with the environment in which they live are important to mitigate the spread of zoonotic diseases. Immunocompromised individuals should take extra precautions as they are at an increased risk for a more severe clinical course of disease. This advice is beneficial to remember when working with personal fish aquariums that can harbor many pathogens causing significant clinical episodes when caring for the pets.[6]
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		Chapter 5 Summary

								

	
				Knowledge of fish infectious diseases has expanded significantly, highlighting the importance of microbes, microbiomes, and molecular methods in understanding aquatic animal health. Early microscopic discoveries overturned ideas such as spontaneous generation and laid the foundation for modern microbiology. Germ theory established that specific pathogens could cause specific diseases, while later work emphasized that disease outcomes also depend on interactions among the host, the agent, and the environment.
 Causes and Risk Factors
 Fish diseases may be caused by viruses, bacteria, fungi, prions, or parasites, but exposure alone does not guarantee illness. Susceptibility is strongly influenced by husbandry, water quality, nutrition, and biosecurity. Disease outbreaks also vary in pattern and severity depending on factors such as pathogen dose, infectivity, virulence, host susceptibility, and stress.
 Diagnosis and Interpretation
 Disease diagnosis is routinely structured in four steps: history-taking, examination, some form of testing, and response to therapy. The probability of disease can be estimated conceptually as the balance between pathogen burden and virulence versus host resistance. The models of probability have important limitations. Fish lesions are seldom pathognomonic, but they remain useful clues for determining whether disease is localized or systemic. Accurate diagnosis therefore depends on interpreting signs within the broader clinical and environmental context.
 Major Disease Categories
 Bacterial pathogens in fish include gram-positive, gram-negative, and acid-fast organisms, many of which require specialized diagnostic methods because aquatic microbes often grow under conditions different from those used in mammalian laboratories. Viral diseases in fish are caused by diverse DNA and RNA viruses, but diagnosis can be difficult because many viruses are host-specific, hard to culture, and challenging to interpret through molecular testing alone. Mycotic diseases are usually chronic, opportunistic infections promoted by stress, trauma, and poor environmental conditions, making prevention more effective than treatment in many cases.
 Zoonotic Considerations
 Some fish diseases, especially bacterial infections, can spread to humans through handling, contaminated water, or undercooked fish. For that reason, protective hygiene and strong biosecurity practices are essential in both clinical and production settings.
 
	

			
			


		
	
		
			
	
		

		6.0 Fish Nutrition

	

	
		 Contributors: David E. Starling, D.V.M. and Colin Condreay, D.V.M.
 
 Nutrition: The nutritional processes of a living organism include the biochemical and physiological aspects by which an organism uses food to support its life. It includes prehension, ingestion, absorption, assimilation, biosynthesis, catabolism, and excretion. Nutritional science is the study of nutritional processes.
 Introduction
 The idea of nutrition applies to all living organisms, i.e., animals, plants, fungi, and microorganisms. “Energy-in must equal Energy-out.” This energy idea has distracted most from considering calories as the first nutrient to be calculated. There is more to remaining alive than energy intake. There are seven classes of nutrients relevant to animals (including humans). These are carbohydrates, fat, proteins, minerals, vitamins, (and water & dietary fiber). This author considers water an adequate supply for aquatic livestock if residing in sufficient volume and chemistry (See Chapter 2, Water). The focus of the discussion is that water is also an essential nutrient for fish. Dietary fiber is relatively new to the discussion in aquaculture feeds and is formulated and evaluated in commercial feeds. The osmolarity and the physiological responses are covered in Chapter 3, Anatomy and Physiology, as related to physiological needs in freshwater vs. marine habitats.
 Macro-nutrients are measured in larger units of weight, such as grams. The nutrients listed above that are macronutrients include carbohydrates, fat, protein (and water, depending on habitat). Micro-nutrients are measured in smaller weight units such as milligrams or even micrograms. Minerals and vitamins are classified as micronutrients.
 An essential nutrient is necessary for successful nutrition, and the animal cannot formulate by in-situ biochemical or metabolic processes. Essential nutrients, sometimes called indispensable nutrients, are independent of the “macro” or “micro” classifications. Essential nutrients can be sourced by feed or symbiotic relationships, as in the traditional example of rabbits obtaining B vitamins and vitamin K from microbial sources in the caecum (part of the hindgut structurally).[1]
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		6.1 Protein

								

	
				 Protein is a notable macronutrient composed or built from subunits called amino acids (AA). Digestive actions break apart the dietary proteins to make AA available for absorption into the blood. Hence, the nutritional term digestible protein. The animal can metabolically modify some AA to other AA. Some AAs cannot be metabolically created in the animal from other AAs available from the diet. The analyzed protein levels are listed on the analysis tag of the commercial feed. Typically, the AA content is not determined and listed for each batch of feed manufacturing.
 Amino acids
 Amino acids must also be provided or available in the diet in the correct balance. They must be in a digestible form and available from the ingested diet. With the proper availability of AA, proteins can be built for the needed protein structures in a living animal. The same 20 AA are sought in many animal diets. AA that cannot be formed from other dietary AA is essential in the diet.
 Indispensable AA is known as AA which must be obtained from the diet. Indispensable AA deficiency will result in numerous disease manifestations, reduced performance, and weight gain. The list of Indispensable AA is shown in Table 1. Fish are generally similar to other animals, although AA requirements may vary or be specific to a species, life stage, gender, and age/health. As a rule of thumb, consider the 10 AA listed as universal unless described differently for a specific species or publication. Ten amino acids are Indispensable l AA for animals, including fish. The list of Indispensable AA can be remembered by the mnemonic PVT TIM HALL. Table 1 below lists the AA with the letters of the mnemonic:
 Table 1. Essential Amino Acids 	P 	Phenylalanine 
 	V 	Valine 
 	T 	Threonine 
 	T 	Tryptophan 
 	I 	Isoleucine 
 	M 	Methionine 
 	H 	Histidine 
 	A 	Arginine 
 	L 	Lysine 
 	L 	Leucine 
  
 
 While the same indispensable amino acids are listed across species, there can be differences between species in the ratios of the combination, making up the total amino acid requirements. In 1986 Wilson reported that Chinook salmon require 6.0% of the total protein to be arginine, while Rainbow trout needs 4.0%. Both fish are salmonids and can inhabit similar biotopes.[1]
 It may be relatively safe to assume all living organisms utilize the same 20 amino acids in protein construction along with the occasional use of selenocysteine[2] and pyrrolysine.[3] Significant differences exist in the metabolic pathways and sources of whatever essential AA is required for a specific species. Aquatic invertebrates may muster additional metabolic resources from metabolic pathways and even the gut microbiome. [4] While the same essential amino acids are listed across species, there can be differences between species in the ratios of the combination, making up the total amino acid requirements.
 As mentioned in Chapter 3, Anatomy and Physiology regarding food intake by mouth position, aquatic animals in captivity may need more understanding of the nutritional requirements. Currently, some aquatic livestock industry segments provide “trash fish” to their captive fish because formulated feeds are not yet available. Trash fish, for the newcomer readers, is a byproduct of fisheries. Trash fish is the by-catch after food fish are separated from the seining. Indispensable amino acids can be one of the big hurdles to overcome in finding a diet to support the health and life cycle of the captive species. Still, the aquatic livestock industry depends on fish-meal for protein and oil sources. The fish meal protein is high-quality and digestible, with balanced AA ratios for many cultured species. Trouble is coming for the aquatic livestock industries and the fish-meal suppliers to keep pace with the market demand as both aquatic and terrestrial livestock utilize fish meal. The world fisheries for fish-meal production are reaching the limit of sustainability. The aquatic demand side is growing faster than the terrestrial side is shrinking. There are carnivorous, omnivorous, and herbivorous species of fish.
 Typically the youngest life stages require the highest dietary protein levels, which taper off with maturity. Juvenile fish require higher protein levels that may need 30–50%.[5] The fry of all species can be regarded as carnivorous when cannibalism sets into the population.[6] Hatcheries depend on fish-meal and are fortunate that the quantity is relatively small.
 Crude protein
 Crude protein (CP) is part of the typical chemical analysis that feeds are evaluated for. The nutrition tag on bagged feed has a list of ingredients that may have many protein sources. Crude protein does not describe digestible protein. Feathers, for example, do not have much digestible protein because the animal gut cannot break some of the proteins apart (digestion) to free the AA for absorption. If AAs are not free to be absorbed through the gut wall, they cannot be metabolized for constructing the specific proteins needed at the time.
 While the same Indispensable amino acids are listed across species, there can be differences between species in the ratios of the combination, making up the total amino acid requirements.
 Digestible protein
 Digestible protein (DP) is the portion of the CP fed absorbed from the small intestine. This protein is also called absorbed protein (AP) and is not calculated from a laboratory chemical assay. Nutritional studies done in live animals can establish the amount of AP taken out of the ingested crude protein (IP) by subtracting the excreted fecal protein (FP) from the IP protein ingested. Fecal content for fish nutritional studies is typically collected by sedimentation in tank water or fecal stripping by manually expressing feces from the rectum. The sedimentation method is typically lower-valued than stripping due to the leaching of many nutrients while in water.[7]
 IP – FP = AP
 The digestible protein then gets the analysis closer to the metabolized protein (MP) available to metabolize. On the side of caution, do not assume that all protein sources of the same name are equal in MP. The MP value of a protein source lot or batch could be altered with various abuse such as heat of storage, processing, time since harvest, source strain, or species of the ingredient for the product. While the product manufacture and content are variables in protein availability, so are the conditions the fish are cultured in. A feed will produce different outcomes when crucial factors impacting metabolism vary. Crucial factors can be temperature, feeding strategy, and flow rate. For example, two production seasons may have different efficiency due to weather or other factors beyond the control of some operations. These are the more technical issues that the experienced livestock producer could benefit from evaluating.
 Biological Value
 Biological Value (BV)  indicates how suitable the AA of the MP source matches the metabolic needs of the animal. It measures protein quality by calculating the nitrogen ratio used for protein synthesis or tissue formation and the nitrogen absorbed from the feed. There are many sources of protein to put in feeds. The CP can be chemically determined. The nutritional study will yield the MP. A value is still needed to determine how appropriate a feed may be for the animal eating it. Determining the BV of protein sources may indicate that a diet for different life stages to be cost-effective.
 Table 2. Biological Value of Common Feedstuffs for Monogastrics. (N retained/N absorbed) 	Feed 	BV 
  	Concentrated whey 	104 
 	Egg 	100 
 	Milk (cow) 	91 
 	Beef (lean) 	80 
 	Casein from whey 	77 
 	Soybean meal 	74 
 	Wheat gluten 	64 
 	Corn zein 	35 
  
 
 When evaluating protein sources, the value of the feed rests in the BV or metabolic utilization of the protein source to the animal eating the protein. Table 2 is the information from studying how appropriate the listed protein source is for monogastrics. The source is likely terrestrial monogastrics. Nonetheless, the list shows the distinct variation amongst commonly used protein sources. The feedstuffs with the highest BV typically come with a higher unit cost. It is safe to assume that higher quality (>BV) feeds come at a higher price. Depending on the discussion of specific fish species, the list of protein sources may be digestible, metabolizable, and biologically utilized. BV is a necessary component in the calculations around the economy of a protein source. Understanding the nutritional requirements of a fish species is paramount to successfully determining the most cost-effective protein source. Nutritional requirements are being defined for species that are called economically important species, such as catfish (Siluriformes), trout and salmon (Salmonids), and a few others.[8], [9]
 Ties to Practice: Feed Choice Considering how many fish species there are and the possible differences in dietary needs, one sees the term “close” generally used to determine what feed to purchase. The feed industry has standard formulations for trout, salmon, catfish, or even Hybrid striped bass and tilapia. The crude protein levels can differ in each of these. Catfish do not need as much protein in the diet as salmonids (trout, salmon). The CP analysis will be lower for catfish. Is a useful level of MP still provided at a lower level of CP in the catfish diet? Is the BV adequate for the life stage of eating the diet?
 
 With the previous information, we understand that a high-quality source of protein is sought that will yield the greatest results in the livestock. Digestion of dietary proteins will create the individual AA that will be absorbed and metabolized. It is appropriate to ask ourselves about the body’s uses of this AA influx from the intestines. Proteins are integral to a maintenance cycle in muscle, for example. As previously used proteins are replaced with new proteins, the old protein is broken down and becomes AA, and some portion is reused in new protein generation. Enzymes do this salvage process. The non-reuse of former protein AA or the need for different AA in the protein construct causes the need for replacement AA from the diet.
 Muscle is likely the largest protein user, especially in the young growing animal. While protein is necessary for most tissues, the increasing muscle mass in the young animal produces the meat utilized in the human diet. It is simple to say and understand that growth is a situation where the synthesis of new protein is greater than the destruction of old protein. This process is termed protein accretion. Generally, this means a dietary supply of MP with an AA profile similar to the animal’s muscle. Because growth is limited and declines with age and maturity, the amount of MP required per kg of weight gain declines. The energy is increasingly shunted to energy stores of fat and leads to declining muscle mass (protein).
 Tables 3A and 3B depict the AA assays from several species and the organ meats. The AA composition is similar but differs most from AA lysine. The great diversity of fishes is one area that requires some thought. It was stated previously that Chinook salmon require 6% arginine of the total protein while Rainbow trout require 4% of the same AA. Tables 3A and B[10] show the AA analysis of muscle tissue and organs from several livestock species.
 Table 3A. Percent contribution of amino acids to total nitrogen of proitein from miscle tissue, from Beach, Munks, & Robinson (1943) 	 	Arginine 	Histidine 	Lysine 	Phenylalanine 	Tyrosine 	Tryptophane 
  	Beef 	13.89 	3.81 	9.71 	2.61 	2.08 	1.16 
 	Veal 	15.16 	4.04 	11.52 	2.34 	2.35 	1.19 
 	Lamb 	15.26 	4.01 	10.39 	2.37 	2.36 	1.23 
 	Pork 	13.31 	3.66 	10.36 	2.09 	2.13 	1.12 
 	Chicken, light 	13.89 	3.96 	10.11 	2.04 	2.14 	1.11 
 	Chicken, dark 	14.23 	3.86 	10.08 	2.44 	2.10 	1.05 
 	Turtle 	13.49 	3.84 	9.22 	2.29 	2.24 	1.21 
 	Frog 	13.31 	3.55 	9.57 	2.47 	2.26 	1.18 
 	Salmon 	12.84 	3.89 	10.78 	2.40 	2.12 	1.18 
 	Codfish 	12.58 	3.45 	10.06 	2.27 	2.19 	1.10 
 	Shrimp 	13.18 	3.05 	9.99 	2.53 	2.29 	1.06 
 	Beef heart 	14.95 	3.60 	8.50 	2.70 	2.14 	1.21 
 	Liver 	13.33 	3.35 	7.21 	3.21 	2.22 	1.55 
 	Kidney 	13.93 	3.91 	7.44 	2.90 	2.23 	1.55 
 	Brain 	12.82 	4.26 	7.16 	3.09 	2.46 	1.41 
 	Lung 	12.64 	3.28 	6.88 	2.17 	1.82 	0.95 
 	Stomach 	13.27 	2.86 	6.97 	1.76 	1.81 	0.81 
  
 Table 3B. Percent contribution of amino acids to total nitrogen of proitein from miscle tissue, from Beach, Munks, & Robinson (1943) 	  	Serine 	Threonine 	(Cystine) Graff 	(Cystine) Sullivan 	(Methionine)
 Beach-Teague 	(Methionine)
 Sullivan 
  	Beef 	4.52 	3.36 	0.94 	0.68 	1.86 	1.82 
 	Veal 	5.05 	3.75 	0.98 	0.72 	1.92 	2.12 
 	Lamb 	5.24 	3.88 	1.03 	0.72 	1.80 	1.92 
 	Pork 	3.81 	3.39 	0.83 	0.72 	2.01 	1.89 
 	Chicken, light 	3.93 	3.42 	0.92 	0.60 	1.92 	1.97 
 	Chicken, dark 	4.54 	3.37 	0.93 	0.64 	1.73 	2.14 
 	Turtle 	5.29 	3.57 	0.93 	0.42 	1.75 	2.41 
 	Frog 	5.26 	3.62 	0.94 	0.63 	1.86 	1.87 
 	Salmon 	3.30 	3.08 	0.89 	0.54 	1.85 	2.22 
 	Codfish 	4.12 	3.32 	0.87 	0.76 	1.90 	2.20 
 	Shrimp 	3.32 	2.91 	0.80 	0.72 	1.75 	2.01 
 	Beef heart 	4.94 	3.45 	0.90 	0.77 	1.77 	1.88 
 	Liver 	6.04 	3.52 	1.13 	0.82 	1.41 	1.70 
 	Kidney 	5.09 	3.34 	1.32 	0.84 	1.57 	1.64 
 	Brain 	5.88 	3.92 	1.42 	1.00 	1.56 	1.73 
 	Lung 	5.55 	2.82 	1.12 	0.69 	1.06 	1.47 
 	Stomach 	5.83 	2.78 	0.76 	0.71 	1.18 	1.61 
  
 After growth through muscle creation, the reproduction process also has large dietary protein requirements. Given that reproduction is a high-priority function for species survival. The MP AA profile should match that required for gamete production. This requirement can be considerable in some fish species. For example, Salmon eggs could make up almost 30% of the body mass. The exaggerated gamete to body mass is compounded when many species quit eating at or around the time of spawning. The process of spawning for many fish is extremely stressful. The reliance on nutrient stores is significant. These nutrient stores mean the catabolic status takes over the metabolism. In the case of anadromous fish, such as various species of Pacific salmon (Oncorhynchus spp.), this catabolism is so severe, so complete the broodstock dies after reaching the waters of origin and completing the task of spawning. The task of migrating from the ocean to the home spawning is complete without nutrition, as the energy needed brings about catabolism. Catabolism is the withdrawal of protein from the body structures to meet the migration energy demands of the long journey to their waters of origin.[11]
 Fast Facts As a side note to the environmental benefit of this biomass migration to the upper reaches of wilderness areas, the migrating biomass brings nutrients from the ocean to refurbish environmentally critical micronutrients. These refurbished nutrients then leach or move through the entire watershed.[12]
 
 Recalling the previous statement that newly hatched and small fry will do better on high protein diets closely formulated to their muscle AA analysis, we can turn our attention to the optimal growth diet of grow-out fish. These fish have gained in size and moved to larger feed. This life stage is varied depending on the species being reared. Optimal growth for many cultured species is around 32–35% protein of good quality. Protein is also an energy source for animals. Fish are good at using protein wherever needed to fulfill the body’s needs for tissue or energy.
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		6.2 Carbohydrates

								

	
				 Carbohydrates (starches and sugars) differ by varying the combination of carbon and water. Carbohydrates are usually plentiful, widely available, and the least expensive energy source for fish diets. While carbohydrates are major energy sources in mammals and some other vertebrates, fish are not as efficient in metabolizing carbohydrates. As a comparison, mammals typically gain around four calories per gram. Fish may only take around 1.6 calories per gram. Carbohydrates are included in fish diets to reduce diet costs and give some “protein sparing” (explained below) to circumvent metabolic energy being taken from the dietary amino acids. Carbohydrates are less essential to carnivorous fish species. Dietary starches also fill the role of binders when heated to create extruded floating feeds, and the temperatures used in the production process make the starches more biologically available.
 Excess carbohydrates are stored as glycogen in the liver. In fish, glycogen can be mobilized to satisfy part of the animal’s energy demands. Many fish species can utilize up to about 20 percent of dietary carbohydrates.[1] Beyond the useful range of carbohydrates, fish create enlarged livers from the excess glycogen storage in an increased hepato-somatic ratio. This tendency is quicker to develop in carnivorous fish and presents pale-colored livers when harvested for slaughter or seen at necropsy.
 Digestion of carbohydrates in fish is a process of enzymatic degradation resembling the better-understood mammalian enzymes and processes. The temperature has a direct effect on enzymatic action. Lower temperatures slow the function and efficiency of enzymes. Analysis of enzymatic efficiency in fish is beyond this level of discussion. The majority of the digestive processes are conducted in the midgut, which is mildly alkaline. The pancreas, gut wall, and hepatic bile enzymes are known to be present in fish. Specific enzymes attack parts of the three energy classes—carbohydrates, fats/lipids, and proteins.[2] The assumption about enzymes being universal throughout fish species needs caution. Predators such as salmonids may not have sufficient carbohydrate enzymes. In terms of specific sugars, salmon can use glucose but not fructose because of the enzyme menagerie they are equipped with.
 On a comparative basis, the starch in corn could be a readily available nutritional candidate, but significant differences in digestibility exist between vertebrate species. For comparison, carp can get 60–70% of corn’s starch value, but trout (a salmonid) might only utilize 40%. Grain starches are typical carbohydrate standards for metabolic studies. Other starches from other sources may be utilized differently in specific situations. More research is needed.
 Levels of dietary carbohydrate inclusion are recommended to be within 15–25 percent for salmonids and marine fish. The recommended level of carbohydrates can go up to 50 percent for herbivorous and omnivorous species.[3] In this comparison of generalities, fresh or warm water species are better digesters of carbohydrates. Coldwater and marine species lose digestive efficiency if much above 20% dry-weight carbohydrates in the formulation. Beyond the water and temperature distinctions, fish have the major enzymes for carbohydrate digestion. For coldwater species like salmonids, higher levels of dietary carbohydrates have been reported to cause enlarged livers, as described above.
 Fish are noted to develop hyperglycemia on high carbohydrate diets. Hyperglycemia is not a failure to produce enough insulin. It has been found that blood sugar elevation in fish also includes a response from somatostatins that alter the insulin release response. Somatostatin intervention in carbohydrate metabolism is mentioned to avoid the repeated statement that fish are diabetics. The resting levels of insulin closely match the homeothermic species but may have fewer insulin receptors to respond.[4]
 Reviewing the role of carbohydrates in fish diets, fish digest their diet at rates according to the environmental temperature and the interrelationship of the energy components, i.e., carbohydrates & protein. While fish have lower tolerance and digestibility of CHO in certain instances, a diet with some CHO content is useful for manufacturing purposes. The binding characteristic in the pelletization process during the manufacturing process was listed. Another area is called “protein sparing.” When fish are held in suboptimal temperatures and fed maintenance diets, much of the protein-derived peptides are deaminated for energy which consumes metabolic energy. Using small amounts of CHO as an energy source will reduce the protein (protein sparing) used for the energy from the deamination of certain amino acids.[5]
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		6.3 Fats & Lipids

								

	
				Considering the role of fats & lipids in the diets of teleosts, the following are very general. Fats are the chief form of stored energy. This energy retention allows fish to exist in “feast or famine environments.” Natural foods are not guaranteed in most cases. Environmental conditions often alter the “normal” cycle of multiple feed sources. Whether the species is herbivore, omnivore, or carnivore, they all are obligate eaters. Studying the feed stream in feral animals is difficult but rewarding to see how nature is interrelated.
 Fats provide a stable energy source for work and heat and insulate the body from temperature variations. The fat forms “pads’ that protect organs from physical trauma. Phospholipids are a major component of cell membranes. This category of nutrients is the precursor to bioactive compounds such as eicosanoids.
 Some fats are essential to the diet for the energy source emphasized and are integral to body tissues. Cholesterol is an extremely important component of the plasma membrane around the cells. It is in the fats/lipids part of this discussion because of its lipid component. A very brief review of cholesterol biochemistry finds it is a major cell membrane component, a precursor for bile acid generation, and a precursor of all the steroid hormones such as estrogens, androgens, glucocorticoids, and mineralocorticoids. Some cholesterol will be absorbed from the diet, and the liver creates the remainder.
 Fatty acids
 Fatty acids (FA) are the building blocks of fats. FA’s are described in several ways. FA’s can be saturated or unsaturated. The saturated FA’s contain no double bonds and can be found in animal fats and plant oils. The saturated FA’s are organic acids with straight chains and even numbers of carbon atoms.[1]
 Unsaturated fatty acids contrast with saturated fatty acids as carbon chains with double bonds between carbon atoms. When there is one double carbon-carbon bond, it is called monounsaturated fatty acid (MUFA). When more double bonds occur, the fatty acid is termed polyunsaturated fatty acid (PUFA). FA chemistry permits almost innumerable creations. The names we put on them are simple and follow one of three nomenclature systems. The Delta system, common names, and the Omega system are named here for future reference. In this part of our discussion, we will use the Omega system. This system creates identifying numbers by noting the position of the first double bond from the terminal methyl carbon.[2] For introductory purposes, most readers have come across the important Omega-3 and Omega-6 fatty acids (denoted as Ω-3 and -6 or n-3 and-6). Fish need both of the groups in the diet.
 Omega-3 is an FA-like linolenic acid (18:3 n-3) commonly found in fish oil, flax seed, primrose, and algae. These may give rise to longer Omega-3’s such as eicosapentaenoic acid (EPA) (20:5 n-3) and docosahexaenoic acid (DHA) (22:6 n-3). Omega-6 fatty acids like linoleic acid (18:2 n-6), dihomo-gamma-linolenic acid (DGLA)(20:3 n-6), and arachidonic acid (20:4 n-6), which may be gotten from soy oil and canola oil. Some fish can produce other Omega 3 and 6 fatty acids as long as some are in their diet, i.e., supplement linolenic acid and EPA can be generated.
 Fast Facts Fish need to ingest highly unsaturated fatty acids to allow cold water tolerance. The higher amount of unsaturated fats in cell membranes permits a lower temperature before freezing overtakes the cell membranes and kills the fish.
 
 We know fish to be a valuable source of Omega 3 fatty acids for the human diet. However, fish do not synthesize but need a source in their diet. Depending on the species, the source could be algae, plankton, or fish prey. The challenge in aquatic livestock production is to get these fatty acids into farm-raised fish. Livestock need at least 0.5–2% of the diet as unsaturated fatty acids to contribute much to the human diet. Wild fish are likely to provide higher levels of Omega-3 to the consumer.
 Fish are usually fed diets with higher fat diets than most terrestrial animals. As mentioned before, fat is an excellent energy source. Typically diets are below 20% to avoid a condition called fatty liver in the harvested fish. Trouble comes with high-fat diets and especially unsaturated fatty acids because of rancidity. It is common to find hatcheries holding fish feed in coolers or even freezers as an assurance to preserve the fats. Fish are particularly sensitive to rancid fats and turn away from diets not properly stored.
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		6.4 Minerals

								

	
				 Fish have more flexibility when discussing minerals in fish nutrition than mammals in acquiring the needed quantities. Fish nutrition is supported by absorbing several minerals across gills, skin, and some epithelial linings from the outside aquatic environment. Calcium (Ca), copper (Cu), iron (Fe), magnesium (Mg), potassium (K), selenium (Se), sodium (Na), and zinc (Zn) are absorbed from water as a rule of thumb—if the water environment contains the minerals. Please keep in mind that outside aquatic environments can range from mineral-depleted freshwater to the mineral abundance of marine environments. When managing the mineral access for fish, it is necessary to know the mineral values in the surrounding water. Dietary availability can support fish needs in low-mineral water. Brackish and marine species are not often affected by mineral imbalances. Fish absorb dietary minerals much as mammals.
 Minerals, i.e., inorganic elements, are required for many normal life functions of fish. Minerals are involved in skeletal formation and maintenance, osmoregulation, and being part of enzymes and hormones. Fish have several complex mechanisms to control mineral acquisition. Hence, there is a unique ability for this class of vertebrates to occupy the largest vertebrate range of environments.[1]
 Minerals are categorized as macrominerals or micronutrients (trace minerals). The minerals are essential to fish since the body cannot generate minerals and requires certain levels to maintain growth, health, and reproduction activity. There are six minerals listed as macrominerals. The macrominerals include minerals such as calcium, phosphorus (phosphates), magnesium, sodium, chloride, and potassium.[2] Soft water sources can create nutritional challenges for some fish in some situations. Therefore, the water source for a production facility is best examined for the mineral content of elements absorbed by gills. Macrominerals are needed in larger amounts than trace minerals.
 Macrominerals
 Calcium
 Calcium is a major component of both skeletons and scales. Scale calcium can amount to 19–24% of the total body dry weight.[3] Dietary levels of Ca are usually met with the ingredients of the formulated feed if the water level of Ca is adequate. Fish can have the same relationship as mammals between Vitamin D and Ca balance for skeletal growth and maintenance.
 Phosphorus
 Fish gills can absorb phosphorus from water and can also be acquired from the diet. Fish are better at utilizing animal sources of phosphorus rather than plant sources. Meat and bone meal work well in fish diets. Plant sources are not well used when P is bound with phytic acid. Calcium phosphate is well utilized. Formulated diets need about 0.45% available P in a diet depending on species similar to monogastric mammals. Some species have demonstrated a balanced ratio between Ca:P, such as 1:2 in red seabream[4] and 1:1 in eel.
 Magnesium
 Magnesium (Mg) is considered a critical divalent cation that plays essential roles in many functions in the body. Extracellular Mg is involved in muscle function, nerve conduction, and many tissue metabolic functions. The major proportion (50–70%) of Mg in the body of fish is located in skeletal tissues and scales[5] Aquatic livestock access to Mg is generally adequate in freshwater when Mg is present in water above 46 mg per liter.[6] Fish in saltwater will not need Mg in the diet. Mg toxicosis is possible with high Mg and low protein diets. When on formulated diets, Mg deficiency can present with anorexia, reduced growth, lethargy, and reduced tissue magnesium content in fish tissues. Trout will present with renal calcinosis as a consequence of Mg deficiency.[7]
 Salt (sodium chloride)
 Freshwater fish plasma has higher concentrations of sodium chloride (NaCl).than the surrounding water. Elevated plasma sodium chloride leads to diffusive salt loss across the gill epithelium. This outflow can create serious challenges for fish living in low-ion waters. Feed formulations for freshwater generally provide 0.07% Na and 0.18% Chloride in the final feed analysis to counterbalance the difference in most cases. There has been a thought to produce brackish species in freshwater by adding more salt to the diet to bolster the electrolyte levels needed in brackish species. Salt is widely used in production and hauling water as a symptomatic treatment for stress. The benefit is replacing salt loss from stressors. Supplemental salt added to the water allows the fish to balance the homeostatic osmolality pressure that hauling activities cause fish.
 Potassium
 Potassium is often described along with the sodium and chloride components because all are easy for fish to acquire from their surrounding water. Potassium is also one of the most abundant elements in the body. It is typically readily absorbed from water, and the abundance of potassium in natural ingredient feedstuffs used in fish diets means they need not be supplemented. Potassium was found to be needed for chemically defined diets. Signs of potassium deficiency have been anorexia, tetany, and death.[8]
 Trace Minerals
 Trace elements in fish diets have numerous minerals, but not all have nutritional requirements. Without listing specific fish species, the following microminerals have dietary requirements: iron, copper, manganese, zinc, cobalt, selenium, and iodine.[9] Trace metals are mostly required in small amounts of less than 100 mg kg. The dietary requirements are nonetheless absolutely required for normal development and growth. Some of the trace minerals are described in the following discussion. Iron is widely used in fish for hemoglobin, ferritin, and enzymes such as cytochromes. Deficiency leads to anemia in fish, just as in other vertebrates. The gut mucosa absorbs the great majority of iron for fish needs. Copper is involved in enzyme activity, and various copper proteins and chelates are involved in metabolic activities. Copper toxicity is more common than deficiency and is seen as anorexia and poor growth. The range of copper adequate for most fish rests between 3 to 5 mg Cu /kg diet. Copper can have interactions with zinc since they have similar valence qualities. Manganese is important in many enzyme activities of fish. There is a restriction of growth when manganese is inadequate. Dwarfism has been reported with manganese deficiency.[10]
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		6.5 Vitamins

								

	
				 Fish often do not make enough vitamins in their bodies. Therefore, vitamins are included in fish rations to ensure adequate growth and health intake. Vitamins are classified as water-soluble or fat-soluble, depending on where the body typically stores them. Water-soluble vitamins are more transient since freshwater fish have a relatively large flow of water traversing the body. Fish have little in the way of reservoirs of water-soluble vitamins. In contrast, fat-soluble vitamins can be stored in fats and other lipids in the body and hence can be held in reserve much longer than water-soluble vitamins.
 Water Soluble Vitamins
 Fish have almost the same requirements as mammals for water-soluble vitamins. The list of water-soluble vitamins includes B vitamins, inositol, choline, and vitamin C (ascorbic acid). The dietary source is crucial and must be provided daily to avoid deficiency symptoms. Providing reliable water-soluble vitamins can be tricky or difficult because pelleted feed becomes water-logged if not eaten promptly. This water-logging leaches water-soluble vitamins from the pellet.
 B-vitamins
 B vitamins include thiamine (vitamin B1), riboflavin (vitamin B2), niacin, pantothenic acid, pyridoxine (vitamin B6), biotin, folate, and cobalamin (vitamin B12). B vitamins mainly function as coenzymes or cofactors of intermediate metabolism B vitamin deficiencies result in general symptoms that are not specific enough to lead the clinician to an easy diagnosis. The general maladies of most B vitamins include reduced growth and feed intake (anorexia), anemia (except B-1, thiamine), and discoloration of the body (pantothenic acid, niacin, and vitamin B12 do not affect coloration). The frequent and likely water-soluble vitamin deficiencies in fish culture are thiamine, niacin, pantothenic acid, and pyridine.[1]
 B1: Thiamine
 Thiamine is a coenzyme in the enzymes in carbohydrate metabolism. Therefore a deficiency is expected to show signs in energy-consuming organs like the brain, eye lens, and red blood cells. Dietary levels are usually sufficient, with 1.0–11 mg/kg. However, other dietary components, such as starch in plant ingredient diets, can interfere with availability.[2] The enzyme that breaks down thiamine, thiaminase, can be very high in some species. Of course, no problem for living fish, but a real problem when feeding raw fish with high thiaminase to other animals. Thiamine decline can also affect aquarium fish-fed live fish, for example. But processed fish meal has had the thiaminase destroyed in the heating of the preparation. Be aware of this possible need to add thiamine to the diet when live or fresh, unprocessed fish (trash fish or feeder fish) are used. Aquarium fish are susceptible when some live fish are fed to the captive fish.
 B2: Riboflavin
 This vitamin is intimately involved in metabolism as coenzymes in oxidases and reductases for the metabolism of all macronutrients. Catfish fingerlings, in particular, require between 4–6 mg/kg to avoid gross signs of deficiency such as cataracts but as high as 9 mg/kg for maximum growth performance.[3] Smaller fish have greater requirements than larger and more mature fish.
 B3: Niacin
 Niacin is called nicotinic acid and is involved in the coenzyme metabolizing carbohydrates, lipids, and proteins. The most commonly reported signs of deficiency occur in the skin and fins when hemorrhage and erosions occur. Suggested recommendations vary greatly from species to species. The recommended levels for best growth range from 7–150 mg/kg. There is some effect when carbohydrates are added to plant-based diets given to carnivores.[4]
 B5: Pantothenic acid
 Pantothenic acid participates in the coenzyme A process of energy metabolism in mitochondria. Tissues with high energy use and frequent cell division will show the first signs of deficiency. Gills of pantothenic acid deficient fish will become clubbed and thickened due to epithelial hyperplasia.[5] Deficiency is avoided in many species with pantothenic acid levels in the diet from 10 to 45 mg/kg.
 B6: Pyridoxine
 Vitamin B6 is a group of three chemicals in their phosphate esters. The vitamin is added to fish diets as pyridoxine HCl salt. The Vitamin B6 compounds are involved in numerous reactions to metabolize amino acids and lipids. A few species, i.e., rainbow trout and Snakehead fish (Channidae). Generally, Vitamin B6 deficiency is shown in poor growth and low hematopoiesis. There are reports of nervous system involvement, such as what appeared to be epileptiform fits.[6] Vitamin B6 dietary requirements vary across species, requiring 1–15 mg/kg of prepared diet.
 Biotin
 Biotin is involved in many metabolic processes because of enzyme requirements to properly act in the activity. Metabolic pathways such as long-chain fatty acid production require biotin. Biotin deficiency is difficult to produce artificially for research unless the glycoprotein avidin from raw chicken egg white is included. Natural diets are seldom deficient. Manufactured diets include some level of biotin. When deficient levels do occur, there is slowed growth and change in skin coloration.[7]
 Folic acid
 Folic acid, after enzymatic reduction, acts as an intermediary in other enzymatic actions leading to amino acid metabolism. Deficiencies in various species have been described as poor growth, anemia, and dark skin.[8]
 B-12 Cobalamin
 Animals and plants do not synthesize vitamin B-12 by gastrointestinal microorganisms. Only trace amounts are required, but they are essential in developing red-blood cells’ metabolism of fatty acids. Cobalamin deficiency may be confused with folic acid deficiency. This vitamin may increase appetite in some animals during recovery from disease and surgery.[9]
 Vitamin C
 “Fish” vary in their ability to synthesize vitamin C or ascorbic acid. All teleost species should be considered unable to synthesize sufficient ascorbic acid levels.[10] So-called primitive fish are generally noted to synthesize ascorbic acid. Hagfish, sturgeon, sharks, rays, and lampreys can synthesize ascorbic acid.[11][12][13] The enzyme, L-gluconolactone oxidase is required to synthesize the essential nutrient. Those fish that do not have the oxidase enzyme for glucose synthesis will need a sufficient level in their diet.
 Vitamin C is very labile to processing conditions and storage time. Vitamin C should be stabilized to assure longer-term nutrient value in the diet. Typically, six months is the expected shelf-life of ascorbic acid in its native form. Several algae may contain vitamin C as a natural source in some fish species.[14] Therefore, feral predators benefit from eating whole fish with sufficient Vitamin C. Sufficient stabilized Vitamin C in formulated diets needs to be verified in all cases to be safe.
 Vitamin C performs the same functions for teleosts provided to other vertebrates. Fish need vitamin C for normal bone and collagen development and replacement. Vitamin C enhances iron absorption in the gut, and anemia may become a problem without sufficient ascorbic acid and lower iron supplementation.
 [image: A zebrafish with visible deformation from scoliosis.]Figure 6.2 Scoliosis in Danio rerio, zebrafish. [Image Source: “Fish Scoliosis 2012 02 12” by Ursus sapien, CC BY-SA 3.0. Image cropped and edited to better show the curvature of the spine.] There are few pathognomonic symptoms or signs specific to ascorbic acid deficiency. The signs are mostly structural to the spine, operculum, skin, and eyes. The skeletal deformity in Image 7.02 could be caused by Vitamin C deficiency. However, there are many other etiologies to consider in spinal deformities of various species.
 Fat Soluble Vitamins
 Vitamins A, D, E, and K are classical fat-soluble vitamins essential to vertebrates, and teleost fish are no exception. These vitamins are absorbed from the gastrointestinal tract along with dietary fats. One must be aware that conditions favoring fat absorption also affect the absorption of fat-soluble vitamins. These vitamins come from natural feeds or formulated diets. Vitamins are not toxic in mild excess for a short duration. Fat-soluble vitamins are stored in the fat and lipids of the body. However, consistent and long-standing overdosing will lead to disease manifestations. Vitamin deficiency can occur with disease symptoms becoming apparent. The common clinical history of vitamin deficiency is poor growth.
 Vitamin A
 Vitamin A is essential for regenerating rhodopsin in the retina, which is light-sensitive and involved in vision. Otherwise, Vitamin A is essential in supporting growth, immune function, reproduction, and skin regeneration. Fish can utilize pro-vitamin A compounds such as the carotenoids like B-carotene and xanthin compounds to support the vitamin A requirement. Mammals are more limited in pro-vitamin A sources and utilize carotenoids for other biological purposes. The “other metabolic purposes” have not been well described in fish.[15]
 Vitamin D
 Vitamin D is of special note since fish cannot synthesize Vitamin D (with one notable exception currently reported) via the skin since water blocks the entry of UVB of sunlight from penetrating below the surface. Therefore, all Vitamin D must be supplied via the diet. Rainbow trout, however, can produce vitamin D in the skin when exposed to visible blue light. It is also notable that vitamin D activation (from cholecalciferol to calcitriol) in trout occurs in the liver rather than in the kidneys, as in land animals.[16] Vitamin D has two natural sources: ergocalciferol (Vit D2) and cholecalciferol (Vit D3) which are altered in the liver and sent to the kidney to be modified to 1,25-dihydroxyvitamine D3. The active form of Vitamin D arises in the kidney, not from the diet. The active form of Vit D is involved in the absorption, transport, mobilization, and use of calcium and phosphorus in unison with parathyroid and calcitonin activities. Deficiency presents poor growth and eventually displays changes in the white muscle, especially in the epaxial muscles above the spine. Excess Vitamin D has not been found to cause renal calcinosis as described in Rainbow trout with excess calcium.[17]
 Vitamin E
 Vitamin E is several molecules described in comparison to α-tocopherol activities. The highest biopotency is d-α-tocopherol. Vitamin E and selenium work in unison as effective antioxidants to squelch oxidation against cellular phospholipids and proteins. Signs of Vitamin E deficiency have signs of atrophy of white muscle, especially anemia, poor growth, edema of the heart, and depigmentation of the liver. The signs of Vitamin E can be further exaggerated by selenium deficiency, similar to the mammalian Vitamin E/Selenium deficiency syndrome.
 Vitamin K
 Vitamin K is a group of compounds known best for involvement in blood coagulation and bone density. The stimulation of prothrombin activity and synthesis of Vitamin K-dependent clotting factors is part of Vitamin K’s functions. Vitamin K is necessary for formulated feeds to avoid coagulation problems. In other animals, a source of Vitamin K can originate from gut microbial activity. A gut microbial supply of Vitamin K has not been reported in fish. Vitamin K is a regulator of bone formation and mineral maturation. Interestingly, Udagawa 2001 & 2004 investigated the vertebral malformation in fish fed Vitamin K deficient diets, and the malformations in offspring of brood fish fed Vitamin K deficient diets.[18], [19]
 Fast Facts Energy is NOT a nutrient but rather a property contributed to an animal by three dietary components. This energy is measured in thermal units of calories or joules. One calorie is the energy required to raise 1g of water from 16.5–17.5 degrees C. 1000 calories = 1 Kilocalorie (Kcal).
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		6.6 Energy Usage

								

	
				 The three energy sources in fish diets include protein, fat, and carbohydrate. Recall that metabolic processes acquire energy from one of the three energy supplies. This energy is necessary to conduct normal functions—muscle activity, combating concentration gradients, and energy-dependent physiological functions.
 Fish overall has low energy needs for several reasons. The body temperature is not stable because of fluctuations corresponding to environmental changes. Residing in the neutral buoyancy of water requires less muscle activity to maintain a physical location or move about by muscle activity. Finally, significant savings through excreting nitrogenous metabolic waste in the form of ammonia directly from the gills. Table 3 provides simple conversion rates for formulating diets.
 Table 3. Nutrient Conversion from Metric to English. 	Metric
  	English 
  	1 kg 	2.2 lbs 
 	1 mg/kg 	454 g = 16 oz 
 	1 lb 	28.3 g 
 	1 oz 	29.5 ml 
 	1 fl oz 	1000 calories (1 calorie human nutrition) 
 	1 USP unit 	1 IU 
 	1 KIU 	1000 IU 
 	% 	G/100g OR lbs/100 lbs 
  
 
 When working in nutrition, there are often many mathematical calculations to make. A calculation risk arises from the lack of a universal measurement system. Scientific information is typically published in Metric units, while feeds or the ingredients may be available for sale or use in English units. Table 3 gives some useful conversions for maneuvering between the two systems. Notice, for example, the dry weight and fluid weight’s specific values. 1oz dry weight is 28.3g, while one fluid oz (USA) is 29.5 ml. The notation of USA is because there are Imperial units that utilize oz., lbs., and gallons. It seems reasonable to recall “a pint is a pound the world around” as a go-to standard across many of the world’s systems of measure. The metric units are more convenient to move between liquid and dry measures since 1mg/kg=1ppm just as 1ml/l=1ppm.
 [image: Gross energy is turned into fecal and digestible energy, digestible energy is either lost in urine/methane or metabolized, metabolized energy is lost in heat increment or counted as net energy, and net energy is used for maintenance or production.]Figure 6.3. Graph of energy utilization. Energy  use
 The types of energy derived from a diet for the fed species are displayed in Table 4. The net energy remaining after the losses is used to maintain basic metabolic functions and production energy. This energy category is called maintenance energy (ME) or net energy, depicted in the image to the left. This ME is the energy expended to maintain the basal functions of the body. Energy for movement, reproduction, food prehension, and growth is in addition to the basic maintenance requirements. Note that terrestrial animals have an added maintenance cost to stand or change resting positions. This energy is to counter the force of gravity. As listed previously, fish are not hobbled by this energy cost since buoyancy can be taken advantage of. The maintenance portion of the diet will include further divisions for maintaining the electrolyte pumps at a rate of 55–60% of ME. This value may vary greatly depending on the environment, age, and gender.
 Thermogenesis, or generating body heat, is 10% of the maintenance diet in mammals. Thermogenesis is irrelevant in fish except for the few species with heat exchange mechanisms for deep diving.[1] The fish expend around 25% of the maintenance energy for a functioning heart and gills. Enzyme synthesis and replacement functions can consume 5–10% of the baseline energy.
 Energy for ammonia excretion is much lower in teleosts because they excrete ammonia through the gills, while mammals lose 2–8% of maintenance energy sending urea through the kidney. It should be noted that elasmobranchs utilize urea to excrete byproducts of protein catabolism, but they also use urea as an osmolyte to manage the osmotic pressures in variable environments.
 Considering the different functions involving ME and the unique functions performed or not performed by animals to be fed, it is useful to calculate Basal Energy Requirement (BER) for different animals. BER is the energy required to maintain the body’s normal metabolic activity, i.e., respiration, maintenance of body temperature, production of enzymes, and necessary movement. It is understandable that if an animal does not regulate body temperature, the basal energy is decreased. If the animal is buoyant in the water while another animal species is lifting itself against gravity, the BER will be different. The BER, also known as Maintenance Energy Requirement (MER), is a useful value to keep in mind across species. BER is calculated as shown in the equation:
 BER = K value × (BW in kg).75 in Kcal of DE/day
 K value is a constant calculated for each species. In the following list, the animals have been grouped into listed categories for comparison:
 	10 for most freshwater & saltwater fish
 	10 for reptiles
 	49 for marsupials that have a body temperature of 90–99 F
 	70 for placental mammals
 	78 for non-passerine birds (non-perching, larger birds, i.e., chickens, turkeys)
 	129 for passerine birds (perching w/ 3 toes forward, one backward & usually smaller birds)
 
 In order to meet the BER, the diet must not only analyze the specified nutrient values but must provide the nutrients to the animal at a usable level. That leads to the discussion of energy partitioning (EP) of feed. Simply explained, most nutritional models of animal growth are based on partitioning energy between expenditure and deposition of protein and lipid.
 For BER to be satisfied, the supply of energy via proteins, fats, and carbohydrates must be usable. The three forms of energy must also be in a useful ratio to the animal’s metabolism. Determining EP for each life stage predicts the animal’s carcass outcome, i.e., large & muscular, small & obese, large & obese. Reviewing the use of the three energy sources in fish, we remember that excess protein can be metabolized in several ways depending on availability. Muscle is the desired use of protein for food fish in most cases. Protein is also a good way to provide the needed energy for maintenance. The energy of excess protein is converted to fat, for example. Too much protein will not necessarily convert to greater muscle growth. Excess protein or other energy sources is an unnecessary financial burden. Feed costs are the major expense in rearing aquatic livestock in intensive culture systems to gain the whole-body protein and lipid deposition and fatty acid composition desired by the consumer. Moreover, the partitioning of these nutrients between different body tissues will have an impact on carcass quality.
 There are three energy categories in EP discussions: gross energy, digestible energy, and gross energy of combustion.
 	Gross energy (GE) is the energy liberated from food after complete oxidation or energy release from metabolism processes. The analogy may be burning a piece of wood. The total energy from the burning is gross energy. The total energy of different wood pieces varies by tree species. So the gross energy of the diet varies by the ingredients used.
 	Digestible energy (DE) is the amount of energy removed from the GE before the remainder of the feed is excreted in feces as fecal energy (FE).
 
 GE – FE = DE
 	Regarding fish, this GE – FE calculation is as accurate as we can to evaluate the digestible value of a feed ration for energy. Remember, the GE in an animal’s diet comes from proteins, fats, and carbohydrates.
 	Gross Energy of Combustion (GEc) is the possible oxidation energy obtained from these components. The evaluation is the difference between the maximum available oxidation energy in the feedstuff and what the animal can extract for energy. A comparative analogy, in this case, might be oversimplified to think of the difference between the total energy from a piece of wood burned versus kernels of corn in the ration. It is easier for the animal to take energy from a kernel of corn than from a piece of wood. Corn has more DE than wood because of its composition and the digestive mechanisms in the animal.
 
 The maximum GEc and DE can be calculated from the following:
 Table 5. Calculation values used for calculating GEc and DE 	Energy source
 
 
 
  	GE (kcal/g)
 
  	DE for fish (kcal/g)
 
  
  	Carbohydrates 	4.1 	1–4 
 	Fats 	9.4 	9.0 
 	Proteins 	5.7 	5.2 
  
 
 
 
	Dickson, K. A., & Graham, J. B. (2004). Evolution and consequences of endothermy in fishes. Physiological and Biochemical Zoology, 77(6), 998–1018. ↵



	

			
			


		
	
		
			
	
		

		6.7 Feeding Practices

								

	
				 From research and production experience, most species in the production for food harvest have improved operational efficiency through better nutrition and feeding practices. Certain practices have been established for species, production systems, or life stages. Taking channel catfish (Ictalurus punctatus) as an example:
 	CP @ 52% in fry. Dropping to 40% over 20g
 	Fish meal is half of the fry diet and reduced with fish growth by poultry meal
 	Digestible protein (DP) > 75% w/ > 5.1% lysine
 	Antioxidants & fungistatic to retain palatability
 	Complete minerals and vitamin premix added
 
 When the yolk sac is absorbed, the new fish arrive at a most critical nutrition step, the first feeding stage (often termed the “swim-up stage”). First, feeding protocols must be taken to afford as much larval and fry survival as possible.
 Many production facilities calculate daily feeding rates based on a percentage of biomass. Daily feeding rates are calculated on a sample of fish that are weighed and averaged across the population. The percentage is determined by the amount of feed consumed to produce satiation (enough feed to calm appetite) in the group being fed. The weight of feed to reach satiation is a percentage of the total biomass of the fish. The rate of feeding can be adjusted for growth. Outdoor ponds that use floating feeds for channel catfish may place floating barriers around a designated feeding area to prevent feed from blowing away from the feeding area in the wind.
 Ties to Practice: Fry Feeding Fry of some species has dismal survival rates as low as 10%. Huge potential production opportunities can occur in the first few weeks of larval life. Some fry must have live feeds. Some fry must have enriched live feed. Mouth size is so important to adapting live feeds to fry intake. Live feeds that are larger than the mouth gap cannot be ingested. In the case of channel catfish (CCF) fry, they will take to micro-feeds. The typical feeding rate in the early days is as much as 50% of the population’s biomass! This feed weight is divided into serval feedings, sometimes as often as hourly. Hence, automatic feeders are a godsend. Adding this much feed to the water is only partially for nutrition. The little fish are not very good at finding feed in their early life stage. Excess feed prevents early-stage stunting, becoming a permanent barrier to efficient performance. Early life stage feeding and nutrition will be covered in more detail in a future segment.
 
 Eventually, the fry mature into fingerlings. During the time from fry to fingerlings, the feed/biomass ratio can be reduced to around 3% body weight divided into two feedings/day. Pond production of Channel catfish(CCF) fry may need 35–40 pounds of feed per surface acre, depending on stocking density and size. The paradox of fish raising is simple: TOO MUCH FEED = Poor water quality; TOO LITTLE FEED = Poor growth/survival.
 Winter & Fish
 Fish do not grow well in lower temperatures. Warmwater fish are particularly sensitive to lower temperatures. Tilapia, for example, cannot survive below mid-fifties Fahrenheit. Most salmonids tolerate winter temperatures much lower but still reach a dormant level of performance in feed utilization. This dormancy is apparent in net pen rearing of Atlantic salmon in places like Maine or New Brunswick, where the winter ocean water may drop to only a few degrees above freezing. The water does not freeze because of the salinity, but the enzyme activities and appetite will drop drastically. Inappetence is a sign of temperature decline to a critical level. Survival is possible, but decreased temperature slows immune response to pathogens. Fungi are common problems in low-temperature situations.
 Pelletization or Extrusion of the Diet
 The feed can be half the cost of producing the fish harvest in fish-raising operations. Formulated feed is the most cost-effective means to provide a balanced diet. Concentrated nutrition into pellets was a large step toward efficiency in fish farming. The feeds are manufactured for many life stages using a pellet mill or extrusion. Choosing the process is based on the buoyancy needed for the pellets. Buoyancy alterations are done to better match a species’ feeding preference. The tilapia, catfish, and carp are examples of species with surface-feeding characteristics that are fed floating diets. Species that take better to slow-sinking pellets would be salmon and trout. Sinking feed would be prepared for shrimp and cod.
 The dry mixed feed ingredients are compressed through a pelleting machine. The compression uses pressure and some moisture, and temperature to create a formed pellet. Pelletized feeds sink because of the density. None of the starch ingredients are gelatinized in a simple pelleting process to affect the density and buoyancy.
 Extrusion processes are used to affect the buoyancy of formulated feeds. Besides some formulation changes, the extrusion process uses higher temperature and moisture through an extruder that controls the speed and profile. Extruded feed is done with higher moisture, pressure, and temperature to “cook” the ingredients. Extrusion parameters are controlled to determine the degree of expansion. Feed integrity increases since the gelatinized starches act as glue on the ingredients. Proteins and fibers contribute less than starch to the binding. The level of starch is the key to managing flotation. The extrusion process permits feed with high energy from high dietary fat levels of 20–40%. Heat extrusion increases protein digestibility and inactivates antinutritional components, as discussed below. The heating also increases the digestibility of many nutrients, such as proteins and carbohydrates.
 When starch is added to the extruded formulation, it is gelatinized to increase feed stability and allows more lipids and fats to be added to the diet. Feeding management further controls leaching by feeding on a percentage of body weight and temperature.[1] The downside of heating for extrusion is the inactivation of some vitamins. Therefore vitamins are added in excess before extrusion or afterward as premixes.
 Anti-nutrients
 Care is taken in choosing ingredients that may contain what is called anti-nutrients. For example, soybean meal has a trypsin inhibitor that can block the digestion of proteins unless it is inactivated with heat. Soybean Hemagglutination Agents (HA) are a real problem for species without true stomachs to inactivate it with gastric acid. For example, the HA clumps the RBCs in carp, gobies, and blennies.
 Cottonseed meal carries Gossypol, which is highly toxic to fish and tastes bad to fish. Canola meal contains glucosinolates that interfere with thyroid function leading to goitrous conditions and tastes bad to fish. While discussing the topic of goiter, a related aspect of captive rearing is the thought that nitrate appears to cause goiter in captive sharks and other elasmobranchs. Ozone also may be in play since the ozonation in saltwater tanks can reduce iodine availability. This iodine decline is an example of how many facets need to be considered when dealing with some of the challenges that may or may not be nutritional.
 Feeding Behaviors and Bad Tastes
 Fish find a feed with their senses of olfaction and sight. Fish have a sensitive sense of taste. They will swallow feed based on taste and texture. Taste buds are not always or solely in the oral and pharyngeal cavities. Sensory organs may be found on the skin in some species. Most fish have yet to have their senses completely explored and described. Certain conditions appear to create bad tastes to fish. Rancid fats resulting from the oxidation of unsaturated fat are a particular problem. Putrid proteins, i.e., trimethylamines, develop from inadequate or prolonged storage. The stale feed seems easy for many fish species to identify, depending on species and age. Molds seem to be bad tasting to every species of fish. A pronounced sensitivity resulting in a rapid decline of the feed intake at early or low feed levels has become bad tasting.
 
 
	Lall, S. P., & Tibbetts, S. M. (2009). Nutrition, feeding, and behavior of fish. Veterinary Clinics of North America: Exotic Animal Practice, 12(2), 361–372. https://doi.org/10.1016/j.cvex.2009.01.005 ↵



	

			
			


		
	
		
			
	
		

		6.8 Clinical Presentations of Nutritional Malfunctions or Quality

								

	
				 Scoliosis
 Scoliosis (lateral or sideways bending) was mentioned earlier in the ascorbic acid discussion. This condition is not the only external presentation related to ascorbic acid deficiency signs. Opercula may be shortened or deformed. Vitamin C is not the only etiology of spinal deformities but is a bona fide differential item. Scoliosis may confound the diagnosis and be accompanied by lordosis (downward) and kyphosis (upward) bending in a clinical condition called LKS. Spinal deformities in fry can often be associated with failure to inflate swim bladders. Fry and older fish without inflated swim bladders seldom grow efficiently and expend excess energy with feed prehension. Such multifactored presentations create a serious demand for investigation skills. This condition causes unwanted difficulty in processing fillets in large production operations, and the deformity is unacceptable in markets that rely on whole fish gutted (WFG) presentation. Most North Americans are unfamiliar with the WFG presentation in restaurants. It is widely accepted and mandatory in other parts of the world when fresh fish is on the menu.
 Fast Facts Scoliosis from Vitamin C deficiency may be confused with other etiologies for broken backs if a good history and exam are not executed. One common cause is electrocution, such as voltage spikes from faulty pumps or pond lighting wiring. Unusual cases have occurred in outdoor raceways when lightning strikes nearby and grounds through the raceway structure.
 
 Starvation
 Starvation is a nutritional problem. Some caretakers will decrease food rations to a tank when water quality declines. The tactic can get real water quality results, but reducing feed can sometimes stunt rapidly growing fish, as in production nurseries. Great caution and good experience are needed to avoid such drastic measures. Drastic measures may also be needed where special nutrients become exhausted. Figure 6.4 shows a “Lawnmower Blenny” tasked with cleaning the algae out of the aquarium.
 [image: Photo of a fish with a notably curved spinal deformity.]Figure 6.4 Lawnmower Blenny. [Image Source: Saltwater fish forums] When it finally completed the algae removal, it had eaten itself out of the house and home and into starvation. Caregivers can avoid this by matching the size of the task to the size of the animal in some cases or supplementing the diet with algae wafers or other additional sources of nutrition.
 Issues caused by old feed
 The old feed can be the cause of several nutritional deficiencies. Nutritional anemia related to folic acid deficiency can indicate old feed with heavy bacterial contamination. Nutritional gill disease indicates pantothenic acid deficiency from older stored/warehoused feed. This disease presents as hyperplasia on the edges of the gills. Some cases will have flared operculum indicating respiration insufficiency.
 Pantothenic acid deficiency is the cause of Nutritional Gill Disease. Pantothenic acid is water soluble and a member of the B-vitamin group. The usual clinical signs include discoloration along the gill filaments’ trailing border and apparent lamella consolidation. The fish lose interest in feeding. Anemia can be a comorbidity. These changes often occur in confinement-reared fish, such as in hatcheries. This deficiency is seldom identified in feral populations because of the widespread natural nutrient sources.
 The veterinary practitioner can bring a new set of eyes to the fish having the problem. Starting with something simple, check the feeding practices. One aspect of aquatic animal nutrition is the leaching of nutrients from the formulated feeds into pond or tank water. Leaching is dependent on dwelling time from feeding until ingestion. Water-soluble nutrients will be the most affected. Additionally, it stands to reason that smaller particles will lose water-soluble vitamins like pantothenic acid more rapidly than larger feed if consumption is delayed.
 Old feed is the cause of many production maladies. An outdated feed can be the cause of poor production performance. Review feed room protocols to see if the new feed is rotated behind the previous feed when it arrives!
 Tracking down the problem may lead to checking the feed formulation. Calcium pantothenate would be preferred in the formulation for its longer shelf life due to its chemical stability. Sodium pantothenate and free pantothenic are less preferred. Feed companies will check the batch of feed if the signs and history suggest a nutritional problem.
 Ties to Practice: Methods of Control The following advice for Nutritional Gill Disease was given in Snieszko (1981)[1]
 First, treat bacterial gill disease unless the presence of bacterial gill disease can positively be excluded. If there is no improvement, increase the amount of beef liver substantially in the diet. Milk, the right type of dietary yeast, and distillers solubles are also good sources of pantothenic acid.
 
 
 Nephrocalcinosis
 Nephrocalcinosis is a “calcification” type lesion in the kidney. When first observed, it may suggest an infectious etiology that may be part of a differential diagnosis. The dietary cause is insufficient Mg in the diet. Others have suggested that using calcium carbonate instead of sodium bicarbonate in recirculating systems to buffer water may create the conditions described. The condition seldom becomes clinically evident. It can often be first noted in histology reports.[2]
 Sunburn
 [image: A koi fish with a sunburn across its back.]Figure 6.5 Koi with sunburn. This koi is showing erythema from too much sun exposure. [Image Source: Koi with sunburn from TaylorNews is used under a GNU Free Documentation license.] Sunburn can be seen in fish kept in clear water that is too shallow or does not provide shade opportunities. The lesions can often mimic fungal lesions, which will be as opportunistic pathogens. The lesions will appear on the dorsum of the body around or close to the dorsal fin. The lesions may resemble the saddleback lesions often seen in Columnaris disease. There may be fungal hyphae present as the skin damage ages. Trout is likely to have this problem in clear spring water when the raceways are not shaded and water is on the short supply side for the number of fish held. Koi may also suffer in shallow unshaded ponds (See Figure 6.5). Niacin is protective, but the shade is far more effective.
 Aflatoxicosis
 Aflatoxicosis is mold contamination, usually from the grain sourced for the feed ration. It comes with a heavy cost to production and marketing due to tumor formations. The aflatoxin develops primarily in poor growing conditions before the crop of grain is harvested. A wet growing season contributes to grain being harvested with higher levels of toxin. The clinical signs often ramp up in mortalities after a drop in production efficiency. Fish may not eat the ration if high in toxins. Necropsy will likely show many signs internally with enlarged liver and often many tumors throughout the visceral. As noted often in discussions around clinical signs, other diseases may look very similar to the gross appearance. In some situations, the only way even qualified veterinary practitioners determine the diagnosis may be laboratory sample submission to confirm a tentative etiology.
 Hepatic steatosis
 [image: Side by side photos of livers. A (the control) is dark red, B (with HFD) is light with fatty sections.]Figure 6.6 Hepatic Steatosis in Tilapia. Livers become light-colored from fat accumulation. [Image Source: Gross phenotype in tilapia. Jia et al. (2020), available under a CC BY 4.0 license. Cropped to focus on visual presentation.] Fatty Infiltration of the Liver is the result in most cases of a formulated diet with too much fat content. The proper term for this condition is hepatic steatosis, meaning simply fatty liver in Latin. The livers become very light-colored and often enlarged (See Figure 6.6).
 Cataracts
 Cataracts develop in fish with nutritional deficiencies and other causes. Nutrient deficiency to consider is Vitamin B12 or cyanocobalamin as well as methionine. Manganese and zinc deficiencies are also listed causes. Fish can lose most of their vision and be hindered in finding feed or avoiding predators. When the fish are familiar with their environment and have little threat of predation, they can utilize olfaction and sound to locate and obtain feed.
 [image: A set of eyes removed from Atlantic cod, all with a cloudy sheen from cataracts.]Figure 6.7 Atlantic cod cataracts. A collection of Atlantic Cod fingerling cataracts at the time of smoltification. [Image Source: Cod eyes with cataracts from the University of Maine, via the US Fish and Wildlife Service.] According to researchers at the University of Maine, cataracts occur in net pens rearing Atlantic cod (Gadus morhua), as shown in Figure 6.7. Some recent studies show that histidine, one of the amino acids, may prevent cataract development during smoltification. The etiology is likely CO2 build-up in high-density net pens.[3]
 
 
	Snieszko, S. F. (1981). Nutritional (dietary) gill disease and other less known gill diseases of freshwater fishes. US Department of the Interior, Bureau of Sport Fisheries and Wildlife, Division of Fishery Research. ↵
	Chen, C. Y., Wooster, G. A., Getchell, R. G., Bowser, P. R., & Timmons, M. B. (2001). Nephrocalcinosis in Nile tilapia from a recirculation aquaculture system: a case report. Journal of Aquatic Animal Health, 13(4), 368–372. https://doi.org/10.1577/1548-8667(2001)013%3C0368:NINTFA%3E2.0.CO;2 ↵
	Center for Cooperative Aquaculture Research. (n.d.). Carbon dioxide levels and cataract formation in Atlantic cod. University of Maine. Retrieved July 21, 2026, from https://umaine.edu/cooperative-aquaculture/investigation-of-cataracts-in-atlantic-cod/, archived at https://perma.cc/SHP3-3PEX ↵



	

			
			


		
	
		
			
	
		

		Chapter 6 Summary

								

	
				This chapter has provided a foundational view of fish nutrition and the clinical manifestations of dietary imbalances. Practitioners should apply these core principles:
 	Prioritize the 10 indispensable amino acids (PVT TIM HALL) and essential fatty acids (Omega-3 and Omega-6) that fish cannot synthesize.
 	Utilize carbohydrates and fats as primary energy sources to reserve dietary protein for muscle growth and reproduction.
 	Match the size, shape, and buoyancy of pellets to the species’ mouth position and feeding niche (e.g., surface, mid-water, or bottom feeders).
 	Ensure newly hatched fry are fed at the precise “swim-up” stage to avoid the irreversible “pinhead” condition caused by early metabolic failure.
 	Monitor feed for thiaminase in raw fish, gossypol in cottonseed meal, and aflatoxins arising from moldy storage conditions.
 	Recognize that clinical signs like scoliosis, nutritional gill disease, and cataracts often stem from poor feed quality or leaching.
 
 Remember: “The paradox of fish raising is simple: TOO MUCH FEED = Poor water quality; TOO LITTLE FEED = Poor growth/survival”.
 Aquatic animal nutrition is a precise balance of biochemistry and environmental management. For the veterinary professional, understanding the direct link between feed formulation and clinical health is essential for preventing “Poor-management disease” and ensuring the long-term sustainability of the livestock.
 
	

			
			


		
	
		
			
	
		

		7.0 Drugs, Pesticides, and Biologics for Aquatic Animals

	

	
		Authors: David E. Starling, D.V.M. and Maggie Crane
 with E. Humphreys, C. Bevan, A. Verschoor, and M. Smith
 
 [image: Researchers at PUCV wearing plastic gloves inject salmon with vaccines.]Figure 7.1 Injecting Fish. [Image Source: Pontificia Universidad Católica de Valparaíso (PUCV)] This chapter is a basic introduction to the treatments available for aquatic animals and how the drugs, pesticides, and biologics used in aquatic animals are regulated. Direct links to regulatory websites containing the regulations and requirements at the time of writing are provided. This chapter is intended as an introduction, and current regulatory information must be consulted before treatment of food fish is initiated. There is frequent reference to official sources to ensure the treatment is in accordance with current requirements and accurate to the best of the reader’s abilities.
 
 
	

		


		
	
		
			
	
		

		7.1 Introduction

								

	
				 If we think about treating animals, we need to begin with some simple questions about the why, what, where, when, and who of the relationship between the treater and the treated. Anthropologic evidence supports the establishment of a human-animal (H-A) relationship even before history was recorded. The H-A relationship began as a story of survival on many levels, resulting in a mutual exchange of materials and services. For example, animals provide humans with protection, food, work, fiber, medicines, and company. Humans provide animals with protection, feed, shelter, treatment, and companionship.
 Ties to Practice: Veterinarian-Client-Patient Relationships There is yet another relationship beyond the H-A relationship that is required by law for a person to diagnose and treat animal diseases in someone else’s animals. The veterinary-client-patient relationship (VCPR) is a requirement by state veterinary practice acts across the United States. Many other nations have similar regulatory frameworks. State practice acts require the practicing veterinarian to be licensed in each state. A licensed veterinarian is trained for developing and assisting aquatic animal owners with working within a legal VCPR. Before animals become ill, please seek out a licensed veterinarian who practices aquatic animal medicine. The American Association of Fish Veterinarians is a professional organization that maintains a list of licensed veterinarians working in fish (aquatic animal) medicine. See Find a Fish Vet for more information.
 
 As was noted in previous chapters, aquatic animals can have parasites, infectious diseases, nutritional problems, or endocrine/hormone idiosyncrasies. With over 32,000 species, there will be numerous problems that do not have adequate treatments. Recall that a new species in captivity is unlikely to have known disease threats, dietary needs, or reproduction requirements.
 
 Treating sick aquatic animals begins with a reason for treatment, known as a diagnosis. A reasonable diagnosis is made in one or more of four ways. The experienced clinician will use history, examination, testing, and response to treatment to find a diagnosis. Sometimes the best possible result is choosing from a list of differential diagnoses. The veterinary practitioner may determine the correct diagnosis on the basis of history alone. Typically, an examination is needed to rule out other probable causes or etiologies. Examination always takes visual observation of the lesions and behavior (clinical signs). Some diagnoses require further testing, including examinations of gill clips, skin scrapes, or fin samples. There may be other tests, such as blood tests, which are less likely at the pond side.
 Advanced imaging may also be necessary and available at clinics and veterinary colleges, including radiography, ultrasonography, or computed tomography. Our senses cannot always detect the problem, so these additional tests are done to amplify one of the five senses. Examples of this principle would be that radiology permits visualization through the body to examine bones, some soft tissues, and foreign material if present. The microscope allows us to see microscopic organisms and cells not visible to the naked human eye. Finally, the response to therapy can often distinguish between two differentials. For example, if the primary problem is a viral infection, administering an antibiotic may not resolve clinical signs unless there is a strong secondary bacterial infection.
 
	

			
			


		
	
		
			
	
		

		7.2 Drugs and the Federal Drug Administration

								

	
				 In the case of food fish in the United States, antibiotics, antifungals, disinfectants, and vaccines are regulated by the Food and Drug Administration (FDA), Environmental Protection Agency (EPA), or United States Department of Agriculture (USDA). The regulatory systems in the United States determine how a product is regulated and marketed and how it may be used safely and effectively. The specific regulatory agency that has authority may be determined by the label or use claim’s wording. The FDA approves drugs as described in 21 Code of Federal Regulations (CFR). The EPA registers pesticides according to 40 CFR Part 150–189. The Center for Veterinary Biologics (CVB), as part of the USDA, takes its authority from 9 CFR to license biologics. Notice the distinct terms for each regulatory agency and class of chemotherapeutics or biologic. Each class has a distinct definition, and as such these terms should not be confused or used interchangeably.
 Table 7.1 Federal Agency Regulatory Terms for Chemotherapeutants in the U.S. Federal Agencies 	Federal Agency
  	Primary Responsibility
  
  	 Food and Drug Administration (FDA) 	 Approves drugs 
 	 Environmental Protection Agency (EPA) 	 Registers pesticides 
 	 USDA Center for Veterinary Biologics (CVB) 	 Licenses biologics 
  
 The FDA defines drugs in the CFR under Title 21 as follows: a drug is a product intended for use in the mitigation, treatment, or prevention of diseases in animals, which are defined under section 201(g)(1)(B) of the Federal Food, Drug, and Cosmetic Act (the FD&C Act) [21 USC § 321(g)(1)(B)]. The key point is the “mitigation, treatment, or prevention of animal diseases.” This definition has closely related words used by the other federal agencies that cover different products. Sometimes the terms are defined so similarly as to require a Memorandum of Understanding between the federal agencies to identify who regulates a specific product. The drugs regulated by the FDA are further explained in the FDA’s Green Book Approved Animal Drug Book (Green Book).[1] It is noted once more that different uses (label claims) of the same product could result in two agencies having the authority.
 Drug Approval/Indexing
 Under federal law, the FDA is responsible for both Approval and Marketing classifications. The FDA regulation allows the interstate shipment of all approved regulated products defined as drugs. There are three pathways for drug approval for legal marketing: Approved Animal Drugs can be granted Conditional Approval and Indexing.
 Approved Drugs
 Approved drugs have gone through the New Animal Drug Application (NADA) or an Abbreviated New Animal Drug Application (ANADA) for the approval of a generic animal drug. FDA approval means the drug has been scientifically proven to be safe and effective when used according to the label. This approval encompasses the batch-to-batch consistency for strength, quality, and purity. The approved drug’s label must be complete, truthful, and not misleading. The drug approval also considers the product’s environmental effect and the safety of people who come in contact with or work with the drug. The FDA presents the process in “From an Idea to the Marketplace: The Journey of an Animal Drug through the Approval Process.”[2]
 
 In addition, a licensed veterinary practitioner may use an FDA-approved drug for human use in an animal with an appropriate clinical indication. Using human drugs in animals is often referred to asextralabel drug use. The same term is used for utilizing a drug approved in one species to treat another. Veterinary practitioners are cautioned to use great discretion in treating food animals with extralabel drugs. Greater discretion is needed because if the drugs are not used properly, they could have negative effects on the consumer, such as contaminating drug residues due to inadequate withdrawal times, which may result in some of the following health sequelae for human consumers:
 	Acute allergic and toxic reactions. For example, drug residue exposure in the population can have a range of reactions from a rash to anaphylaxis to fatal anaplastic anemia (i.e., chloramphenicol, which is prohibited in food animals in the United States).
 	Antimicrobial-resistant pathogens may develop from inappropriate use of antimicrobials, which could potentially be transmitted to consumers. In federal regulatory terms, this would be an adulteration of human food. The food item is not truthfully labeled by having contaminants that may not be known but irresponsibly remain from improper drug use.
 
 This extralabel use is narrowly restricted to licensed veterinary practitioners. However, extralabel use is even more restricted in aquatic species, especially for food fish. The extralabel use of drugs in food fish must be an FDA-approved drug for aquatic animal use. An example is Aquaflor (florfenicol) antibiotic in medicated feed. A Veterinary Feed Directive (VFD) may be issued for another fish species or disease not covered in the current FDA approval. The Aquaflor medication used in the feed formulation must be for an aquatic species. A similar antibiotic formulation for swine (if one exists) is illegal for the veterinarian to substitute. VFDs will be discussed in more detail later in the chapter.
 The veterinarian is responsible for determining the withdrawal period for VFDs used on nonapproved species or disease for the food fish before they can be slaughtered or released from hatcheries to the wild. The withdrawal period is the time from when a drug treatment is terminated to when the drug concentration falls below the tolerance residue by clearance from the body. Tolerance is the legally allowed concentration of a drug residue for individual tissues or other food products. Before the FDA approves a drug for marketing, it must have undergone a rigorous drug approval process and data must be submitted to the FDA that show the drug is safe and effective for the animal, safe for the environment, and safe for consumers when used according to the label. Once tolerance is established, a withdrawal period can be determined. All questions regarding withdrawal times and the use of drugs in food animals when used in an extralabel manner should be directed to the Food Animal Residue Awareness Databank (FARAD).
 Minor Use and Minor Species (MUMS) Medications
 MUMS medications are used for minor use and minor species. In 2004, Congress passed the Minor Use and Minor Species Animal Health Act (commonly called the MUMS Act) to help the FDA ensure that innovative treatments are available for clinical indications that are used too infrequently to justify seeking FDA approval. Minor use is addressed when an effective drug is seldom used, such as chemotherapeutics for certain cancers in dogs. The MUMS Act was the origin of Conditional Drug Approval, explained below, to allow earlier access to drugs fitting the MUMS scenario. Later, the Act was amended to include “non-MUMS” drugs to receive the “Expanded Conditional Approval.”
 Conditional Approval
 Conditional Approval is given to a drug that the FDA has determined to have a “reasonable expectation of effectiveness” but has not gathered enough data to establish the “substantial evidence” standard for full approval. The Conditional Approval is good for one year and may be extended up to four times while the company gathers enough data to show substantial evidence of effectiveness. The advantage of bringing a drug to market before FDA approval is to allow suitable and needed medications to be available to veterinarians; similarly is true in human medicine. Conditional Approval cannot be prescribed or used in extralabel situations.
 Indexing
 Indexing is the process of marketing animal drugs to nonfood animals and is best explained by the FDA, as follows: “The purpose of indexing is to allow an additional means of legally marketing new animal drugs intended for use only in minor species and that have not been approved or conditionally approved through the new animal drug approval process or the conditional approval.”[3] The Index of Legally Marketed Unapproved New Animal Drugs for Minor Species (“the Index”) is a list of new animal drugs intended for use in minor species that have had their safety and effectiveness affirmed through review by an expert panel (i.e., not the FDA).[4] Minor species are all animals that are not one of the following seven major species: horses, dogs, cats, cattle, pigs, turkeys, and chickens. Thus, fish are considered a minor species. Often the target species or treatment use has a population so small that safety and effectiveness trials cannot be done cost-effectively. Indexing is an alternative to the drug approval process for non–food-producing minor species and the early life stages of food-producing minor species. This process is interrelated to the MUMS product process.
 The FDA approval process is complex and includes label approval, expiration calculations, withdrawal times, and many more sections. These various areas are beyond the discussion of this introductory chapter but can be addressed in more detail in future chapters.
 There are also a few categories of drugs that are not FDA-approved and marketed with FDA knowledge. These drugs include Drugs of Low Regulatory Priority. Under this category, the FDA uses regulatory discretion in enforcing federal laws on some compounds used as drugs. Low Regulatory Priority drugs are not FDA approved yet and are on the market for treating some conditions associated with aquatic animal health. This includes compounds like salt (sodium chloride) used in table salt. When salt is applied to aquatic animals in a nonfood way, the FDA regulates the chemical as a drug because it is used to prevent or treat a non-healthy condition.
 The FDA has a review process that determines the significance of the drug regarding food safety, human health, and environmental consequences. A complete guide to this area of drugs and their regulatory priority is available in the following manual: Center for Veterinary Medicine Program Policy and Procedures Manual 1240.4200.[5]
 Drug Marketing
 The FDA assigns a marketing category for approved drugs. The federal government has authority over interstate commerce, which includes the shipment of products. The marketing category includes the following:
 	Over the counter (OTC)
 	Prescription (Rx)
 	Veterinary feed directive (VFD)
 
 Over-the-counter Drugs
 If the FDA determines that “directions for use” of an approved drug can be written on the drug’s label so that a nonmedical person can use the drug safely and effectively, it can be sold as an OTC product.[6]
 Prescription Drugs
 When an adequate direction is not possible on the label, the drug is marketed as either Rx or VFD. Both the Rx and VFD drugs require veterinary oversight, which is defined as having a valid VCPR. The VCPR is a working relationship of the owner with a licensed veterinary practitioner. The veterinarian should be familiar with the current husbandry and health problems through examination of the animal(s) and inspection of the facility. Please note the interchangeability in the terms “extralabel” and “off-label” use. One federal agency may refer to one term and another federal agency may use the other. They both describe the same professional prescribing use.
 Besides veterinarians’ responsibility for proper Rx drugs, the veterinary practitioner may utilize certain FDA-approved drugs in an extralabel (off-label) manner. Extralabel means the prescribed drug is not FDA approved for a specific animal species or certain clinical indication being treated. Extralabel use is not legally permitted with OTC drugs. Any extralabel use of drugs must be done by or under the direction of a licensed veterinarian. Veterinary practitioners are not legally permitted to off-label FDA-approved drugs for terrestrial animals in aquatic food animals. If an off-label drug is an available option, the product prescribed for food fish must be FDA-approved for aquatic species use. The off-label drug may be for another aquatic food species or a different disease not on the approved label if the veterinarian has reason to believe the product will be useful and safe. The veterinarian prescribing an off-label drug is solely responsible and liable for setting the appropriate withdrawal time.
 Veterinary Feed Directive Drugs
 The VFD drug category was created for the use of drugs as medicated feed. Large numbers of animals can be easily treated by medicating their feed ration. A licensed veterinarian must order VFD drugs. The FDA created this separate category of drugs because various state laws were inconsistent in prescribing medicated feed. Hence, medicated feed orders are not prescriptions. The VFD applies to all medicated feed and water-administered antibiotics for food animals. A VFD is not needed for water treatments such as formalin, H2O2, or salt.
 VFDs are not permitted to be used in an extralabel manner in terrestrial and avian species. An exception has been given to aquatic animal medicated feeds due to the lack of FDA-approved drugs for a large number of aquatic species. Extralabel prescriptions and VFDs are restricted to drugs approved for other aquatic animals. Terrestrial and avian drugs are not permitted to be used in aquatic food animals. The FDA requires a stated withdrawal time for livestock slaughtered for food production. The withdrawal period enables the animal to metabolically break down the drug to levels not of public health concern. The veterinarian is strictly responsible for determining the withdrawal time when drugs are prescribed in an extralabel manner.[7]
 
	U.S. Food and Drug Administration. (n.d.). Approved animal drug products (green book). Retrieved July 31, 2026, from http://www.fda.gov/AnimalVeterinary/Products/ApprovedAnimalDrugProducts/ ↵
	U.S. Food and Drug Administration. (2020). From an idea to marketplace: The journey of an animal drug through the approval process. http://www.fda.gov/animal-veterinary/animal-health-literacy/idea-marketplace-journey-animal-drug-through-approval-process/ ↵
	U.S. Food and Drug Administration. (2014). The index of legally marketed unapproved new animal drugs for minor species. Guidance for Industry Small Entities Compliance Guide. ↵
	As of July 2026, The Index referenced in footnote No. 3 has been removed from the FDS website for revisions. An archived version is available at http://www.fda.gov/media/70193/download ↵
	U.S. Food and Drug Administration. (2011). Enforcement priorities for drug use in aquaculture, Part b. http://www.fda.gov/media/70193/download ↵
	U.S. Food and Drug Administration. (2020). From an idea to marketplace: The journey of an animal drug through the approval process. http://www.fda.gov/animal-veterinary/animal-health-literacy/idea-marketplace-journey-animal-drug-through-approval-process/ ↵
	U.S. Food and Drug Administration. (2022). FDA regulation of medicated feed. http://www.fda.gov/animal-veterinary/resources-you/fda-regulation-medicated-feed ↵



	

			
			


		
	
		
			
	
		

		7.3 Pesticides, Herbicides, and Disinfectants

								

	
				The EPA registers pesticides according to 40 CFR Part 150–189:[1]
 152.3 (Definitions) Pesticide means any substance or mixture of substances intended for preventing, destroying, repelling, or mitigating any pest, or intended for use as a plant regulator, defoliant, or desiccant, other than any article that: (1) Is a new animal drug under FFDCA sec. 201(w), or (2) Is an animal drug that has been determined by regulation of the Secretary of Health and Human Services not to be a new animal drug, or (3) Is an animal feed under FFDCA sec. 201(x) that bears or contains any substances described by paragraph (s) (1) or (2) of this section.
 
 Pests are defined in Part 152.5 of the Code of Federal Regulations 40 as an organism that is harmful to people or the environment, when it is:
 	“Any vertebrate animal other than man;
 	Any invertebrate animal, including but not limited to, any insect, other arthropod, nematode, or mollusk such as a slug and snail, but excluding any internal parasite of living man or other living animals;
 	Any plant growing where not wanted, including any moss, alga, liverwort, or other plant of any higher order, and any plant part such as a root; or
 	Any fungus, bacterium, virus, prion, or other microorganism, except for those on or in living man or other living animals and those on or in processed food or processed animal feed, beverages, drugs and cosmetics.”[2]
 
 
 The EPA makes no provision for off-label use or any situation outside those listed on the registered product’s label. Virkon and comparable products are provided as disinfectants but are not registered for water treatment! Foreign governments may have different regulatory statuses on drug use in their country. Be very clear in understanding the U.S. regulatory status when dealing with food fish in the United States.
 Be knowledgeable about the disinfectants being applied. Understand the need to alternate disinfectants to avoid resistant microbes becoming established. Current thinking suggests indiscriminate or unchanging use of disinfectants such as quaternary disinfectants may also support antimicrobial resistance in bacteria surviving the disinfection process.[3]
 
	Definitions, 40 CFR § 152.3 (2008). https://www.ecfr.gov/current/title-40/chapter-I/subchapter-E/part-152/subpart-A/section-152.3, archived at https://perma.cc/BD23-NQTG ↵
	Pests, 40 CFR § 152.5 (2013). https://www.ecfr.gov/current/title-40/chapter-I/subchapter-E/part-152/subpart-A/section-152.3, archived at https://perma.cc/BD23-NQTG ↵
 	Hegstad, K., Langsrud, S., Lunestad, B. T., Scheie, A. A., Sunde, M., & Yazdankhah, S. P. (2010). Does the wide use of quaternary ammonium compounds enhance the selection and spread of antimicrobial resistance and thus threaten our health? Microbial drug resistance, 16(2), 91–104. https://doi.org/10.1089/mdr.2009.0120 ↵



	

			
			


		
	
		
			
	
		

		7.4 Biological Products

								

	
				According to the USDA Animal and Plant Health Inspection Service CVB (USDA-APHIS-CVB), biological products refer to compounds made from living or genetically engineered organisms, including vaccines, bacterins, antitoxins, immunostimulants, or diagnostics. All veterinary biologics are used to prevent, treat, or diagnose animal diseases through an immunological method or process. All veterinary biologics are under the control of the USDA-APHIS-CVB under the 1913 Virus-Serum-Toxin Act. The CVB carries out the provisions stated in Title 9 of the CFR, parts 101–118, to ensure that biologics are effective and safe for animals and people.
 As of the most current licensed products for aquatic animals list, there are eight licensed biologics for fish available in the United States.[1] Progress has been slow in developing effective vaccines for aquatic food animals. Yet in other countries such as Norway in the Atlantic salmon industry, antibiotic use has been reduced with effective vaccines.
 Reflecting on the Topic
 From a historical perspective, biologics in various forms are older than antimicrobials. History suggests, at least to this author, that biologics would be more advanced today had antimicrobials not been discovered and offered so cheaply to create the literal addiction by the medical profession. Contemplating this scenario is not presented to suggest that antimicrobials be cast on the pile of failures. No objection is made to the fully useful application of antimicrobials in disease treatments. As a historical fact, the indiscriminate use and unbridled disposal of antimicrobials have created the need to wrestle with global antimicrobial resistance. Biologics will not eliminate antimicrobials in medicine. Biologics can be used to a greater extent since they are more innocuous in secondary effects or follow-on events. In a fair discussion, vaccine-resistant strains have evolved by changing antigenic expressions. However, a case in point for biologics is that the progress toward more universal vaccines seems more likely than universal antimicrobials. Prevention will always be better than a cure! Disinfectants are excluded from this specific contemplation on antimicrobials.
 
 Vaccines
 The first vaccines attempted for fish were tested around the time penicillin was discovered in 1928. There are numerous routes of administration to consider in fish (e.g., bath immersion, oral, and injectable). Not all products can be administered by all the routes. Immersion is the simplest. So-called bath vaccinating is a variation of the duration of the immersion method. Immersion is especially effective in the very early life stage when fish are too small for injection.
 Feed administration is another way to immunize fish through the routine of feeding. Of course, there is a chance that, with mass immunizations such as immersion and feed-administered vaccines, some individuals will miss the immunization by not eating or otherwise not getting enough antigens to develop protection. Injecting each fish is best if the fish are large enough to be injected and the vaccine will not cause harvest problems with adhesions and other rejection characteristics. The injection method is extremely labor-intensive, and a few companies have introduced automated vaccinating equipment. As a note of caution against personnel self-injecting certain fish biologics, serious reactions, including death, have been recorded. The main cause of harm is the adjuvant agent in the vaccine formulation.
 Vaccines are prepared to prevent disease. The mechanism behind them is the preparation of the adaptive immune response for future encounters with pathogens. Almost any etiologic agent that the immune system can control is theoretically capable of being vaccinated against. Generally, three types of vaccines are licensed:
 	live (usually modified live),
 	killed, and
 	subunit.
 
 Of the vaccines in Table 7.2 listing USDA-licensed fish biologics, three are live products: Arthrobacter for salmonids, Edwardsiella ictaluri for catfish, and Flavobacterium columnare for catfish. The two modified live catfish vaccines are attenuated live preparations from less virulent strains. The modified live vaccines are attenuated in the laboratory in a variety of ways to lose their ability to cause disease. These attenuated strains are typically better at stimulating the cellular side of immunity and achieving better outcomes in preventing intracellular pathogens and longer-lasting protection. There are instances in which the attenuation does not reduce the pathogen’s virulence enough to allow some species’ immunocompromised or very young offspring to be safely vaccinated.
 Ties to Practice: Temperature Control Modified live products are more susceptible to thermal extremes in the field. Care must be used to keep them at the correct temperature until used. The modified live bacterial vaccines are considered safe, but notice that the descriptor, “less virulent,” does not say “avirulent.” There are rare but notable risks, such as reversion to virulence or virulence in immunocompromised individuals or populations. The Arthrobacter live culture contains a lyophilized live culture of a microorganism that shares common antigenic determinants with Renibacterium salmoninarum but does not cause bacterial kidney disease. The lyophilized material is to be resuspended with a sterile diluent before use. The Arthrobacter product is not known to be pathogenic to salmonids.
 
 Currently, four of the eight USDA-licensed fish biologics are a killed product: Aeromonas salmonicida bacterin for use in salmonids in a combination product for A. salmonicida-Vibrio anguillarum-Vibrio ordalii-Vibrio salmonicida bacterin labeled for use in salmonids. There is also infectious salmon anemia virus vaccine and a Yersinia ruckeri bacterin for use in salmonids. Notice that most of these pathogens are not intracellular. Killed bacterins were the first vaccines developed using a simple method of inactivating live bacteria in formalin.[2] In contrast to live vaccines, killed vaccines are more stable in the environment and less expensive to produce but elicit a weaker immune response unless well adjuvanted. They are also safer than attenuated vaccines. Nonetheless, there is the miniscule chance of improper killing of the pathogen during production, leading to the disease that was meant to be prevented. Killed bacterins are often challenged to produce robust, long-lived cellular immunity. This relative lack of robust immunity results in a shorter duration of protection with humoral immunity. Adjuvants and immunostimulants play a key role in more desired outcomes.
 One of the eight USDA-licensed biologics is a subunit vaccine for infectious hematopoietic necrosis virus. This biologic is made of DNA from the virus that is immunogenic and protective. Subunit vaccines are composed only of parts of the pathogen to elicit an immune response in the host. These vaccines are the safest because there is no possibility of replication or infection of immunocompromised hosts. The tradeoff is that they stimulate the weakest immune response of the three vaccine types. This lack of stimulation is due to the lack of an array or diversity of antigens for the host’s immune system to recognize for future infections.
 Table 7.2 List of Approved Biologics for Aquaculture in the U.S. as of 11/2021. Data Source: USDA [PDF] 	Company
  	Biologic
  	Approved Species
  	Product Code
  
  	Elanco US Inc.
  	Arthrobacter vaccine,
  	Salmonids
  	1K11.00
  
 	
 	live culture
  	
 	
 
 	
 	Aeromonas
  	Salmonids
  	2138.02
  
 	
 	salmonicida–Vibrio
  	
 	
 
 	
 	Anguillarum–Ordalii–
  	
 	
 
 	
 	Salmonicida bacterin
  	
 	
 
 	
 	Infectious
  	salmon
  	Salmonids
  	4A45.20
  
 	
 	anemia
  	virus
  	
 	
 
 	
 	vaccine, killed virus,
  	
 	
 
 	
 	Aeromonas
  	
 	
 
 	
 	Salmonicida–Vibrio
  	
 	
 
 	
 	Anguillarum–Ordalii–
  	
 	
 
 	
 	Salmonicida bacterin
  	
 	
 
 	
 	Yersinia
  	Ruckeri
  	Salmonids
  	2638.00
  
 	
 	bacterin
  	
 	
 
 	
 	Infectious
  	Salmonids
  	17A5.D0
  
 	
 	hematopoietic
  	
 	
 
 	
 	necrosis
  	virus
  	
 	
 
 	
 	vaccine, DNA
  	
 	
 
 	Intervet, Inc.
  	Edwardsiella ictaluri vaccine, avirulent live culture
  	Catfish
  	1531.00
  
 	Flavobacterium Columnarevaccine, avirulent live culture
  	Catfish
  	17F1.00
  
 	Boehringer Ingelheim Animal Health USA, Inc.
  	West Nile virus vaccine, killed virus
  	Alligators
  	1995.22
  
  
 It would be worthwhile for the reader to note that the last biologic listed is for alligators. Alligators are aquatic animals, albeit reptiles. West Nile virus has been extremely harsh on the health of farm-raised alligators. The vaccine has worked to significantly reduce disease occurrence in vaccinated livestock.
 Diagnostic kits for early detection or diagnosis of animal diseases are considered biologics regulated by the USDA when these products are for a specific disease diagnosis. Table 7.2 above does not list any diagnostic kits for fish pathogens. Specific pathogen detection kits are not typically regulated in diagnostic and regulatory laboratories.
 
	U.S. Department of Agriculture, Animal and Plant Health Inspection Service, Center for Veterinary Biologics. (2021). Currently available biologics for fish. Retrieved August 5, 2026, from https://www.aphis.usda.gov/animal_health/vet_biologics/publications/aquaproducts.pdf, archived at https://perma.cc/RC6Q-W5EU ↵
	Ma, J., Bruce, T. J., Jones, E. M., & Cain, K. D. (2019). A Review of Fish Vaccine Development Strategies: Conventional Methods and Modern Biotechnological Approaches. Microorganisms, 7(11), 569. https://doi.org/10.3390/microorganisms7110569 ↵



	

			
			


		
	
		
			
	
		

		7.5 Reasons for Treating Animals

								

	
				 There are five general reasons for treating animals: water treatments, illnesses with bacteria or parasites, preventing disease, promoting weight gain and growth, and aiding or inducing reproduction. In real-life situations, these reasons are often intertwined and rarely is just one reason for treatment present.
 Water Treatments
 Water treatments involve altering the physical or chemical parameters of the environment to better suit the animal’s needs. Methods of water treatment are discussed in Chapter 2C, Water Treatments. The chemicals used in these methods may be federally considered for regulation in some way. Salt is an example of when plain sodium chloride is reviewed. The FDA regards salt as a Drug of Low Regulatory Priority. The agency will not likely expend regulatory resources on oversight.
 
 Examples of other treatments include formalin, hydrogen peroxide, Chloramine-T, salt, garlic oil, and freshwater. But any disinfectants with a specific disease claim must be FDA-approved and EPA-registered for use on fish or their water. Always read the product label carefully to ensure the product is marked as FDA approved. Formalin that is not FDA approved is not substitutable with FDA-approved products. Similarly, a formalin product with FDA approval for footbath use in sheep is not okay to use in food-fish water! Products used in food-fish production must have FDA approval for fish and for the labeled purpose. Hydrogen peroxide and Chloramine-T are other products that must have FDA approval to market a company’s product for label-specified food-fish purposes.
 For ornamental fish, the FDA’s decision is to not expend regulatory resources at this time. Using a chemotherapeutant from the ornamental fish industry on food fish should not even be considered. Most drugs marketed for ornamental fish are not FDA approved for food-fish administration. Consider malachite green, an antimicrobial used for ornamental fish. This product cannot be used in food fish because it is a genotoxic carcinogen. Using this product on a food-fish farm can result in active enforcement actions from the FDA. The same can be considered for the parasiticides from ornamental fish treatment to food-fish production.
 Ties to Practice: Drugs and Liabilities One important note to licensed veterinary practitioners collaborating with clients under the VCPR mandated by every state veterinary practice act is that all medication used in food fish must be known to the veterinarian. Undisclosed use of unapproved drugs or pesticides is still the veterinarian’s liability in certain cases.
 
 Although numerous chemotherapeutants such as antiparasiticides are available for ornamental fish that have not been FDA approved, only FDA-approved formalin (e.g., Parasite-S [Formalin]-NADA 140–989), can be legally used on food fish for labeled indications. Hydrogen peroxide in the FDA-approved product (e.g., 35% Peroxaid- NADA 141–255)[1] and Halamid-Aqua (chloramine-T)-NADA 141–423, are FDA-approved to use as external microbicides for treating external infections in food fish. Read the specific label claims permitted in treating aquatic animals to avoid violations. Of special note is the same compound, Chloramine-T, sold by the same firm as Halamid. But Halamid is not FDA approved for use on fish. It is labeled as a disinfectant! Halamid is not used on food fish as is Halamid Aqua for external bacterial diseases.
 Please read labels and be aware of regulations when treating aquatic food animals!
 Illness with Bacteria or Parasites
 Like mammals, fish can become sick. Even though the clinical signs are not specific except in a few cases, the best way to use medications is with an accurate diagnosis. The clinical signs considered here are septicemias, erosions, mortalities, and chronic diseases.
 According to the FDA Center for Veterinary Medicine “Program Policy and Procedures Manual 1240.4200, Supplemental Policies, Enforcement Priorities for Drug Use in Aquaculture,” any compound determined to be a drug under FFDCA is a drug even if it has pesticide, biologic, food, or color additive properties or claims.[2] The chemotherapeutics that are considered drugs include antibiotics, antifungals, antiparasitics, clays, and herbicides when used to diagnose, cure, mitigate, treat, or prevent disease in animals. The clays and herbicides are not FDA approved but are drugs of low regulatory priority as per the Procedures Manual 1240.4200. Fullers Earth is a clay used to reduce the adhesiveness of fish eggs to improve hatchability. An herbicide, diquat, is being investigated under an INAD for treating infectious disease in fish. 
 Products found not to be of low regulatory priority but with regulatory action deferred pending further study include Copper sulfate and Potassium permanganate. Drugs with high regulatory priority include Chloramphenicol, Nitrofurans, Fluoroquinolones and Quinolones, Malachite Green, and Steroid Hormones. There are four FDA-approved antibiotics for food fish (see Table 7.3).
 Table 7.3 List of FDA-approved Drugs for Aquaculture with Their Routes of Administration and Uses. Data Source: FDA.gov 	Administration Route
  	Drug
  	Use
  
  	Immersion
  	Halamid Aqua (Chloramine- T)
  	Read current label for species and specific bacteria to be treated
  
 	Formalin
  	External parasites and fungal pathogens on fish, fish eggs, and shrimp
  
 	Hydrogen peroxide
  	Read current label for species and specific bacteria to be treated
  
 	Oxytetracycline hydrochloride
  	Skeletal marking
  
 	Tricaine methanesulfonate
  	Anesthetic
 Immobilization of fish
 (off-label use in euthanasia)
  
 	Injectables
  	Chorionic gonadotropin
  	Improve spawning in broodstock fish
  
 	Medicated feed
  	Florfenicol
  	Read current label for species and specific bacteria to be treated
  
 	Oxytetracycline dihydrate
  	Read current label for species and specific bacteria to be treated
  
 	Sulfadimethoxine/ormetoprim
  	Read current label for species and specific bacteria to be treated
  
 	Sulfamerazine
  	FDA approved but not marketed at this time
  
  
 However, only three of these antibiotics are marketed at this time: Aquaflor, Romet, and Oxytetracycline. There are so few because of the lack of commercial sponsors to provide the drugs. Oxytetracycline is one of the most commonly used antibiotics in human medicine. This simultaneous human and animal use creates greater potential for antimicrobial resistance to develop in treated individuals.[3]
 Prevention of Disease
 “An ounce of prevention is worth a pound of cure” is an adage for those working with disease control. The scenario has changed, though, in recent times. Growing incidents of antimicrobial resistance have caused federal regulations to be promulgated to restrict antibiotics used in food animals and are no longer considered a safe preventative measure. Now preventative measures focus on biosecurity and vaccinations, as these methods do not commonly lead to resistance to pathogens.
 
 Other methods for prevention outside of these two main biologics and drugs are biosecurity, complete nutritional management, water treatments and exchange, better management plans, selective breeding programs, and certain immune-stimulating feed ingredients when other measures fall short.
 Promote Weight Gain and Growth
 Producers tend to be very cognizant of production costs, especially feed and utilization efficiency. In order to be more efficient, the feed conversion rate is one characteristic most focused on at the producer’s level. Several antimicrobial agents were frequently used prior to the FDA restricting antibiotic use in food fish. The FDA has removed the use of antimicrobials for promoting weight gain and growth. There are no specific FDA-regulated products for enhancing animal production gains, and antibiotics are prohibited as promoters of weight gain. Aspects like cleanliness, nutrition, husbandry, and other management techniques can be done to improve feed conversion, resulting in increased weight gain and growth.
 Regarding marketing products, where a need is unmet, someone will soon offer a product to correct it, complete with glossy trade literature to support the claims. This type of marketing paradigm can be difficult to anticipate and regulate. There is interest in topics and products such as probiotics and prebiotics that are being studied and commercialized. Weight gain trials or health improvement studies, as in other livestock, will clarify some confusion about using these products in aquatic livestock production. In conclusion, it can be stated that, for example, many published reports (peer-reviewed) of essential botanical oils can do many things. Some are in commercial use in other countries. All that can be clearly stated is for the producer to do their homework and find actual field trials and other supporting evidence sources.
 Aid in or Induction of Reproduction
 In any breeding facility, the timing of spawning is imperative for efficiently utilizing the farm’s resources. Proper timing/coordination of spawning can result in raised fecundity, increased egg hatching, higher fry survival, and off-season spawning. Adjusting the spawning time will improve cost efficiency or reposition the harvest to better meet market demand.
 Aquatic livestock production has some capability in some species to generate gender control of a population or timing of the reproductive effort. Some reasons for this are to prevent uncontrolled reproduction, like in tilapia, which sexually mature and procreate before they have achieved harvest size; to reduce territorial aggression; or to ensure that animals grow at similar rates. Many strategies include hormones, lighting, specific feed availability, or temperature variations.
 An FDA-approved hormone product is Chorulon, a drug used for preventing partial ovulation and spawning, enhancing egg quality, milt production, sperm volume, and motility.[4] What is unique about this drug is that it is a preparation of human freeze-dried chorionic gonadotropin.
 Ovaprim injectable is an FDA-indexed drug for ornamental fish—not food fish. The product is an ovulating/spermiating agent in a liquid peptide preparation. The product contains an analog of gonadotropin-releasing hormone (GnRHa) from salmon and a dopamine inhibitor. This level of detail may be difficult to understand if you have not studied fish reproductive physiology. Therefore, the discussion will end with the statement that this strategy causes the release of stored gonadotropins from the pituitary and inhibits dopamine release, lowering the release of GnRHa. This action initiates influence on the reproduction cycle.
 
 
	Syndel. (2019). 35% PEROX-AID package insert. Retrieved August 5, 2026, from https://syndel.com/wp-content/uploads/2019/01/Perox-Aid-Insert-ver.-062519.pdf, archived at https://perma.cc/ZL4F-QRFP ↵
	U.S. Food and Drug Administration. (2011). Enforcement priorities for drug use in aquaculture. Program Policy and Procedures Manual 1240.4200. http://www.fda.gov/media/70193/download ↵
	Leal, J. F., Santos, E. B., & Esteves, V. I. (2018). Oxytetracycline in intensive aquaculture: water quality during and after its administration, environmental fate, toxicity and bacterial resistance. Reviews in Aquaculture, 11(4), 1176–1194. https://doi.org/10.1111/raq.12286 ↵
	Merck Animal Health. (2026). Chorionic gonadotropin product label. ↵



	

			
			


		
	
		
			
	
		

		7.6 How Is Treatment Administered?

								

	
				 There are three ways of administering chemotherapeutics to fish: immersion (or bath), injection, and oral. Administration must be done as stated on the label without diluting or further modifying the product.
 [image: A line chart showing three treatment methods and a fish in a small tank: injection, immersion, and delivery via feed.]Figure 7.1 Treatment administration methods. [Image Source: Developed for this book by Abbey Elder, licensed CC BY 4.0] Immersion
 Immersion treatment involves the preparation of a small volume of medicated water in a separate container from that holding the fish. The fish are immersed in it for a period of time and then returned to their environment. It is advisable that the water to be medicated should be taken from the pond or tank containing the fish so that water qualities and temperature stresses are minimized.
 Injection
 In most clinical situations, it is best to sedate fish before injection to minimize injury and danger to the animal and person making the injection. Without this precaution, injury to the fish or operator is likely. Regarding positioning, the needle is best directed cranially under or between the scales; piercing the scale should be avoided. Some species will have fewer scales in certain regions that might suffice for the placement of the drug. Four general types of injections can be used:
 	Intramuscular (IM): Given into the epaxial musculature, normally approximately midway between the mid-dorsal and lateral lines.
 	Dorso-median sinus (DMS): This is a specific dorsal body technique given intramuscularly into the mid-dorsal line at the angle at the caudal margin of the cranial dorsal fin. Typically recommended for use on salmonids.
 	Intracoelomic (IC): Given into the midventral line, just cranial to the vent. Used for several injectable medications such as antibiotics, spawning aids, or vaccines.
 	Intracardiac: The cardiac stick is available for sample withdrawal but is a risk to the patient. Larger fish may tolerate this approach, but smaller fish tend to die too often from cardiac disruption. With enough experience in certain species, this may be useful, but overall, it is more of a “last-ditch” strategy to obtain a blood sample for novices, in this author’s opinion.
 
 Oral Medication
 Oral administration is a route in which drugs are administered via the mouth. Medicated feed is typically in pellet form, of the floating or sinking variety, and is thrown upon the surface of the water, termed broadcast feeding. Antibacterial and antiparasitic drugs are commonly used in feed to be administered orally. There are three methods of applying medication to feed:
 	Pelleted medicated feed: Adding the medicinal product to the feed mix before final formulation and pelleting. Usually used for more heat-stable drugs.
 	Surface-coating pelleted feed: Medication is added to the pellet’s surface after extruding it by mixing with a fat or oil. It is commonly used as a means of medicating feed on fish farms. Whatever is used as a medication carrier must be palatable to the treated fish. Before treating the first time, a small trial is advised to avoid mixing a batch of unpalatable feed.
 	Spray-medication of pelleted feed: Medication is sprayed directly onto the surface of the pelleted food. This process is typically used for small doses of sex hormones or concentrated medications, which are insoluble in water for practical purposes. This process is suitable for heat-labile medications because the drug is applied on the finished pellet or other processed forms.
 
 
 
	

			
			


		
	
		
			
	
		

		Chapter 7 Summary

								

	
				 This chapter has provided a basic introduction to the treatments available for aquatic animals and how the drugs, pesticides, and biologics used in aquatic animals are regulated primarily in the United States. To successfully use the products described in this chapter, keep in mind the following:
 	Make an accurate diagnosis whenever possible to choose the best product more accurately.
 	Chose a regulated product for the etiology of the diagnosis.
 	Read the product’s label to confirm it has been evaluated and marketed for the species, etiology, in the manner of treatment needed, and at the dosage needed.
 	Periodically revisit regulators website for latest information on usage of the product. Direct links to regulatory websites containing the regulations and requirements at the time of writing are provided to obtain greater details by those that begin working with these treatments. Federal agencies can revise regulations without much prior notice.
 	If an off label use is needed, have a licensed practicing veterinarian prescribe the use under a VCPR. The veterinarian will make certain the product is legal to use in the food fish.
 
 Remember: “What was legal last time a drug, pesticide, or biologic was used may not be legal or permitted in food fish today. Conversely, an amended regulation or new product may be permitted today.”
 Regulated treatment products described in this chapter are safe, pure, and efficacious when used as directed on the label, and sold for the treating listed species for diseases evaluated before marketing is permitted. Treatments save many animals. Treatments improve the health and welfare of livestock. Treatments work best IF started early.
 
 
	

			
			


		
	
		
			
	
		

		8.0 Biosecurity for Aquatic Livestock Production

	

	
		Authors: David E. Starling, D.V.M.
 with Alfaro, K., Moncrief, M., Schmidt, J., Skaggs, B., and Stoner, D.
 
 This chapter starts with a reminder that the potential to inadvertently purchase disease comes with purchasing livestock. In this regard, pathogens can be considered to be part of the economic exchange. Pathogens and sick animals have been synonymous with buying and selling animals for millennia. Producers may unintentionally pay for sick livestock if proper precautions are not taken. In other words, “Buyer beware.”
 
	

		


		
	
		
			
	
		

		8.1 Introduction

								

	
				 What is Biosecurity?
 The primary goal of biosecurity is to prevent disease. However, when prevention fails, biosecurity becomes a method to detect, separate, control, or eliminate infectious hindrances in the operation of livestock production systems.
 Why is Biosecurity Important?
 Disease is a major threat to the viability of an aquaculture livestock business,[1] which takes a huge investment of money, time, and other resources. When disease enters a facility, it significantly impacts animal welfare, average daily gain, and even the number of animals that make it to market. In addition, treating diseases takes more time, money, and resources. In short, disease has a tremendous impact on the business’s profitability.[2] By utilizing good biosecurity practices, a business can decrease its disease burden, resulting in a better profit margin. As a bonus, good biosecurity not only decreases the number of animals that need to be treated but also the risk of developing antimicrobial resistance by reduction of antimicrobial need and use.
 Adequate biosecurity standards prevent disease movement into a facility by disrupting how pests and fomites transport pathogens. Pathogens can enter a production animal system through multiple routes. Entry into a facility can occur via wind currents, water flow, animal movement, people visits, animal traffic, feed delivery, and other means that introduce something foreign to the facility.
 Ties to Practice: Biosecurity Plans Developing a good biosecurity plan is all about finding balance. Balances include keeping the facility isolated yet permitting interdependence with other businesses, preserving animal health yet permitting fresh genetics to be introduced without sharing diseases, maintaining secure biological boundaries yet selling on global markets, and retaining the uniqueness of a healthy population and keeping operations uniform across all health requirements.
 
 There is an international standard of biosecurity to prevent international pathogen movement simultaneously with translocation of animals; however, the term “biosecurity” may not be present verbatim in written documents. The international biosecurity standard is defined in the Sanitary and Phytosanitary Agreement (SPS), founded after the General Agreement on Trade and Tariffs in 1994. The animal health portion of the SPS is under the auspice of the World Organization of Animal Health (WAOH), also previously known as the OIE. The WAOH has determined and published animal movement international trade agreement standards.[3]
 [image: A square labeled biosecurity with four arrows extending out for the four points of emphasis.]Figure 8.1 Biosecurity Logo: The effort of biosecurity, as outlined by the Animal Health Protection Act (AHPA), could be pictured as having four points of emphasis: prevention, detection, eradication, and control. Congress finds that these points of emphasis are critical for protecting animal health, public health, the economy, and the environment. The United States has aligned its federal animal health laws with the SPS by enacting the Animal Health Protection Act (AHPA) in 2002.[4] The AHPA is a federal law that standardizes animal movement within the United States. At the federal level, the United States Department of Agriculture (USDA) enacts trade policies on the export of live animals and promulgates regulations on the interstate shipment of animals to prevent pathogen movement with animals. This national level of biosecurity rests on the Veterinary Services within the USDA, which makes regulations regarding “the prevention, detection, control, and eradication of diseases and pests of animals…” (subsequent wording discussed later). Essentially, it boils down to protection from biological harm, which encompasses the health of the animals, preserves the environment, keeps the economy strong, and maintains public health, all of which results in protecting the interstate and foreign commerce of the United States.
 With these four points of emphasis in mind, we can better understand the efforts Congress references in the AHPA: 
 “Congress finds that the prevention, detection, control, and eradication of diseases and pests of animals are essential to protect…
 	the animal health,
 	the public health of the people,
 	the economic interests[5] of the United States,
 	the environment of the United States, and
 	interstate commerce and foreign commerce of the United States in animals and other articles.”[6]
 
 Keep these protected areas, as outlined by Congress, in mind throughout this chapter. Doing so will keep perspective on a facility’s actions for an effective biosecurity plan (BP). No two facilities will have the same BP. Many common traits will be discussed, but each BP’s implementation and enforcement actions can differ.
 In the United States, the states have jurisdiction over animal health and movements within their boundaries. Thus, individual states may have unique animal health requirements. All states require the diagnosis and treatment of animal disease to be done by a licensed veterinary practitioner.
 
 
	Costello, M. J. (2009). The global economic cost of sea lice to the salmonid farming industry. Journal of Fish Diseases, 32, 115–118. https://doi.org/10.1111/j.1365-2761.2008.01011.x ↵
	Fernández Sánchez, J. L., Le Breton, A., Brun, E., Vendramin, N., Spiliopoulos, G., Furones, D., & Basurco, B. (2022). Assessing the economic impact of diseases in Mediterranean grow-out farms culturing European sea bass. Aquaculture, 547, 737530. https://doi.org/10.1016/j.aquaculture.2021.737530 ↵
	Oidtmann, B. C., Thrush, M. A., Denham, K. L., & Peeler, E. J. (2011). International and national biosecurity strategies in aquatic animal health. Aquaculture, 320(2), 22–33. ↵
	Animal Health Protection Act. (2002). 7 U.S.C § 8301. https://uscode.house.gov/view.xhtml?req=(title:7%20section:8301%20edition:prelim), archived at https://perma.cc/895U-B5AA ↵
	This author combines economic interests and interstate commerce and foreign commerce as interdependent to simplify this discussion. ↵
	Animal Health Protection Act. (2002). 7 U.S.C § 8301. https://uscode.house.gov/view.xhtml?req=(title:7%20section:8301%20edition:prelim), archived at https://perma.cc/895U-B5AA ↵



	

			
			


		
	
		
			
	
		

		8.2 Biosecurity Plans

								

	
				 Biosecurity plans (BP) are protocols put in place to ensure that farmers are prepared to address crises when they arise. Figure 8.2 has two concentric circles around the phrase “Biosecurity Plans.” These concentric circles illustrate the “circles of control” for biosecurity. The BP describes the white inner circle. The inner circle is how everything operates normally when the facility is not being challenged. Challenges can come in numerous ways and directions, and a robust BP will identify those pathways and address the control methods and response action to intrusions through a contingency plan.
 [image: The phrase "Biosecurity plans" within a graphic of a bold blue circle]Figure 8.2 Biosecurity with an Adequate Contingency Plan Many BPs seem to be incomplete until a contingency plan (CP), sometimes referred to as a disaster preparedness plan, is considered.[1] A CP is the “plan B” of a BP implemented when an area of the BP is not able to be maintained. This failure in the BP may be something mechanical, such as a power outage, or biological, such as a flock of herons arriving each autumn. The BP may stipulate the alternative for power outages, but the CP specifies what is to happen with operations when storms knock out power and the backup power is damaged or out of fuel. The BP may have standards for vermin control, but the CP outlines what can be done if the weather changes unexpectedly and affects the behaviors of wildlife not typically encountered.
 Try to envision the amount of CP needed. Two extremes can result from this second level of planning. The CP can be so slim that it is ineffective or so elaborate that it may interfere with daily operations or business opportunities. The appropriate level of security in the BP and CP is multifactored and depends greatly on the management’s risk aversion.
 A good BP will affect several aspects of the facility operations and management, including the number of personnel, documentation procedures, a chain of command, and traffic flows. For example, the BP will specify the number of employees or other personnel needed to maintain the functions required of the facility. It could specify these numbers under normal operations and various scenarios like severe weather that would prevent most employees from making it to work safely. In addition, a strong BP will also outline how incidents are documented.
 Why Is Documentation Important?
 Something that may seem insignificant at the time of documentation may become disastrous in a few weeks. Without documentation, tracing the time and origin of an issue becomes impossible. Therefore, access to records is paramount in operating with a BP in place. Beyond staffing and documentation, the BP specifies the chain of command by listing the responsibilities of staff and corrective actions to be taken by a specific employee. One final component of the BP involves managing and moving traffic flow in the facility. For example, if allowed, visitors have designated areas to visit after logging in on the visitor roster, and pets are prohibited. Perimeter fencing will demark the boundaries of surveillance and exclusion of vermin and significantly impact visitor traffic flow at the facility.
 Some readers may suspect the BP is some process control. It is a correct suspicion to carry through this chapter. Indeed, there are similarities to quality control/quality assessment, better management plans, hazard analysis, critical control points, International Organization for Standardization (ISO) standards, biosafety standards, and many aspects lumped under preventative medicine.
 Four Spheres of a Successful BP
 Major aspects of a successful BP are based on four spheres of consideration, as follows: facilities, people, animals, and processes. These spheres are described and used to illustrate daily occurrences in aquatic livestock production. If these major aspects of livestock production are well managed within the limits of a BP, the success of an operation will be greatly improved through the prevention of an infectious disease occurrence.[2]
 [image: A graphic of five circles representing biosecurity, animals, people, facilities, and processes.]Figure 8.3 Biosecurity Factors The physical place of production is so important to the health of animals. People are important as far as how the facility is used and managed. The processes will be involved in successfully maintaining the BP. The animals are the focus of the operations. However, the category of animals encompasses both livestock and vermin. The BP must focus on operations with appointed staff supporting the livestock needs. Other people and animals are extraneous and a potential risk to production.
 BP’s can become outdated if periodic review is not undertaken by both the management and the attending veterinarian. During the annual or semiannual reviews is critical attention given to the completeness and appropriateness of the BP to the actual operations? Are the Standard Operating Procedures (SOP) still applicable and are there others to be added for critical steps of operation at the current facility?
 
 
	Food and Agriculture Organization (FAO). (2005). Preparedness and response to aquatic animal health emergencies in Asia: guidelines. FAO Fisheries Technical Paper No. 476. ↵
	Scarfe, A. D., Lee, C. S., & O'Bryen, P. J. (2008). Aquaculture biosecurity: Prevention, control, and eradication of animal disease. Blackwell Publishing. ↵



	

			
			


		
	
		
			
	
		

		8.3 Facilities

								

	
				The foundation for successful production facility operations starts with the design stage.[1] For example, space and traffic flows are considered and drawn into the facility plan. A site drawing is an excellent place to ask questions about how things will function. What do the neighbors do, and what activities might affect the fish rearing? How do feed trucks or harvest trucks approach the facility? Can truckers enter the production zone? What are the construction materials and methods? A future chapter will cover site location and facility design more elaborately.
 [image: A chart depicting necessary inclusions for aquatic facilities. Buildings should include quarantine, tank rooms, personnel rooms such as restrooms, offices, visitor rooms, and change rooms, and mechanical rooms with pumps, electrical, biofiltration, and ventilation. Tanks should include quarantine, nursery, raceways, growout, and harvest. Equipment should include feed carts, nets, hoses, and pumps. Grounds should include landscaping, parking lots, roads, vehicle disinfection, and perimeter fence.]Figure 8.4 Biosecurity with Facilities Outside Facility construction and maintenance is a major support to the maintenance of the animal’s health, which, of course, is the central focus of operations. The critical space of the production facility can be pictured as a sphere or compartment with limited access and processes. The four subgroups displayed for facilities do not represent the complete list but are shown to illustrate some assets such as construction, equipment, and the location’s upkeep impacted by a BP.
 Buildings
 Buildings are enclosures with walls, doors, a roof/ceiling, and lighting. This enclosed space is divided into rooms for specific purposes or functions. Typical room functions are listed in the accompanying image. It is first necessary to identify production areas, where livestock are contained, versus support areas, which aid in production. The tank room is hopefully the core production area in the list of rooms. Feed rooms, power control rooms, the laboratory, and change rooms are support rooms. Some rooms will need direct access to the tank room, but others do not need to be directly connected to the core area of production.
 Quarantine Areas
 Quarantine areas must be completely separated in physical location and operations. Operational support includes mechanical rooms would include separate pumps, electrical, ventilation, and biofiltration spaces that are separately controlled from production operations. Production personnel must not maintain or operate support areas without proper disengagement followed by support role preparation. This requirement does not prevent safe evacuation routes, but the human movement from production to support areas or the outside must be controlled. Production personnel spaces include separate restrooms, change rooms, lunchrooms, and specific offices. Administrative and support employees should be separated from production employees by use of different traffic flows and assigned spaces to prevent contamination. Management does not have justification to enter production areas unless it is worth following production employee entry protocols. Most importantly, interpersonal communication can be done via windows or electronics. Successfully isolated facilities utilize visitor mezzanines and observation windows to inform the public or potential investors of the layout and operations.
 Tanks
 Tanks that are properly designed and of impervious, cleanable construction will be needed.[2] Proper design allows for sufficient water exchange to maintain lower stress and better livestock health. Exceptional tank designs include the ability to isolate tanks from the system as a whole to limit disease spread, allow treatment, and permit complete cleaning and disinfection after depopulations.Circular tanks can have several advantages, including providing a uniform culture environment and can prevent and remove settleable solids. However, circular tanks are only one of many designs that have been used successfully over time. Tanks constructed of metals such as stainless steel are not competitive. Concrete tanks may be suitable in cost but generally require surface coating(s) to prevent corrosion and assure cleanable and impervious surfaces. Production tanks may be divided into segregated groups that separate life stages. Segregated use of tanks also assures proper water flow and routing to keep different production populations separated from each other and in an optimal production environment.
 Equipment Lists
 The equipment list (Figure 8.4) includes carts, shovels, hoses, nets, and other mobile items. The biggest caution is about the mobile equipment and the procedures necessary to make certain equipment is sanitized and used in designated areas. For example, each tank must have its net(s) and a designated sanitizing station. The argument of all tanks being interconnected by water flow in a common system does not hold much value when the water is recycled through water treatment systems with sand filters, UV lights, and even ozone administration. Therefore, nets can spread disease from tank to tank when not controlled.[3] (See 8.6, Processes for handling net handles with gloved—not bare—hands.)
 Cleaning
 Floor cleaning with water spray could cause aerosolized pathogens from the floor that could settle into production tanks. Floor cleaning procedures must be done often and gently. Pooled water on floors is also contrary to biosecurity because the floors are constantly wet in those areas. Standing water is often a source of microbial contamination, only worsened by hose spraying. Hoses are also a biosecurity risk when not properly cleaned and sanitized before proper storage. Additionally, hoses trailing through the production area can interfere with floor cleaning. Additionally, hoses meandering through a production facility can carry parasites and pathogens from the floors of one part to another section of the facility. Appropriate length hoses that are more localized in area reached are safer for keeping extraneous organisms from being transported on hoses.
 Disinfecting
 A clean surface can be disinfected. A contaminated surface may not allow the disinfectant to reach the pathogen targets. Biofilms develop on most moist or submerged surfaces that shield the micro-organisms enclosed. Cleaning to prepare a clean and bare exposed surface will allow disinfectants to work properly.  Use of only one disinfectant will permit chemical resistance to develop in the production facility ecosystem. It is understood that resistance to quaternary ammonia disinfectants can be located together on a mobile genetic element as found in plasmids that also carries an antibacterial sequence.[4]
 Facility Design
 A new facility designed for a specific purpose will have the opportunity to avoid many of the pitfalls of a refurbished facility. Remodeling a swine barn to hold fish tanks may seem simple, but problems arise from drainage, traffic patterns, ventilation, environmental controls, and many other parts of the operations.
 Facility layouts in new construction can optimize traffic flows, feed routes, and other daily procedures. New construction has choices of location to eliminate the risks to production that established facilities do not have concerning activities of neighboring properties or wildlife harborages. This comparison of new versus remodeled facilities is a serious one to have in planning the siting of a new or repurposed production site.
 Significant design quality of a production facility provides permanent surfaces that are impervious and cleanable. The higher the grade of surfaces, the less impact microbes generally have because they are more readily removed with cleaning. Sufficient cleaning is required before disinfection of surfaces can be considered. Many disinfectants can be hindered by organics covering the surface. Bleach, for example, cannot remove the so-called biofilm impervious to chlorines. Other disinfectant options include physical methods such as heat, sunlight, and drying and chemical disinfectant methods such as Virkon Aquatic, chlorhexidine, quaternary ammonium compounds, and alcohols. Clean surfaces can be disinfected and permit other biosecurity efforts to be effective. Easy to clean surfaces should also be incorporated into the design of production facilities. Rather than having a 90-degree corner, the design at the surface corners of tanks can be curved, allowing brushes to easily scrub the surface and clean more efficiently. Coving at the junction of the floor and wall should be rounded and tightly sealed to those surfaces to allow better scrubbing and disinfection.
 Facility Grounds
 The facility grounds are those areas surrounding the facility. These can be functional and decorative. Hard-surface walking and vehicle drives are functional, while landscaping shrubs are decorative. The perimeter fence or other physical barrier is often functional and decorative. The level of functionality is defined to assure that it is effective. Will the property border fencing mark out the perimeter? Will the perimeter barrier effectively prevent larger rodents and other vermin from migrating into the facility grounds? Hard-surface drives for vehicles are even more functional when vehicle wheel disinfection is designed into the structure of the roadway. Facilities can build a wheel wash basin to remove debris and materials that could be carried in from other facilities or have crossed paths with infected traffic. Installation of these basins takes design efforts to prevent freezing in cold climates. The basin must not be allowed to accumulate debris or become low on disinfectant concentrations. Birds can also be fomites of disease; therefore, buildings should be designed so as not to leave roosting structures available to wild birds.[5]
 Feed spills must be cleaned immediately to reduce the attraction to birds and rodents, which come to the facility for feed and harborage (safety). If rats are a problem, the building can be landscaped with a zone of larger pebbles extending at ground level from the foundation that deter the animals from burrowing under the building. Extraneous and excess equipment must not be stored next to the building. Smaller equipment can be located on pallets elevated by over 12 inches to prevent most rodents from claiming the generated structure of stored equipment as a harborage. Building entrances (i.e., doors) must be weather tight, vermin proof, and closed when not in use. Doors must be immediately closed as rodents will migrate indoors any time there is less threat of discovery. Doorways are not installed for ventilation, and vents can be installed in doors that permit airflow and prevent access points to vermin. Even worn weather stripping on the bottom of truck entrance doors can give access to mice seeking entrance into feed storage areas.
 [image: A graphic where a small circle labeled Facilities is nested inside a larger circle for biosecurity.]Figure 8.5 Facilities Within Specification for Biosecurity On the farm, keeping dry feed in vermin-proof compartments is paramount. Grain silos with chain feeders to each tank are recommended as long as the feed cannot get held up and become moldy. Inspection and remediation are important even if the machinery is “automated.” Otherwise, bagged feed can be used and needs to be on pallets rather than stacked against the walls. The distance from the wall permits inspection for indications of rodent infestation. Ideally, feed is kept 12 inches off the floor or moved every 7 days. Not least is the effort to keep vermin outside the feed storage room with closed, tight-fitting doors and screened windows. When facilities are designed, constructed, and maintained in compliance with the BP, they resemble the illustrated visualization in Figure 8.5.
 Evaluating Facilities
 Veterinary evaluation of facilities and operations may be performed best with the same areas in this “four circles” paradigm. In production animal medicine, the four circles consist of the exterior of the building and surroundings, interior and housekeeping, animal enclosure size and density, and individual animal. Each step considers how that aspect may affect the health of the livestock.
 Ties to Practice: Facility Reviews In aquaculture, the exterior of the building, interior of the building, and tank are similarly important to the health of these animals. Walking the perimeter of the building during biosecurity audits allows evaluation of outside activities, vermin control, and vehicle and personnel traffic patterns to provide better animal health planning and increase animal welfare.
 
 Facility design/construction and management of the facility are typically not interchangeable. If the feed room door on a refurbished building never had a weather seal, the management option would be to install the weather seal. Yet effective management is about maintaining the facility, not redesigning or rebuilding it. Remodeling facilities often leaves management in a bind for time or materials. These obligations to upgrade a facility are the proverbial “death by a thousand pinpricks,” creating an operational expense rather than a capital cost in the start-up financing area. If a design is not professionally evaluated before construction or remodeling, risk to the business profitability can exceed the profit potential.
 The reader may have noticed the potential overlap between biosecurity auditing and engineering review. There are seemingly common aspects. The biosecurity audit has animal health (production efficiency and profitability) as the focused outcome. The engineering review focuses on facility maintenance and life span (reducing overhead and capital expenses). One professional must not feel encroached upon by the other when both work in the same facility. Both are useful and complemental to the operations. This author has benefited enormously from studying engineer reports when available and hopes the reverse has been true for the engineer(s).
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		8.4 People

								

	
				Extensive culture systems (i.e., outdoor facilities) may not need the level of biosecurity generally discussed in this chapter. However, the outline taken from this discussion will be a decent guide for outdoor facilities. Visitors will not be provided access to ponds, e.g., for sport fishing. Trained designated employees will operate the production area according to protocols meant to avoid disease introduction and spread. The production area in this discussion is the interface of human-animal interaction. This interaction may be observed at the tank side, feeding and taking livestock samples for laboratory assays. A distinction is needed between production area activities and support activities. Strive for support activities (e.g., water testing and adjusting water flows) to be delegated to a separate space in the facility. You may wish to return to the Facilities discussion in the previous section to identify rooms that can house support activities outside the production area.
 Fast Facts Simply put, PEOPLE DO NOT BELONG IN THE PRODUCTION AREA of intensive-production systems.
 
 Automation and cameras can eliminate some of the tasks that require human interaction. Automatic feeding is an example, and moveable cameras can check on tanks around the facility. Mounted underwater cameras can be furnished for observation that would have required human entry into the water. Remote sensing allows meters or gauges to be read outside the production area, perhaps in the laboratory with alarms and viewing windows for production employees to check conditions without leaving the production area.
 [image: ]Figure 8.6a Automatic Feeding System. Example from cableveyag.com Today, automated facilities are being built that can be monitored in real-time in other countries. Such is the oversight on risk avoidance in multimillion-dollar projects.
 Employee Access
 People are a significant risk that should be addressed in a successful BP and relevant standard operating procedures (SOPs).[1] Well-trained employees are a huge asset to have working under an adequate BP. In a risk-assessment sense, “people” do not have the same working definition as “employees.” This working definition is especially poignant in distinguishing between production and administrative or management employees.
 Tragically, managers and owners do not often understand being restricted from the livestock areas of their investments. Financial obligations do not provide the privilege to enter the production area. Required training does provide the basis for entrance. It is noted in this author’s experience that larger facilities may seek bragging rights to potential investors by giving production area tours. Hopefully, any investors reading this chapter will realize the risk of bringing untrained citizens to walk through a facility.
 [image: A photo of a white wall with a small window set into it.]Figure 8.6b Observation window to production. This image depicts an observation window. The same window works for observing laboratory readouts or providing management views of activities. Anyone putting bare hands in water, handling a net handle with bare hands, or cupping pelleted feed in open uncovered hands could potentially inoculate the system with pathogens. If untrained management and visitors cannot perform activities except to walk through the production area, a mezzanine or observation windows would be more appropriate at much less risk.
 It may be sufficient to provide viewing monitors from cameras in the tank’s interior to an exterior visiting area, incorporating several biosecure avenues into the facility design.
 Alternatively, a separate “public” tank could be made accessible to investors and visitors as an educational tank at a reduced scale to the actual production tanks. Education of the investors will also maintain a clear line of demarcation between the massive biosecure production sites and fish to be scrutinized by investors.
 External Personnel Access
 Some outside personnel will need access to production areas when needed for equipment repairs or disease treatments. In designing biosecure facilities, many levels or systems installation must be considered. Electrical connections can be placed in electrical rooms with access from outside the production areas. Meters for monitoring and switches to control processes can be mounted in panels outside walls with maintenance and repair access from outside. Water pumps can be plumbed from a separate plumbing room. Engineers, plumbers, and other service personnel do not have to enter the production area when pumps need replacement. In Figure 8.7, the people category of employees is shown as either “employees” or “non-company persons.” The employee roster may include mechanical and veterinary personnel on the payroll at large operations. In most smaller facilities, some specialized tradespeople will be called in to do expert work. Therefore, the distinction will be used to assure adequate training, assistance, and supervision.
 [image: A chart listing types of people who may need access to the facility. Employees include livestock caretakers, supervisors, and office administrators. Non-company persons include service contractors, visitors, veterinarians, and regulators.]Figure 8.7 Biosecurity Concerning People Additional Examples
 Employees listed as “livestock caretakers” are trained to work in the production area with the livestock. These employees have been trained to conduct their work without contaminating or spreading pathogens to livestock.
 When properly trained in biosecurity processes, supervisors can be useful in production areas but otherwise should avoid entering the area. It can be tempting for those who make temporary or quick visits to circumvent shower-in-shower-out systems. Instead, alternatives to entering the production area should be available and easily accessible to supervisors. In-house phones or message windows can replace the need for supervisors to relay messages in person within the facility. Cell phones can be kept in waterproof cases that can survive washing and disinfecting. These devices are additionally useful for photographing clinical signs and other problems needing supervisor attention.
 Veterinarians are essential persons to animal health. However, attending veterinarians can also become fomites of pathogens if adequate biosecurity precautions are not provided and followed. Not every veterinary visit requires tank-side attendance. If the risk of disease spread prevents the attending veterinarian from direct observation, utilizing cell phones, concurrent animal observation, and sampling observation can be done at a distance while maintaining the standard of care.
 [image: ]Figure 8.8 People Within Specification for Biosecurity Emergency exits are intended for evacuations or direct access by emergency personnel. Production area employees must not be permitted to exit or enter via emergency exits, except in emergencies. One method of preventing unauthorized emergency exit use might be to equip emergency doors with an alarm that sounds when the door is used. These alarms effectively discourage caretakers from abusing emergency doors. The emergency exits must never be locked to prevent employee passage. The production area employees need to follow standard protocols for entering and leaving the production area. Supervisors are not emergency responders and should not be permitted to enter or exit through emergency exits. Supervisors may be usefully trained in biosecurity when they fill in for absent caregivers and should enter and exit through the biosecure access points. The scenario shown in Figure 8.8 shows when biosecurity is adequate in the People category.
 Finally, regulators may need entry into production areas from time to time. Regulator entry may be necessary for certifying weighing scales or employee safety programs. To date, aquatic livestock has numerous commercial certification programs. These non-employees will need to have suitable training and attire to reduce the risk of contamination.
 
	Scarfe, A. D., Lee, C. S., & O'Bryen, P. J. (2008). Aquaculture biosecurity: Prevention, control, and eradication of animal disease. Blackwell Publishing. ↵



	

			
			


		
	
		
			
	
		

		8.5 Animals

								

	
				 Livestock production aspires to rear only the profitable species for the organization. Biosecurity strategies have been developed and successfully used in other livestock industries. Similar strategies appear in aquatic livestock production operations, as shown in Figure 8.09.
 [image: A chart diagramming the organization of animals, with livestock including brood stock, hatchery, nursery, and growout, quarantine, and vermin including birds, rodents, insects, and pets.]Figure 8.09 Biosecurity With Animals Outside. Animals need adequate biosecurity for movement and life stages, but pests should also be considered under this Biosecurity section. Separating and isolating livestock on the basis of life stages is a fundamental tool in implementing a BP. This isolation and separation can be useful to prevent some pathogens from spreading throughout the operations. If the young are more susceptible to a pathogen, isolate younger animals as soon as possible from the valuable broodstock that may also be susceptible to the pathogen once it is incubating in nonseparated immature individuals. In addition to the reduction of pathogen spread through separating livestock by life stage, there are other benefits of this practice. Broodstock fish are the older, larger, more mature individuals. For fish, the larger the broodstock, the greater the fecundity (gamete numbers produced). Offspring numbers are important variables for production costs and profits. The facility has a minimum set cost of existence and operation, and the more offspring that can be successfully produced and harvested for the same space, electricity, and heat, the larger the profit margin potential.
 Controlling Animal Spaces
 Quarantine facilities are provided for newly purchased livestock and separate from production areas. Hatcheries are or can be designated in this type of the area to permit monitoring larvae for pathogens coming in through eggs. This isolated facility assures no direct or indirect physical connection with the animals in production. Separate water, personnel, workflow, room, and equipment are required to get the full benefit from quarantine processes.
 Time in quarantine is important. The length of time will depend on the incubation time of known and economically important pathogens or parasites. Quarantine periods must be long enough to accommodate testing assay times so that results are available before the animals are moved to production but not so long that the quarantine period becomes economically impractical. The testing protocols may be repeated to assure negative results in subsequent tests. Quarantine facilities must be properly sized to follow an all-in-all-out process. Each batch or lot of incoming fish must be placed in separate quarantine facilities. Simultaneous habitation that permits use of the same room, equipment, water, and personnel is a biosecurity failure.
 From a biosecurity viewpoint, if livestock and pathogens or pests never occur in the same place simultaneously, there is no disease. Pathogens have many skills of survival, including biofilms and inactive states. Removing livestock, draining the tanks, and plumbing do not guarantee that the pathogen is gone. Some method of cleaning is required to remove biofilm and inactivate microbes. Disinfection is then used to kill any exposed (nonbiofilm) organisms.
 Limiting Vermin
 Vermin are extraneous and unwanted animals that are kept away and separated from livestock production. The list in Figure 8.9 can predict the types of vermin prevention measures. Operational factors such as waste feed or easily accessible feed containers are an attractant to birds, rodents, insects, and even wandering pets. Harborages are generally abundant for vermin in aquatic livestock facilities. Open doors permit vermin to escape weather events and predators. If undisturbed or inaccessible, nesting will occur, resulting in more vermin. The slightest openings or crevices can give access to vermin. They may enter at a small size and then grow, leaving the question of how the larger animal had entered, as the inspection did not find the smaller version of the large animal.[1]
 The problem with many vermin is the ability to carry and shed deadly pathogens on livestock. Simply nibbling on feed in the sack or cart will generally leave urine and feces in the feed. Rodents follow routine paths through a facility that may not be noticed unless personnel intentionally look for them. Trained personnel can be used to identify these routes and eliminate the rodents using them.
 Do not permit birds to enter through ventilation intakes or exhausts. Screens and vent design prevent birds from exploring the building interior for roosting, feed, and nesting locations. Birds are not discreet in elimination tasks. Droppings (feces or urine) can easily fall into production tanks or open biofilters if perches are positioned overhead. Invading birds use lighting fixtures and feed distribution tubes as perch structures. Careful building design with screened eves and overhangs is necessary. Damaged structures that open overhead spaces may be routes for birds, insects, and rodents to enter the facility and work undetected to enter production areas.
 Vermin-Control Animals
 Caution should be used regarding guard animals to control vermin. Loose animals within perimeter fencing are not optimal because the free-moving animal may find its way into production or support areas. Feces, urine, and even physical damage may cause an attraction for the vermin that is not eliminated. Supervised vermin-control animals are effective and must be closely controlled to ensure biosecurity is maintained.
 Vermin-control animals bring to mind the idea of pet animals having access to the facilities. The area inside the perimeter must be animal-free to prevent the connection between livestock and pathogens. Bait boxes along foundations will work for many rodents. Perimeter fences can create havens for small animals. Fences can have openings that are small enough for animals to enter but prevent predation by larger animals. Birds can be controlled with repellents such as noise canons and by interfering with their flight through suspended nets or lines. Some birds will leave if lights are flashed, and do not find refuge where all interior and exterior resting and roosting ledges are eliminated. Insects such as flies are attracted by uncovered garbage, spoiling feed, or dead fish and can be managed with timely removal of attractants after discovery. Pets are not welcome at a biosecure facility. Any support animals must be strictly designated to certain areas and not be allowed to mingle with production personnel on break or meal times.
 Dust and Debris
 [image: ]Figure 8.10 Animals within Specifications for Biosecurity While most readers would not see dust and windblown debris as vermin, there are recorded situations where parasites can be windblown into the production area and settle into the water. One such wind-borne parasite is Amyloodinium.[2] This parasite can be found in surf mist and carried for miles before settling. Prevention of such parasites entails choosing a building site away from coasts and using filtration on intake air sources to eliminate dust from the facility. Knowing neighbors’ activities can also help determine the filtration level necessary.
 When animals are properly provided for as livestock and vermin are eliminated, the associated risks can be monitored and records kept documenting the success. This reduction in risk to biosecurity then appears in the biosecurity diagram as depicted in Figure 8.10.
 Ties to Practice: Mitigating Risk In one facility, the surrounding neighborhood used open fires for garbage disposal. The risk from garbage fire pollutants was regarded as a hazard to the atmosphere and water management inside the facility. The risk was analyzed, and the cheaper solution was to provide garbage pickup for the neighborhood than put high-efficiency filtration on the facility’s intake vents. As a footnote to this risk analysis decision, the facility was high enough in livestock density and required large air exchanges to vent the carbon dioxide generated from the biofilter. High atmospheric CO2 buildup in the production hall hindered off-gassing the CO2 from the production water.
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		8.6 Processes

								

	
				 The final factor in this discussion system of biosecurity is processed. The steps or flow of actions to create the desired result are described in the SOPs. Processes that are significant to the facility’s operation are stated in SOPs. These documents do not have to be elaborate or detailed for some processes. They define the job, the person responsible, how the job is done in steps, the expected outcome, and the records to be completed.
 The image below is a short list, but the entire list depends on the facility. An extensive production facility (outdoor ponds and raceways) will have SOPs for cleaning and disinfecting seines and other netting equipment; cleaning and disinfecting boats, trucks, and tanks; as well as loading/unloading protocols.
 [image: A chart listing S-O-P's including cleaning, clothing, feeding, fish handling, and water testing.]Figure 8.11 Biosecurity with Processes outside A simple, effective net disinfection for an outdoor facility is drying in strong sunlight on a mowed lawn without foot or vehicle traffic. The sunshine net protocol is not used in cooler months.[1] The sunny summer days are best for this process. Rainy days will not provide effective disinfection. The best plan is to hang the seine-netting off the ground or floor after disinfection for better drying as a routine process on sunny, cloudy, or cold days. The cleaned nets will be hung over overstretched lines for drying and storing off the floor.
 [image: ]Figure 8.12 Biosecurity Factors all within specifications. Facilities, people, animals, and processes are all important factors in biosecurity plans. Addressing these factors creates “the beginning of life” for the producer’s business. Successful biosecurity plan implementation will have its unique composition. Some visible traits include cleanliness, organization, and visible purpose for the equipment, personnel, and activities. Personnel need to be trained and have adequate numbers to conduct the “chores” needed in tending the needs of these animals.
 Why Is Biosecurity Important?
 Remember that infectious diseases and parasites are the main cause of business failures in aquatic livestock production. Millions of dollars can be invested in facilities without ever seeing a profit and, on some occasions losing the entire investment and still being in debt. In the Mississippi Delta, amongst the catfish farmers, the popular saying “to make a small fortune raising fish, it takes a large fortune to start” applies to catfish and all aquaculture investments. The learning curve is extremely steep for the novice. NEVER assume that commercial-scale aquatic livestock production is similar to aquariums and Koi ponds.
 BPs should not be too complex to follow. Complicated or complex BP’s lack focus on the practical steps needed to keep livestock healthy.
 Documentation
 Finally, the BP will require documentation and archiving to verify that the work was attended to. An old phrase from author’s experience in investigation states, “If it was not written down, it did not happen.” The records should be simplified as much as possible. A simple audit will see how different records can support each other. The cross-purpose and filing will be especially useful IF a foreign animal disease erupts. Record keeping may keep the farm from depopulating and starting over.
 An example of a record system used on an extensive culture farm rearing ten species and selling to a dozen or more states involves dual purpose records such as the sales receipt. The receipt at the point-of-sale records the owner’s name, address, and phone number, along with the species list, number, size, and location. This receipt could shorten the time spent tracing and figuring out where a pathogen has been distributed on the farm and amongst customers. Daily mortality records would overlap with locations being stocked for sale and loading.
 This simple record set would account for the fish and clinical condition to cover the typical incubation period of many infectious diseases. Adding a record of animal movement from rearing ponds into the load-out locations would allow tracing to the on-farm source of infection. The rearing pond records would record when they were stocked with fry and how many. When the farm has several hundred surface acres of water divided amongst dozens of impoundments, it takes records to backtrack what has happened.[2][3]
 Next is an exercise to identify what category of the BP is being discussed and needs correction. Can the following pictures of facility scenarios be properly classified into one of the four groups of biosecurity concerns?
 Review Question  An interactive H5P element has been excluded from this version of the text. You can view it online here:
 https://iastate.pressbooks.pub/aquaticanimalhealth/?p=191#h5p-1 
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		Chapter 8 Summary

								

	
				The discussion of biosecurity in this chapter focuses on a practical framework for developing and maintaining a Biosecurity Plan (BP) to protect aquatic livestock from infectious disease. Central to this is a strategy that prioritizes prevention over control, utilizing systematic risk assessment and consistent operational discipline to support animal welfare and business profitability. Biosecurity management has three primary areas of focus: prevention and risk assessment, operational controls, and documentation and management.
 Prevention and Risk Assessment
 Focuses on evaluation frameworks to identify facility vulnerabilities. Practitioners utilize the “Four Circles” evaluation to conduct on-site audits—examining the building exterior, interior, individual tanks, and individual animals. Additionally, the “Four Spheres” of risk (facilities, people, animals, and processes) must be continuously monitored as interconnected sources of threat. A critical caution is that producers should assume disease risk is present during any animal purchase or transfer and assurance of health status must be obtained.
 Operational Controls
 Implementation of physical and procedural barriers limit the spread of pathogens. Key strategies include life stage isolation, which separates populations into units such as broodstock, hatchery, nursery, and growout to protect more vulnerable younger fish. To minimize human vectors, facilities should limit unnecessary entry by utilizing observation windows, cameras, and automated feeding systems. Furthermore, operational personnel must control fomites and vermin by sanitizing mobile equipment like nets and hoses while protecting the facility from birds, rodents, and insects.
 Documentation and Management
 Establishes the administrative requirements for a verifiable biosecurity program. This involves maintaining rigorous documentation, including detailed Standard Operating Procedures (SOPs) and accurate records, under the principle that an undocumented action cannot be verified. Ultimately, a well-designed Biosecurity Plan serves as a critical health management protocol that reduces reliance on antimicrobial treatments and balances facility isolation with market participation.
 Additional Biosecurity Resources
 One of this author’s go-to references is Aquaculture Biosecurity: Prevention, Control, and Eradication of Animal Disease by A. David Scarfe, Cheng-Sheng Lee, and Patricia J. O’Bryen (2008). This book is relatively recent and covers in more depth some of the areas covered in this chapter.
 Reviewing and comparing other animal production industries’ approaches to biosecurity is often useful. In the United States, the pork and egg industries are a significant portion of agriculture’s economy. The relative size results from robust disease control methods and processes that have evolved over the years. Thus, these two industries are well-developed in their biosecurity plans and efforts. Below are the links for pork (Secure Pork) and poultry (Poultry Biosecurity & Poultry Improvement) teaching materials. I would encourage anyone looking for ideas or additional information to take a look and learn from other industries’ successful pathogen management:
 	Secure Pork Supply Outreach Materials (www.securepork.org/training-materials/outreach/)
 	Poultry Biosecurity (https://poultrybiosecurity.org/)
 	Official Training on the NPIP Program Standards Biosecurity Principles [PDF] (https://www.poultryimprovement.org/documents/Biosecurity-Principles-and-Audit-Guidelines-2017-2020.pdf)
 	Big Red Biosecurity, University of Nebraska, Lincoln (https://bigredbiosecurity.unl.edu/)[1]
 
 
 
 
	This resource is also poultry-focused. They have a few training modules designed for producers and animal caregivers. It is also a great resource for someone wanting to develop their biosecurity plan. On the biosecurity resources tab, they even have biosecurity templates and links for other industries, including aquaculture. ↵
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		Key Terms

								

	
				 	Acanthocephala
 	Also known as spiny or thorny-headed worms, these are elongated organisms characterized by an anterior protrusive proboscis covered with hooks used to pierce and anchor to the host's gut wall.
 
 	Actinopterygii
 	A subclass of Osteichthyes known as ray-finned or spiny-finned fish. This group includes the Neopterygii and Chondrostei.
 
 	Actinospore
 	A multicellular stage of the Myxobolus cerebralis parasite that is active in the invertebrate host (oligochaete worm) and infective to fish. 
 
 	Acute disease
 	A disease that develops rapidly but lasts only a short time (e.g., channel catfish virus infection).
 
 	Adipose fin
 	A soft, median fin located between the dorsal and caudal fins. While once thought vestigial, recent research suggests they function as sensory organs to detect water movement.
 
 	Agnatha
 	A superclass of the most primitive, jawless fishes, which includes lampreys and hagfishes. They lack paired fins and have a cartilaginous skeleton.
 
 	Alkalinity
 	The acid-neutralizing capacity of a solution; the term describes the buffering capacity of the water, generally measured as calcium carbonate.
 
 	Anadromous
 	A life cycle in which fish are born in freshwater, migrate to saltwater to mature, and then return to freshwater to spawn, such as salmon.
 
 	Anal fin
 	Also known as the cloacal fin, this is located on the ventral midline behind the anus and stabilizes the fish during swimming to prevent rolling.
 
 	Annelida
 	A phylum of segmented worms that includes leeches, which are primarily of concern in fish health due to their role in virus transmission and causing anemia through blood loss.
 
 	Anti-nutrients
 	Ingredients in feed that may contain substances, such as trypsin inhibitors, that can block the digestion of proteins.
 
 	Aquaculture
 	The rearing to harvest of aquatic organisms including animals & plants in various categories of water ranging from freshwater to brackish to marine.
 
 	Aquatic Livestock
 	Farm-raised aquatic animals that are produced with enhanced production methods that employ housing or confinement, predator protection, nutrition, reproduction, veterinary care, and transportation. The aquatic livestock may be produced for food, sport, research, companion animals, conservation or endangered species programs.
 
 	Aquatic plants
 	A category of aquaculture production that includes algae and seaweeds.
 
 	Aquifer
 	A body of porous rock or sediment saturated with groundwater that is recharged by precipitation seeping through soil.
 
 	Arsenic
 	A metalloid and nonessential nutrient in animal metabolism that can occur naturally in water or from anthropogenic sources like industry wastewater and mining.
 
 	Arthropoda
 	A phylum of invertebrates that includes parasitic crustaceans such as copepods, which attach to fish and feed on their tissues.
 
 	Aspect Ratio (AR)
 	A measurement used to compare the span length of a fin to its surface area. A high AR indicates narrow, wing-like fins for swift movement (e.g., tuna), while a low AR indicates paddle-like fins for precise maneuvering (e.g., reef fish).
 
 	Autotrophic bacteria
 	Bacteria that can synthesize organic compounds from inorganic carbon sources, such as carbon dioxide.
 
 	Baitfish
 	Small fish species or early life stages used for fishing as live bait or to feed cultured carnivorous species.
 
 	Basal Energy Requirement (BER)
 	The energy required to maintain the body's normal metabolic activity, such as respiration and movement.
 
 	Basicity
 	The ratio of hydrogen and hydroxyl (OH−) ions in solution; it is related to pH but distinct from alkalinity.
 
 	Bioaccumulation
 	The process by which higher levels of metals or foreign materials in the water accumulate in fish tissues over time.
 
 	Biofloc technology
 	An in situ water treatment method that stimulates heterotrophic bacteria growth to assimilate ammonia into bacterial protein, which then serves as a nutritional byproduct for livestock.
 
 	Biological filtration
 	A system of microbial digestion and conversion where beneficial bacteria turn dissolved nitrogenous waste (ammonia and nitrite) into less toxic nitrate.
 
 	Biological Value (BV)
 	A measure of protein quality that indicates how suitable the amino acids of a protein source match the metabolic needs of the animal.
 
 	Biosecurity
 	A series of management procedures designed to prevent or greatly reduce the risk of introducing new infectious agents to a farm.
 
 	Biotope
 	A specific habitat area (e.g., lakes, wetlands) capable of supporting a community of organisms suited to its unique water quality and composition.
 
 	Brackish water
 	Water with a salt content higher than that of freshwater but lower than that of marine water, typically ranging between 0.5 and 30 parts per thousand.
 
 	Brine
 	A concentrated solution of salts (commonly sodium chloride) and water occurring in nature in groundwater, salt lakes, or as seawater.
 
 	Brown blood disease
 	A condition caused when nitrites bind to hemoglobin in the bloodstream to form methemoglobin, which cannot transport oxygen, resulting in suffocation.
 
 	Bulbus arteriosus
 	A structure in the fish heart through which blood leaves the ventricle before the aorta divides into the branchial arteries.
 
 	Carbohydrates
 	Starches and sugars that serve as an inexpensive energy source for fish diets.
 
 	Catadromous
 	A life cycle where fish are born in marine waters and migrate to freshwater to grow before returning to the sea to reproduce, such as freshwater eels.
 
 	Caudal fin
 	The hindmost fin at the end of the fish’s body, used for forward motion and speed; its shape often indicates the habitat and activity level of the species.
 
 	Cestodes
 	Commonly known as tapeworms, these are elongated, segmented flatworms that use a scolex (head) with hooks to attach to the host's intestinal wall.
 
 	Chemoreceptors
 	Special types of of mechanoreceptors that allow fish to respond to chemical stimuli in their environment.
 
 	Chloramines
 	Stable byproducts of chlorine and ammonia used in municipal water systems to provide ongoing disinfection; they are highly toxic to fish and do not leave the water through aeration.
 
 	Chlorine
 	A natural gas element used for water disinfection that is extremely toxic to aquatic life forms, attacking their respiratory systems.
 
 	Chondrichthyes
 	A class of cartilaginous fishes, including sharks, rays, and skates. They possess five to seven uncovered gill slits and rely on electroreception for prey detection.
 
 	Chordata
 	A group that includes lampreys, which are jawless, eel-like parasites that use a sucker mechanism with teeth to consume the blood of fish.
 
 	Chromium
 	A metal found in natural waters that is most toxic in its oxidized hexavalent form, especially in soft and acidic water.
 
 	Chronic disease
 	gradual mortality, difficult to detect a peak; present over a long period of time (e.g., Aeromonas septicemia, furunculosis).
 
 	Clarity
 	A subcategory used to describe the transparency of water according to levels of turbidity, solids, and color.
 
 	Club cells (Alarm cells)
 	Specialized cells located in the middle epidermal layers that contain an alarm substance. They have no ducts to the surface and only release their contents when the skin is disrupted by trauma.
 
 	Coelomic cavity
 	The single, undivided body cavity in fish that houses the viscera, including the heart, liver, stomach, and swim bladder. Unlike mammals, fish lack a diaphragm to separate thoracic and abdominal spaces.
 
 	Coldwater fish
 	Fish species that thrive best in water temperatures below 70°F and require higher dissolved oxygen levels.
 
 	Color
 	A quality of water measured with visual comparison against color standards or standardized colored glass; changes in color often indicate quality issues.
 
 	Contingency plan
 	A "plan B" implemented when an area of a biosecurity plan cannot be maintained, addressing unforeseen events like power outages.
 
 	Coolwater fish
 	Fish species that thrive in water temperatures under 80 °F but warmer than 60 °F.
 
 	Copper
 	A trace mineral used as an algaecide and parasiticide whose toxicity depends on alkalinity, pH, and the age of the livestock.
 
 	Counter-current exchange
 	An efficient gas exchange process where blood and water flow in opposite directions across the gills. This allows fish to extract high levels of oxygen following a concentration gradient.
 
 	Crude protein (CP)
 	Part of the chemical analysis feeds are evaluated for; it lists protein sources but does not describe the actual digestible protein.
 
 	Ctenoid scales
 	The most prolific scale type, characterized by toothed grooves along the outside edges and substantial overlap for flexibility.
 
 	Cuticle
 	An intimate coating for the external layer of the epidermis, located under the mucus layer, that contains high amounts of protein.
 
 	Cycloid scales
 	The type of scales covering salmon and carp. The scales have smooth surfaces without grooves and overlap. The overlapping patterns allow the fish more flexibility.
 
 	Definitive host
 	The specific host in an indirect life cycle in which the parasite reaches maturity and reproduces sexually.
 
 	Dermis
 	The layer of skin located below the basement membrane that contains blood vessels, pigment-producing chromatophores, and the anchors for scale structures.
 
 	Digeneans
 	A class of trematodes (flukes) whose name means "double race" because they reproduce during both adult and larval stages, typically involving a complex life cycle with mollusks and vertebrate hosts.
 
 	Digestible energy (DE)
 	The amount of energy removed from the gross energy of feed before the remainder is excreted as fecal energy.
 
 	Digestible protein (DP)
 	The portion of crude protein fed that is absorbed from the small intestine.
 
 	Direct life cycle
 	A reproductive cycle where the parasite requires only one host to complete its development.
 
 	Disease
 	When an infection results in an abnormal state of health or physiology.
 
 	Dissolved Oxygen
 	Oxygen dissolved in water which is essential for aquatic respiration; its solubility decreases as water temperature increases.
 
 	Dissolved salt
 	A way to measure salinity by measuring only the salt content, such as sodium chloride or magnesium sulfate.
 
 	Dissolved solids
 	Organic and inorganic substances in molecular, ionized, or microgranular form, measured as total dissolved solids (TDS).
 
 	Dorsal fin
 	Fins located on the dorsal midline used for stability, changing directions, and propulsion.
 
 	Drugs
 	Products intended for use in the mitigation, treatment, or prevention of diseases in animals, regulated by the FDA.
 
 	Electrical conductivity
 	A simple way to measure water salinity based on the ability of impurities like salts and dissolved solids to enable electricity to be conducted through water.
 
 	ELISA
 	Enzyme-linked immunosorbent assay; an assay performed to test for the presence of a specific antigen or antibody.
 
 	Endemic
 	A disease common within a population.
 
 	Epidemiology
 	The study and analysis of the distribution, patterns, and risks of health and disease conditions in a population.
 
 	Epidermis
 	The outer layer of skin consisting of stratified epithelium that covers the scales.
 
 	Essential nutrient
 	A nutrient that an animal cannot formulate itself and must obtain from the diet.
 
 	Estuary
 	The part of a river that meets the sea, serving as a dynamic brackish water environment fluctuating between fresh and marine water based on tidal events.
 
 	Euryhaline
 	Species of fish that have adapted to variable salinity levels, often associated with tides or lunar cycles.
 
 	Eutrophication
 	An abundance of nutrients (primarily nitrogen and phosphorus) in the water, which leads to excessive algae growth and degraded oxygen levels.
 
 	Extensive operations
 	Outdoor aquaculture ponds with little human intervention or supporting activity.
 
 	Extralabel use
 	Using a drug for a species or disease not specifically covered in its current FDA approval.
 
 	Facultative parasite
 	A parasite that can complete its life cycle without necessarily depending on a host.
 
 	Fastidious organisms
 	Microorganisms that are difficult to grow in the laboratory because they have complex or restricted nutritional and/or environmental requirements (Global Antibiotic Research and Development partnership).
 
 	Fats
 	The chief form of stored energy in fish, providing insulation and organ protection.
 
 	Fatty acids (FA)
 	The building blocks of fats, categorized as saturated or unsaturated.
 
 	Finfish
 	Fish species reared for societal or cultural reasons, often representing efficient herbivores.
 
 	Fisheries
 	Facilities that focus on capturing wild aquatic fish and shellfish species rather than rearing them.
 
 	Fomites
 	Any inanimate object (e.g., towel, boots, equipment, nets, buckets, or vehicles) that can transmit infectious agents from one person to another.
 
 	Freshwater
 	Water with a naturally low salt content, typically under 0.5 parts per thousand.
 
 	Ganoid scales
 	Scales on fish such as Gar. Sometimes compared to rigid plates of armor and covered with ganoid, an evolutionary precursor to enamel.
 
 	Germ Theory
 	The theory that microorganisms, or "germs," are responsible for causing infectious diseases.
 
 	Gills
 	External respiratory organs where gas and nutrient exchange occurs between the water and a capillary-type blood circulation.
 
 	Glochidia
 	The parasitic larval stage of freshwater bivalves (Mollusca) that attach to the gills and body surfaces of fish for dispersal and development.
 
 	Goblet cells
 	The most common accessory cell type in the fish integument, responsible for producing the protective mucus layer.
 
 	Gram stain
 	A staining technique for the preliminary identification of bacteria, in which a violet dye is applied, followed by a decolorizing agent and then a red dye. The cell walls of certain bacteria (denoted gram positive) retain the first dye and appear violet, while those that lose it (denoted gram negative) appear red.
 
 	Gram-negative bacteria
 	Bacteria enveloped with a thin peptidoglycan cell wall sandwiched between an inner (cytoplasmic) membrane and an outer membrane; found in all life-supporting environments on Earth.
 
 	Gram-positive bacteria
 	Bacteria with a rigid cell wall consisting of a thick layer of peptidoglycan.
 
 	Gross energy (GE)
 	The total energy liberated from food after complete oxidation.
 
 	Henry’s law
 	A physical chemistry law stating that the amount of dissolved gas in a liquid is directly related to its partial pressure above the liquid.
 
 	Heterocercal
 	A type of caudal (tail) fin consisting of two asymmetrical lobes, often with the dorsal lobe being longer.
 
 	Heterotrophic bacteria
 	Bacteria that obtain energy and carbon from organic compounds such as carbohydrates, lipids, and proteins.
 
 	Homocercal
 	A caudal fin with two lobes of equal size.
 
 	Horizontal transmission
 	Transmission of a pathogen from individual to individual via the environment (e.g., through food or environment).
 
 	Host animal
 	A larger organism that smaller organisms reside on or inside of. This relationship can be parasitic, mutualistic, or symbiotic. Hosts typically provide nutrients, shelter, or a combination of the two to the smaller organisms.
 
 	Hydrogen sulfide (H2S)
 	A gas toxic to most aquatic organisms at low levels, primarily originating from anaerobic sediments.
 
 	Hypoxia
 	A lack of dissolved oxygen in the water, often leading to dead zones where most organisms cannot survive.
 
 	Ichthyologists
 	Those who study ichthyology, a scientific specialty devoted to the detailed study and classification of fish species and their anatomical structures.
 
 	Indexing
 	The process of marketing animal drugs to minor species or for nonfood animals.
 
 	Indirect life cycle
 	A complex life cycle requiring a definitive host and at least one intermediate host. 
 
 	Infectivity
 	The ability of a pathogen to enter, survive, and multiply within a host to establish an infection.
 
 	Integrated pest management (IPM)
 	A sustainable approach that combines biological, chemical, and cultural controls (such as using cleaner fish or reducing stocking density) to manage parasites.
 
 	Integration
 	An aquaculture method that combines two or more units of production, such as plants and animals.
 
 	Integument
 	The body covering that acts as a barrier between the fish and its environment, playing roles in communication, locomotion, and sensory collection.
 
 	Intensive operations
 	Aquaculture systems relying on high human intervention, such as automatic feeding and water quality control.
 
 	Intermediate host
 	An organism that supports the immature or non-reproductive forms of a parasite in an indirect life cycle.
 
 	Lateral line
 	A specialized sensory organ running along the sides of the fish that acts as a pressure and velocity sensor. It utilizes neuromasts to detect water movement and aid in schooling, escape, and hunting.
 
 	Lead
 	A nonessential, toxic metal that targets the brain, liver, and kidneys and can bioaccumulate in food animals.
 
 	Liquid water
 	Often called the “universal solvent” because of its ability to dissolve more substances than other liquids due to its polar arrangement of atoms.
 
 	Low-head oxygenation
 	A cost-effective process for injecting oxygen into low-pressure water systems, such as small or shallow pools.
 
 	Macrominerals
 	Essential minerals needed by fish in larger amounts, such as calcium and phosphorus.
 
 	Marine water
 	Also known as seawater, marine water has a high salinity, typically around 35 parts per thousand, and is denser than fresh or brackish water.
 
 	Mechanical filtration
 	A system that works primarily to reduce suspended solids, such as uneaten feed and fish waste.
 
 	Mechanoreceptors
 	The sensory hair-like nerve receptors that allow fish to perceive the world around them.
 
 	Median fins
 	A category of unpaired fins located on the dorsal or ventral midline, including the dorsal, caudal, adipose, and anal fins.
 
 	Mercury
 	A nonessential metal that tends to accumulate up the food chain and has no level of safety in fish water.
 
 	Metacercariae
 	The infective larval stage of digenean trematodes that often encyst in fish tissues before being consumed by a definitive bird or mammal host. 
 
 	Microbial
 	Relating to or caused by microbes (diminutive life such as bacteria, viruses, rickettsia, and smaller parasites) invisible to the naked eye.
 
 	Microsporidian parasites
 	Single-celled parasites closely related to fungi that infect host cells directly and are often resistant to disinfectants in their spore stage.
 
 	Molluscan parasites
 	These organisms have a parasitic larval stage called glochidia that can invade the gills of fish, forming cysts.
 
 	Monogeneans
 	Parasitic flatworms that typically live on the skin, gills, and fins of fish and usually follow a direct life cycle.
 
 	Mucus
 	A primary defense layer and component of innate immunity that coats the integument, reducing swimming drag and protecting against environmental invaders.
 
 	Multilevel integration
 	Systems combining vertebrate and invertebrate cultures to improve production efficiency.
 
 	Myotomes
 	Bundles of parallel muscle cells organized into segmented masses. They are separated by connective tissue layers called myocommata and myosepta.
 
 	Myxozoan parasites
 	The smallest known “animals,” which are multicellular but mostly microscopic; they often require two hosts (a fish and an invertebrate) to complete their life cycle. 
 
 	Nematode parasites
 	Commonly known as roundworms, these parasites possess tooth-like mouthparts and can invade various tissues and organs.
 
 	Nephelometric turbidity units
 	The standard unit used to measure turbidity; each unit is equivalent to 1 mg/L of suspended silica.
 
 	Nephrons
 	The functional unit of the kidney; in freshwater teleosts, it includes a glomerulus and various tubules used for excretion and osmoregulation.
 
 	Nickel
 	An abundant trace element that is an essential nutrient but becomes toxic at high concentrations, affecting gills and blood ion balance.
 
 	Nitrates
 	The end product of ammonia nitrification; while not acutely toxic in freshwater, it is a more critical concern in marine fish production.
 
 	Nitrification
 	The biological process where nitrifying bacteria convert ammonia into nitrite and then into nitrate to remove toxic ammonia and nitrite from fish production water.
 
 	Nitrite
 	A toxic byproduct of the nitrogen cycle that binds to hemoglobin, resulting in brown blood disease.
 
 	Nitrogen gas
 	A major component of the atmosphere that can cause gas bubble disease when it reaches abnormally high proportions in the water.
 
 	Nutrition
 	The biochemical and physiological processes by which an organism uses food to support life.
 
 	Obligate parasite
 	An organism that depends entirely on a host to complete its life cycle.
 
 	Operculum
 	A bony cover that protects the gills and assists in moving water across the respiratory surfaces for gas exchange.
 
 	Organoleptic evaluation
 	The evaluation of water properties (such as pure water being transparent and odorless) using the senses of taste and smell.
 
 	Ornamental fish
 	Fish species reared specifically for the aquarium trade and display.
 
 	Osmoregulation
 	The process of maintaining fluid and electrolyte balance. In fish, this burden is shared between the kidneys, gills, and intestines.
 
 	Osteichthyes
 	A superclass of bony fishes, representing over 95% of all living fish species.
 
 	Otoliths
 	Calcium carbonate structures in the inner ear used for balance and for aging fish by counting growth rings.
 
 	Otophysine
 	A group of approximately 8,000 freshwater fish species termed "hearing specialists" because they use their swim bladder to enhance auditory perception.
 
 	Pathogens
 	Any organism or agent that can produce disease.
 
 	Pectoral fins
 	Paired fins located on the lateral body wall near the operculum, used for turning, lifting, and searching for food.
 
 	Pelvic fins
 	Paired fins located ventrally and caudally to the pectoral fins, used for stability, reproduction, and moving up and down in the water column.
 
 	Pesticides
 	A substance intended for preventing, destroying, or mitigating any organism declared a pest.
 
 	pH
 	A logarithmic scale (1 –14) representing the negative value of hydrogen ions in a solution, determining if the water is acidic, neutral, or basic.
 
 	Phosphorus (P)
 	An essential nutrient for life whose discharge in phosphate form from aquaculture facilities can lead to eutrophication.
 
 	Physoclistous
 	Physoclistous teleosts' swimbladders are filled with gas from the circulatory system. This is in contrast to the Physostomous swimbladders which connect by a duct to the esophagus.
 
 	Phytate
 	A plant-sourced form of phosphorus that fish cannot utilize because they lack the ability to secrete the enzyme phytase.
 
 	Piscivorous
 	A term used to describe animals that are "fish-eating," often serving as definitive hosts for many fish parasites.
 
 	Placoid scales
 	A type of abrasive scale found on sharks and rays. They function to protect against predators and ectoparasites.
 
 	Poikilothermic animals
 	Creatures, such as most fish, whose internal body temperature is determined by their surrounding environment.
 
 	Polymerase chain reaction (PCR)
 	A laboratory technique for rapidly producing (amplifying) millions to billions of copies of a specific segment of DNA, which can then be studied in greater detail. PCR involves using short synthetic DNA fragments called primers to select a segment of the genome to be amplified and then multiple rounds of DNA synthesis to amplify that segment.
 
 	Poor management disease (PMD)
 	Any pathology which ultimately arises from poor decision-making on the part of the aquarist. This can be caused by unaddressed buildup in the filters leading to poor water quality, overcrowding, or improper environment.
 
 	Potable
 	Water that is safe for human consumption; the text notes that potable standards differ significantly from standards required for aquatic livestock.
 
 	Primary pathogens
 	Microbes that induce disease even in healthy individuals.
 
 	Probiotics
 	Beneficial microorganisms added to fish feed or water to boost the immune system and improve growth and survival rates.
 
 	Protein
 	A macronutrient composed of amino acids essential for building muscle and tissues.
 
 	Protozoan parasites
 	Single-celled organisms, such as ciliates or flagellates, which can infect a wide variety of fish species.
 
 	Pyloric caeca
 	Small pouches or blind sacs extending from the stomach that increase gut surface area and provide additional digestive support.
 
 	RAS
 	Recirculating Aquaculture Systems (RAS) recycle water to aquatic livestock after water treatment methods to remove excess nutrients such as ammonia, carbon dioxide, and solids that accumulate from normal animal activities in captivity. The water parameters are monitored to assure oxygen, temperature, salinity, and other aspects of water quality are maintained and consistent with the species in culture.
 
 	Recirculating aquaculture systems (RAS)
 	Closed-loop production systems that reuse and recycle water through multiple mechanical and biological filtration steps.
 
 	Rete
 	A specialized countercurrent arrangement between blood and gas mediums used by some fish to extract gas from the blood to fill the swim-bladder.
 
 	Salinity
 	The descriptor of salt concentration in water, involving the amount of dissolved ions such as sodium, chloride, and magnesium.
 
 	Schreckstoff alarm
 	A chemical alarm mechanism present in species like minnows and catfish. When club cells rupture, the released substance triggers survival behaviors like darting or schooling in nearby fish.
 
 	Secchi disk
 	A black and white disk used to evaluate water clarity by measuring the depth at which it disappears from view.
 
 	Secondary pathogens
 	Microbes that cause disease in individuals weakened by environmental changes or management practices that disrupt the status quo.
 
 	Selective breeding
 	The process of choosing fish with desirable traits, such as innate resistance to specific parasites, to produce more robust offspring.
 
 	Shellfish
 	Molluscs and crustaceans reared in aquaculture, primarily in marine or brackish water.
 
 	Specific gravity
 	A method of inferring salinity by measuring buoyancy or light refraction; pure water has a specific gravity of 1.0.
 
 	Standard Operating Procedures (SOP)
 	Documents that define a job, the person responsible, and the steps required to complete it.
 
 	Suspended solids
 	Particles typically 10 to 100 microns in size that settle when water stops moving.
 
 	Swim bladder
 	A gas-filled organ that allows changing buoyancy levels to adjust the vertical status within the water.
 
 	Teleostei (Teleosts)
 	The group of modern bony fish within the subclass Actinopterygii, which includes the majority of species encountered by veterinarians.
 
 	Theronts
 	The free-swimming stage of the Ichthyophthirius multifiliis (“Ich”) parasite that actively seeks out a new host fish.
 
 	Tin
 	A natural trace element with no known role in fish physiology, although human activities have raised surrounding levels.
 
 	Tomont
 	The reproductive stage of the “Ich” parasite that detaches from the fish and encases itself in a cyst to divide into daughter cells.
 
 	Total ammonia nitrogen
 	The sum of the un-ionized (NH3) and ionized (NH4+) forms of ammonia; the un-ionized form is significantly more toxic to fish.
 
 	Trophont
 	The feeding stage of a parasite, such as “Ich” or Amyloodinium, that attaches to the host’s tissue to consume blood or fluids. 
 
 	Turbidity
 	An optical characteristic of water caused by light obstruction from suspended solids like silt, clay, and plankton.
 
 	Vaccines
 	Preparations used to prevent disease by preparing the adaptive immune response for future encounters with pathogens.
 
 	Vanadium
 	An essential nutrient for aquatic animals in low amounts, but a pollutant in freshwater as an industrial byproduct.
 
 	Velvet disease
 	A skin and scale lesion caused by Amyloodinium spp., characterized by a fine, velvety appearance. 
 
 	Vermin
 	Extraneous animals, like rodents or birds, that must be kept away from production areas to prevent disease spread.
 
 	Vertical transmission
 	Transmission of a pathogen across generations from older to younger. Reproductive fluids and gametes are classic pathways. Pathogens contained in the gametes are not inactivated with disinfectants as can be done with pathogens in the reproductive fluids.
 
 	Veterinary Feed Directive (VFD)
 	A category of drugs used as medicated feed that requires a licensed veterinarian's order.
 
 	Virulence
 	The ability of a pathogen to produce disease within a host.
 
 	Vitamins
 	Organic compounds required for growth and health, categorized as either water-soluble or fat-soluble.
 
 	Warmwater fish
 	Fish species that survive best in water temperatures above 80°F and are more tolerant of low O2 levels.
 
 	Watershed
 	A geological term describing a land area that drains to a single point, such as the mouth of a river.
 
 	Weberian mechanism
 	A chain of small bones (derived from cranial vertebrae) that connects the swim bladder to the inner ear, allowing for the amplification of sound vibrations.
 
 	Whirling disease
 	A condition caused by Myxobolus cerebralis, where the parasite damages the fish’s vestibular system, resulting in abnormal swimming patterns and skeletal deformities. 
 
 	Withdrawal period
 	The time required from the end of drug treatment until drug residues fall below legal tolerance levels.
 
 	Zinc
 	An essential trace element for aquatic organisms; high concentrations can decimate populations and particularly impact fish gills.
 
 	Zoonotic
 	Refers to parasites that have the potential to infect humans, particularly through the consumption of raw or undercooked infected fish. 
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