Maryland Master Naturalist 
Fish and Fishes

Introduction1
What makes a fish a fish?


Fish are typically cold-blooded animals, typically with backbones, gills, and fins (rather than pentadactyl (five toed or fingered) limbs) and are primarily dependent on water as a medium in which to live.  As a group of vertebrates they are the most numerous with estimates around 20,000 species world-wide with the possibility of nearly 40,000 species.  By contrast, birds are commonly assumed to have around 8,600 species; mammals are estimated to have approximately 4,500 species; reptiles at 3,000; and amphibians around 2,500 species.  In Maryland there is an estimated 350 different species of fish.

Known size ranges of fish range from the dwarf pigmy goby (Figure 1) of the Philippines which matures and breeds at 15 mm (~1/2 inch) to the whale shark (Figure 2), which has been known to attain lengths near 21 meters (~69 feet) with weights up to 25 tons or more. As a whole, fish can, for the most part, adapt fairly well to almost any situation where there is water.  Both on the surface and in surface connected subterranean waters.  They occupy everything from the Antarctic waters below freezing to hot springs more than 40C; from soft, freshwater to water saltier than the seas.  They range from approximately 5 km (3.1 miles) above sea level (Titicaca range in South America) to 11 km (7 miles) beneath it (Challenger deep). Fish have a distant ancestry to man and antedates human ancestors by more than 100 million years.  

Water is the highway, by-way, communications medium, nursery, playground, school, bed, board, drink, toilet, and grave for fish.   All fishes’ vital function of feeding, digestion, assimilation, growth, responses to stimuli, and reproduction are dependent on water.  For fish, the most important aspects of water are dissolved oxygen (as humans we breathe approximately 21% atmospheric oxygen but fish breathe in oxygen in the parts per million range), dissolved salts, light penetration, temperature, toxic substances, concentrations of disease organisms, and the opportunity to escape enemies. To adapt to this aqueous medium fish have evolved a variety of physical, physiological and ecological protocols to increase their ability to survive and thrive.  We will examine some of these aspects in more detail.

Phylogenetically there are three major living classes of fish: 

1) Cephalaspidomorphi – the hagfishes and lampreys which are jawless (agnatha) and have pouched gills.

2) Chondrichthyes – chimeras, sharks, rays, and skates – they possess true jaws (gnathostomous), have gills borne on wall-like partitions between gill chambers (a single chamber in chimeras), and have a cartilaginous skeleton (that may be calcified by not bony).

3) Osteichthyes – all higher fishes, which are gnathostomous, have a branchial chamber protected by a hyoidean opercular series, including the gill cover or operculum, and have a bony skeleton.
Basic Anatomy

Biologically a fish is composed of ten systems of bodily organisms that work together to make up the whole animal.  These systems 1) cover the fish, 2) handle its food, 3) carry away wastes, 4) integrate life processes of the fish, 5) relate its processes to its environmental conditions, 6) provide for breathing, 7) provide movement, 8) protect against injury, 9) support the body in movement, and 10) work to perpetuate the fish as a species.
Shape

The shape of the fish (Figure 3) is very important to allowing adaptation to the niche it occupies.  Commonly the fish body is torpedo-shaped (fusiform), and most often slightly too strongly ovoid in cross-section. This ideal shape reduces friction and increases energetic efficiency and is most particularly found in free-swimming pelagic species such as tuna.  There are departures, however, from the ideal shape that allows for, and accounts for, the tremendous diversity of habitat utilization found in nature. In any case the body organization in fishes is still bilaterally symmetrical (the left and right halves are basically mirror images of each other).
Respiration
One of the fundamental needs of fish, like other animals, is to have an adequate supply of oxygen in the tissues so oxidation can occur and provide the necessary energy for life.  The success of a fish depends upon its ability to obtain oxygen from the external environment by means of vascularized gills, lungs, or skin; to transport this oxygen to the tissues, and to unload the oxygen in the tissues. In like manner, CO2 (carbon dioxide) must be transported in the blood and eliminated at the gills or other respiratory structures.  In some scaleless fishes gas exchange with the water also takes place through the skin. Several adaptations also exist for taking oxygen directly from the air.  Included are modifications of the gills, mouth cavity, the intestine, and the gas bladder.
Gill Structure
As a matter of reference it is important to note that structural difference between the gills of the major classes of fishes:

Lampreys and Hagfishes:
These fishes generally have seven paired gill sacs or pouches that open to the lumen of the alimentary tract (Figure 4). Each sac is divided from the next by a thin diaphragm that adheres to the body wall. Except for the inner edge of the diaphragm, the inside of each gill is covered with radially arranged gill filaments which have secondary cross folds on them to enlarge the respiratory surface. The branchial pouches communicate with the exterior through more or less pronounced epithelium-lined branchial atria that open to the exterior through the gill pores. Between each atrium and its external gill pore is a short, oblique, posteriorly directed branchial canal (Figure 5).  Why is this type of arrangement important?  One must remember that the mouth of a lamprey is used to attach to a host fish and thus rarely are their suctorial mouths used for inspiration.  The respiratory water enters the pouches by tidal flow but is expelled through a contraction of the branchial compressor muscles attached to the branchial basket and divisions between the pouches; sphincters surround each pore.
When the rasping tongue of lampreys is at work the buccal (mouth) funnel is closed posteriorly by the semi-annualaris muscle and the inside openings of the gill pouches are protected by the velum (Figure 6).  This almost complete separation of pathways is unique among gill-breathing vertebrates.  Between the gill pouches there are septa that contain venous blood sinuses, cartilaginous supports from the branchial basket, and muscles.  These interbranchial septa receive an afferent artery from the fish’s heart. This artery divides into anterior and posterior branchial pouch arteries and further into the arteries of the filaments. Filamental arteries spread into capillaries and lacunae in the gill filaments where gas exchange occurs.  Oxygenated blood leaves the lamprey gills by efferent arteries and heads toward the dorsal aorta by a system of vessels arranged in the septa parallel to the afferent pouch arteries (Figure 6).
Sharks and Rays
Cartilaginous fish normally have five and rarely six or seven external gill slits that exist ventrally on each side of the fish in rays and skates and laterally in sharks (Figure 7). An anterior addition to this series of openings in both the sharks and rays is the spiracle, corresponding to a vestigial primitive first gill slit.  In sharks, respiratory water typically enters through the mouth, but in the bottom-dwelling rays, the spiracle admits most of the water that flows subsequently over the gills (Figure 8).  
Well-developed septa with cartilaginous supports and individual gill-arch muscles characterize each holobranch; the oral and aboral sides of the septa each carry a hemibranch composed of gill tissue proper.  Both primary and secondary gill filaments are present in each hemibranch (Figure 9). The distal ends of the primary gill filaments are detached from the septum so that the two hemibranchs in apposition may form an effective barrier that forces water to penetrate between all gill filaments when it seeks its exit as a result of the suction and pressure of respiratory movements.  The respiratory cycle of sharks and rays can be divided into three consecutive phases.  In the first phase, the coraco-hyoid and the coraco-branchial muscles contract to widen angle enclosed by the gill arches to enlarge the oropharngeal cavity, water enters by suction though the mouth cavity and/or spiracle, and during this phase the gill flaps are held to the skin by exterior water pressure; thus the external gill slits are closed.
In the second phase, abductors of the lower jay and gill arches relax, but adductor muscles between the upper and lower portions of each gill arch contract and the mouth cavity begins to function as a pressure pump.  While the oral valve prevents forward flow out of the mouth, the water is directed backward toward the internal gill clefts. Contraction of the adductors bulges the oral portion of the interseptal spaces; hydrostatic pressure at the inner gill surface is then reduced and water is drawn into the gill cavities, which are still closed to the outside.
In the third phase, the adductors, relax, another set of muscles contract to narrow the internal gill clefts and water is forces through the gill lamellae.  Then the flaps at the external gill clefts open passively and allow water to flow to the outside.  Some sharks however do not go through this process and do not show pronounced breathing movements. These species can only take in sufficient respiratory water while swimming (“ram breahers”); they suffocate readily when immobilized by capture or other causes.  

Bony Fishes
Bony fishes in general share the same basic arrangement of a single external branched aperture, on each side of the head, beneath a gill-covering operculum.  However loss of the spiracle, reduction of the gill slits to four, and a gradually deepening indentation between the two hemibranchs of each holobranch form a transition from lower (sharks and rays) to higher (bony) fishes. 

In bony fishes muscles move the bases of the hemibranch so that the pressure in, and possibly also the flow of water from, the oral cavity is regulated (Figures 10, 11).  Strong adductors (closings) of the two hemibranchs of a holobranch toward one another occur in “coughing” or violent sweeping of water over the gill lamellae to free them from accumulating detritus (debris). 
Each gill filament bears many subdivisions, or lamellae, that are the main seat of gas exchange (Figures 10, 11).  The respiratory area varies greatly with the habits of fishes.  Fast swimming pelagic marine fishes (mackerel, menhaden, tunas, billfish, etc) have not only more gill lamellae per millimeter of gill filament but also possess more than five times (5x) the gill area (in square millimeters per gram of weight) found in sedentary fish such as toadfish and blennies.
The uptake of oxygen from respiratory water is furthered not only by the subdivision of gill filaments into lamellae but also by the direction of blood and water circulation.  These circulations are really a counter-current system where the oxygen gradient of the water, flowing from the oral to aboral side of the gills decreases as the blood in the lamellae flows from the aboral lamellae afferent blood vessels to the oral lamellae efferent blood vessels (Figures 11, 12).
The counter flow of blood and respiratory water maintains an even diffusion gradient across the gills for oxygen to enter and carbon dioxide to leave the fish.  The efficiency of this counter-current system in the tench (Tinca sp) gives a mean utilization of 51% of the oxygen content for the water, whereas experimental reversal of the direction of flow over the gills, from slit to mouth, gives a utilization of 9%.

At the beginning of inspiration, just after the gill covers closed forcefully, the mouth is opened while various muscles contract.  At the same time, the branchiostegal rays are spread and lowered and the mouth cavity is enlarged to create a negative pressure contain within it (Figure 12). Water is thus drawn into the mouth and after a slight lag time the space between the gills and the operculum is enlarged as the gill covers are abducted anteriorly although the opercula skin flaps are still closed posteriorly by the outside water pressure.  A pressure deficit is now also created in the gill cavity and the water flows over the gills.  Then the buccal and opercula cavities begin to be reduced while the oral valves prevent the flow of water out of the mouth and the mouth cavity begins to function as a pressure-pump instead of a suction pump.  The operculum, with the opercula flaps still closed, has now reached its farthest state of abduction and water is accumulating outside the gills.  At this point the opercula are quickly brought toward the body, the gill flaps open and the water is expelled, being prevented from flowing backwards by excess pressure in the buccal cavity as compared to the epibranchial cavity.  
Fast swimmers such as mackerel, several trouts and salmonids and striped bass may leave their mouth and gill flaps open to bathe their gills with the stream of water displaced by swimming – a form of ram breathing.

Coloration
Coloration in fishes is far more than attraction of potential mates – it is more often than not used for camouflage and survival.  Coloration and other visual signals cue also for communication with other members of the same species (intraspecific signals) and communication with other kinds of animals (interspecific signals).  Intraspecific signals serve as social (recognition, threat, and warning) and sexual purposes, and may also offer cues by host fish to other small fishes that browse on the body surface and clean it.  Interspecific signals may be for warning or intimidating potential predators and other assailants or for decoying or masking purposes directed toward either prey or predators.  

Coloration can be grouped under three headings; concealment, disguise, and advertisement.  The various kinds of concealing color are suggested as being: 1) general color resemblance, 2) variable color resemblance, 3) obliterate shading, 4) disruptive coloration, and 5) coincident disruptive shading. Most common is general color resemblance wherein the color resemblance between fish and the background is the basic characteristic of fish to resemble the shades and hues of the habitats which they frequent.  A key coloration plan known as Thayer’s Principle centers around camouflage and it demonstrates obliterative counter-shading.  Here the principle from a fisheries perspective involves aiding in concealment when viewing a fish from above the surface of the animal is dark and blends with the bottom background.  When viewed from below the bottom is white or light to blend in with light penetration from above (Figure 13).  

In essence, the light and shade coloration give an observer a third dimension of objects seen.  When these fish possess dark dorsal surfaces and light ventral (belly) surfaces they tend to be optically flat, like a shadow.  The surfaces normally directed toward a source of light are countershaded by darkening, whereas those which would normally be in shadow are counter-lighted, and properly graded tones between render the object flat and thus reduced visibility.

Disruptive coloration tends to break up contours and shapes.  Since continuity of surface, bonded by a specific contour or outline enables us to chiefly recognize an object, any concealment of the shape helps camouflage. When the surface of the fish is covered by irregular patches of contrasted colors and tones, these patches tend to catch the eye of the observer and draw attention away from the shape that bears them (Figure 14). In contradicting the form, the patterns concentrate the attention upon themselves, and thus the patterns may cause the object that bears them to pass for part of the general environment.

Chesapeake Bay Fish2
What problems do fish face in estuaries?
The Chesapeake Bay has only been around for approximately the past 10,000 years since the end of the last Ice Age.  In evolutionary and geological time that is only a brief moment in history.  Based on an hypothesis developed for marine benthic (bottom-dwelling) organisms by Saunders in 1968 known as the “stability-time hypothesis” when one compares the diversity of animals living within different bottom deposits compared against different environments (open ocean, near-shore, estuaries, etc) one finds that in estuaries there are consistently fewer species (lower biodiversity) but high abundance (species richness).  Saunders suggests that estuarine environments are “physically controlled communities” where physical conditions fluctuate widely and are not rigidly predictable.  Thus organisms are exposed to severe physiological stress and/or the environment is of recent past (i.e., since the last Ice Age).  In contrast, samples from the deep sea are described as “biologically accommodated communities” with a large number of species (high biodiversity) per unit number of individuals, where physical conditions are constant and uniform for long periods of time.  
Thus there are two main hypotheses to explain the paucity of estuarine species.  The first is that of physiological stress and the second is that estuarine environments are of recent past history and there has not been sufficient time for a large number of species to develop and adapt within estuaries. 

What this all boils down to is that because of the recent history and the constant changing environment (i.e., daily tidal cycles with fluctuating salinities, shallow waters, and polluting run-off impacting the biota; 1) there are actually fewer numbers of actual different species found in the Chesapeake Bay in relation to the open ocean, 2) those fewer species are actually represented by high numbers of individuals because they can adapt to the changing environment, and 3) one can expect with anthropogenic (man-made) inputs such as pollution, overfishing, increased siltation, etc. the stability of these systems will continue to be in question.  

One of the biggest problems individual fish face in an estuary then is the issue of 
“physiological stress”. This term covers a range of problems which confront the estuarine organism.  The most conspicuous and probably the most studied physiological factor is salinity.  This is the most obvious because salinity in an estuary is constantly changing with each tidal cycle and storm freshet or drought period.  Other physiological problems which impinge on the life of an estuarine organism are due to the nature of the substrate, which contains fine particulates that can clog delicate gills and other organs and can lead to anoxic (no oxygen) in large sections of the estuary.  Both are quite common in the Chesapeake Bay.

The effects of salinity on fish are varied.  Its impact, as with other environmental factors, is often multivariate.  For example, temperature may interact with salinity and the response of the animal to a change in salinity may be different at different temperatures (there is an inverse relationship between the physical oxygen carrying capacity of water with temperature and salinity – the higher the temperature and saliniy the lower the actual amount of oxygen is found in the water – this is important because the oxygen demand of a fish is normally higher at higher temperatures – consider then that in the summer, during a drought period, the salinity and temperature of the Bay increases due to lack of freshwater influx and if the salinity exceeds the ideal concentration (see below) for a fish to survive or the temperature is beyond its optimal range, the fish becomes stressed, and when stressed it needs more oxygen to adapt just at the time when the physical carrying capacity of the oxygen in the water is lower; resulting in more stress, etc.).  In addition, the effects of salinity may differ at different life stages.  In general, animals are more sensitive to extremes of salinity at the egg stage, when newly hatched, or in the adult breeding condition, than they are at the intermediate stages of growth.  
Osmoregulation
If a fish cannot escape physiological stress associated with salinity fluctuations it must elicit a physiological response.  Either it can allow the internal environment (blood, cells, etc.) to become osmotically similar to the external environment or else it can attempt to maintain the internal environment at an osmotic concentration different from the external environment by the process of osmoregulation. For stenohaline marine fish (e.g., tunas, mackerel, most sharks, etc. – those who live in the open ocean where there is little change in salinity due to its stability) the former applies.  When living in the sea their internal environment is isosmotic (the same as) with seawater (about 33 parts per thousand (ppt)), and thus although the ionic composition of the internal environment may be different from sea water, the total salt concentration is similar to sea water.  

When such a fish enters an estuary the osmotic concentration of the internal environment falls to maintain equality with the less saline estuarine water.  This passive tolerance of osmotic change is however possible only down to 10 to 12 ppt as below this salinity the cells and tissues of the animal may cease to function. 

Considering the latter option mentioned above, an animal which hyperosmoregulates when living in low salinities is face with two options when living at higher salinities (the case with some estuarine fish that migrate out to the open ocean to spend part of its life – e.g., salmon or eels).  Either it can become isosmotic with the sea water (i.e., above discussion) or it can seek to minimize the fluctuations of the external salinity regimen by maintaining blood levels at a lower concentration than (hypo-osmotic to) the external salinity.  In this latter case the animal may live in salinities ranging from near zero (freshwater) to over 35 ppt, while the blood concentration may rise only from about 121 to 22 ppt.  Such an animal is termed a hyper/hypo-osmoregulator and can achieve a much more stable internal environment than a hyper/iso-osmoregulator, which can still achieve greater stability than an iso-osmoregulator. 
The main process of osmoregulation is by active uptake and extrusion of ions and water via the gills, the gut, or, in some cases, the body surface (Figure 15). In most cases the excretory organs have a dual function of not only being involved in the removal of nitrogenous wastes from the body (amino acid and proteins) by they may serve to conserve ions or water needed to osmoregulate.
Maintaining Homeostasis
In order to not just survive but thrive, fish need to maintain an optimal balance of blood oxygen, pH, salinity, excretion, etc (in other words, homeostasis).  Many of the nitrogenous wastes of fish pass through the kidneys that in fact do assist in water salt balance by the excretion or retention of certain minerals.  So how does a fish, especially a fish in a saline environment maintain homeostasis (in this case salt-balance) and still remove nitrogenous wastes.  It is obvious that because of the primary function of the renal system (kidneys) is to remove water (in the case of freshwater fish because of the constant osmotic pressure to equilibrate the salt differential between the internal salt concentration and that of the surrounding environment), or, as in marine fish maintain water remove divalent ions such as magnesium and sulfate, nitrogenous wastes must be removed by some other means.  This balance is accomplished primarily with the gills.
Gills have a fairly large surface area and are highly permeable to water therefore it is the logical place for excretion to occur.  Other organs do assist in this osmoregulation between ambient waters and extracellular fluids and include, in addition to the kidney, the urinary bladder, the gut, and in elasmobranchs (sharks and rays) the rectal gland.\

With the exception of the lampreys and hagfishes, which have extracellular fluids resembling seawater in ionic composition, all other fish are descended from freshwater ancestors that, in the course of evolution, acquired reduced body fluid salt concentrations, which alleviated the osmotic (water entry) and ionic (salt loss) problems associated with life in a hypo-osmotic (fresh water) environment.  However, once their bodies had become adapted to these lower salt concentrations they appeared to have been obliged to retain them if they subsequently recolonized the marine environment.   In this case the reverse problem occurs; osmotic loss (water exit) and diffusional entry of salts.

Freshwater Fish
In freshwater fish to cope with the steady inflow of water resulting from the differences in ionicity between the internal and external media copious amounts of highly dilute urine that is hypotonic (lower concentration in ions) with regard to the fish (in other words the fish gets rid of excess water but retains the salt ions) (Figure 15).  The main work of the kidney in these fish lies, therefore, in water excretion; certain nitrogenous compounds, usually only amounting to only a fraction of the total excreted nitrogen, also pass to the exterior by way of the kidney.  Some salt losses occur since fish in freshwater are hypertonic (have a higher internal salt concentration) to the outside (the surrounding water).  These losses are made up by selective absorption of salt through the gills against the natural diffusion gradient.
Marine Fish
In contrast to the freshwater environment, marine fishes tend to lose water and gain salts. To counteract water losses marine fishes drink sea water and thus increase the salt content of the body fluids.  Whereas dehydration is prevented in this manner the excess salts must be eliminated.
Sharks and rays evolved to produce high extracellular urea and trimethylamine oxide concentrations to bring their body fluid osmolality up to seawater level.  The integument (skin) is relatively impenetrable to salts, which allows limits to diffusional entry, and a sodium chloride excretory organ, the rectal gland, has evolved to assist in the elimination of excess dietary sodium. The high body fluid osmolality would have exacerbated the osmotic problems of those species that attempted to reinvade fresh water and consequently very few representative of this group are found in the upper reaches of estuaries or in freshwater systems.

Marine bony fishes eliminate their surplus salts through the gills and gut; only traces leave through the urine (Figure 15).  Univalent ions (sodium, potassium, chloride), especially chloride surplus, pass from the intestine to the bloodstream and leave through the gills whereas divalent ions (sodium, calcium, etc.) remain in the intestines and combines with oxides and hydroxides to form insoluble compounds which pass through the feces. Chloride or salt cells in marine fishes eliminate excess chloride ions whereas they absorb them in freshwater fish.
It is clear that for a fish to be able to adapt to changing environments it must have the ability to maintain homeostasis. Over time this group of vertebrates has adapted internal structures and physiologies to allow them to be indeed the most diverse and numerous vertebrates on the planet.
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Figure 1 – World’s smallest fish – Dwarf Pigmy Goby of the Philippines (http://species2011s.wikispaces.com/file/view/Dwarf_Pygmy_Goby.jpg/210122770/Dwarf_Pygmy_Goby.jpg) 
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Figure 2 – World’s largest fish – Whale shark (http://i.dailymail.co.uk/i/pix/2013/04/29/article-2316605-19894FEC000005DC-67_964x549.jpg)
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Figure 3 – Types of fish shapes (http://www.marine.usf.edu/pjocean/packets/f99/f99u2le2.pdf)
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Figure 4 – Lamprey gill sacs (http://upload.wikimedia.org/wikipedia/commons/c/c6/PSM_V20_D764_Lamprey_showing_the_sucking_mouth_and_gills.jpg)
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Figure 5 – Cross section of a lamprey gill area (http://upload.wikimedia.org/wikipedia/commons/2/2e/Lamprey_Larva_x_sect_pharynx_labelled.png)
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Figure 6 – Schematic of fish gill morphology (Taken from J. M. Wilson and P. Laruent. 2002. Fish Gill Morphology: Inside Out. Journal of Experimental Zoology 293: 192-213). 
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Figure 7 – Gill slits in sharks and rays 
A) (http://earthguide.ucsd.edu/fishes/kinds/images/nurse_shark.jpg); 
B) (http://animalguide.columbuszoo.org/home/cownose-stingray)
A. B.
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Figure 8. – Diagram of a cartilaginous fish gill structure (http://animalguide.columbuszoo.org/home/cownose-stingray)
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Figure 9 – Holobranch structure of shark gills (http://www.media.rmutt.ac.th/wbi/Agriculture/%E0%B8%A1%E0%B8%B5%E0%B8%99%E0%B8%A7%E0%B8%B4%E0%B8%97%E0%B8%A2%E0%B8%B2/data/41.jpg)
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Figure 10. – Water movement over gills in bony fish (http://classconnection.s3.amazonaws.com/38/flashcards/1293038/png/fish_gills1336075212422.png)
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Figure 11 – Gill structure and Counter-current flow efficiency in bony fishes 

A. (http://www.koi-pond-guide.com/images/fishanatomy9.gif)  

B. (http://www.quia.com/files/quia/users/lmcgee/Systems/Gas_exchange_circulation/countercurrent-exchange.gif)
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Figure 12 – Double pump system in fish breathing (http://www.marinebiology.org/images/gillcavity.GIF)
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Figure 13 – Obliterative Counter-shading example (Thayer’s Principle) http://upload.wikimedia.org/wikipedia/commons/thumb/b/bb/Tibur%C3%B3n.jpg/220px-Tibur%C3%B3n.jpg
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Figure 14 – Disruptive coloration (http://media-1.web.britannica.com/eb-media/78/7678-004-188704EF.jpg)
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Figure 15 – Osmoregulation in fish (http://cnx.org/content/m44808/latest/Figure_41_01_02ab.jpg)
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