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Tracheae are respiratory adaptations of insects: 

Air is considered a respiratory medium,  so O2 and CO2 diffuse much faster in 

air than in water, respiratory surfaces exposed to air do not have to be 

ventilated as thoroughly as gills. 

The respiratory surface, which must be large and moist, continuously loses 

water to the air by evaporation. The solution is a respiratory surface folded 

into the body, e.g. tracheal system of insects. 

Tracheae are air tubes that branch throughout the insect body (fig. 38.20) 

p840. The finest branches extend to the surface nearly every cell, where gas 

is exchanged by diffusion across the moist epithelium that lines the terminal 

ends of the tracheal system. Because all body cells exposed to the respiratory 

medium, the open circulatory system of insects is not involved in transporting 

oxygen and carbon dioxide. 

Small insects obtain O2 from air by diffusion to support cellular respiration.  

Large insects with higher energy demands ventilate their tracheal systems 

with rhythmic body movements that compress and expand the aire tubes like 

bellows. 

Lungs are the respiratory adaptations of most terrestrial vertebrates 

Lungs are restricted to one location, because the respiratory surface of a lung 

is not in direct contact with all other parts of the body, the gap is solved by the 

circulatory system., which transports O2 from the lungs to the rest of the body. 

Lungs have a dense net of capillaries located just beneath the epithelium that 

forms the respiratory surface. This solution to the problem of gas 
exchange has evolved as an internal mantle in land snails, as book lungs in 

spiders, and as lungs in terrestrial vertebrates: reptiles, birds, mammals and 

many amphibians. 

The lungs of most frogs are ballooonlike, and do not provide a large 

respiratory surface area, but frogs also obtain some of their oxygen by 
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diffusion across their skin. The lungs of mammals have a spongy texture and 

are honeycombed with a moist epithelium that serves as the respiratory 

surface (fig.38.21) P841. The total surface area of the epithelium (about 

100m2 in humans) is sufficient to carry out gas exchange for the whole body. 

Form and function of mammalian respiratory systems 

The lungs of a mammal are located in the thoracic (chest) cavity, enclosed by 

a double-walled sac. The inner layer of the sac adheres tightly to the outside 

of the lungs, and the outer layer is attached to the wall of the chest cavity. The 

two layers are separated by a thin space filled with fluid. Air is conveyed to the 

lungs by a system of branching ducts. Air enters this system through the 

nostrils and is then filtered by hairs, warmed, humidified, and sampled for 

odors as it flows through a maze of spaces in the nasal cavity, then to 

pharynx.  

The glottis leads to the larynx (voicebox in human), which has a wall 

reinforced with cartilage. From larynx, air passes into the trachea, or 

windpipe. Rings of cartilage maintain the shape of trachea, The trachea forks 

into two bronchi (branch to bronchioles), one leading to each lung.  The entire 

system of air ducts has the appearance of an inverted tree, the trunk being 

the trachea. The epithelium lining the major branches of this respiratory tree is 

covered by cilia and a thin film of mucus. Mucus traps dust, pollen, and other 

contaminants, and beating cilia move the mucus upward to the pharynx, 

where it swallowed into the esophagus. At their tips, the tiniest bronchioles 

dead-end as a cluster of air sacs called alveoli. The thin epithelium of the 

millions of alveoli in the lung serves as the respiratory surface.  

Ventilating the lungs 

Vertebrates ventilate their lungs by breathing, the alternate inhalation and 

exhalation of air. Ventilation maintains a maximal oxygen concentration and 

minimal carbon dioxide concentration within the alveoli.  

A frog ventilates its lungs by positive pressure breathing, actually pushing 

air down its windpipe. The animal first lowers the floor of its mouth, enlarging 

the oral cavity and drawing air in through the open nostrils. Then, with the 
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nostrils and mouth closed, the frog raises the floor of its mouth, which forces 

air down the trachea. Elastic recoil of the lungs, together with their 

compression by the muscular body wall, forces air back out of the lungs 

during exhalation.  

In contrast, mammals ventilate their lungs by negative pressure breathing, 

which works like a suction pump, pulling air down into the lungs rather than 

pushing it in from above. (fig. 38.22). p843. 

This is accomplished by the action of several sets of muscles that expand the 

rib cage and consequently the volume of the lungs. During inhalation, 

contraction of the rib muscles expands the rib cage by pulling the ribs upward. 

Movement of the lungs is coupled to movement of the rib cage by the surface 

tension of fluid in the thin space between the two layers of the sac enclosing 

the lungs; when the rib cage expands, so do the lungs. Because this 

movement increases the volume, air pressure within the alveoli is reduced to 

less than atmospheric pressure. The air rushes through nostrils and down the 

respiratory tree to the alveoli (less pressure). When the rib muscles relax, the 

lung volume is reduced, and the increase in air pressure within the alveoli 

forces air up the respiratory tree and out through the nostrils.  

The volume of air an organism inhales and exhales with each breath is called 

tidal volume. It averages about 500 mL in humans. The maximum volume of 

air that can be inhaled and exhaled during forced breathing is called vital 
capacity, which averages about 3400 mL and 4800 mL for college-age 

females and males respectively.  
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Ventilation in birds 

Ventilation is more complex in birds than in mammals (Fig. 38.23) P844. 

Besides lungs, birds have eight or nine sacs that penetrate the abdomen, 

neck and even the wings. The air sacs do not function directly in gas 

exchange, but act as bellows that keep air flowing through eh lungs. The air 

sacs also trim the density of the bird, an important adaptation for flight. The 

entire system-lungs and air sacs-is ventilated when the bird inhales and 

exhales. Air flows through the interconnected system in a circuit that passes 

through the lungs in one direction only. Alveoli, which are dead ends, would 

not be suitable in such a system. Instead, the lungs of a bird have tiny 

channels called parabronchi, through which air can flow continuously in one 

direction.  

 

Automatic control of breathing. 

Fig. 38.24p 844. 

 

Loading and unloading of oxygen and carbon dioxide 

It is known that substances diffuse down their gradients. For a gas, whether 

present in air or dissolved in water, diffusion depends on differences in a 

quantity called partial pressure. At sea level, the atmosphere exerts a total 

pressure of 760 mm Hg. This is a downward force equivalent to that exerted 

by a column of mercury 760 mm high.  Since the atmosphere is 21% oxygen 

(by volume), the partial pressure of oxygen is 0.21X760, or about 160 mm Hg. 

The partial pressure of carbon dioxide at sea level is only 0.23 mm Hg. These 

partial pressures are symbolized by Po2 and Pco2. When water is exposed to 

air, the amount of any gas that dissolves in the water is proportional to its 

partial pressure in the air and its solubility in water. Po2 in a glass of water 

exposed to air is 160 mm Hg, and Pco2 is 0.23 mm Hg. A gas will always 

diffuse from a region of higher partial pressure to a region of lower partial 

pressure.  
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Blood arriving at a lung via the pulmonary artery has a lower Po2 and a 

higher Pco2 than the air in the alveoli (fig 38.25.). As blood enters that 

capillary beds around the alveoli, Co2 diffuses from the blood to the air within 

the alveoli. Oxygen in the air dissolves in the fluid that coats the epithelium 

and diffuses across the surface and into a capillary. By the time the blood 

leaves the lungs in the pulmonary veins, its Po2 has been raised and its Pco2 

has been lowered. After returning to the heart, this blood is pumped through 

the systemic circuit. In the systemic capillaries, gradients of partial pressure 

favor the diffusion of oxygen out of the blood and carbon dioxide into the 

blood. This is because cellular respiration rapidly depletes the oxygen content 

of interstitial fluid and adds carbon dioxide to the fluid (by diffusion). After the 

blood unloads oxygen and loads carbon dioxide, it is returned to the heart by 

systemic veins. The blood is then pumped to the lungs again, where it 

exchanges gases with air in the alveoli. 

 

  

Respiratory pigments and oxygen transport 

Because oxygen is not very soluble in water, very little is transported in blood 

in the form of dissolved O2. In most organisms, oxygen is carried by 

respiratory pigments in the blood. These pigments are proteins that owe 

their color to metal atoms built into the molecules. Several oxygen-carrying 

proteins are found in the blood of various invertebrates. Ex. Hemocyanin, has 

copper as its oxygen-binding component, coloring the blood blue.  

The respiratory pigment of almost all vertebrates is hemoglobin, contained in 

red blood cells. Hemoglobin consists of four subunits, each with a cofactor 

called a heme group that has an iron atom at its center. It is the iron that 

actually binds to oxygen, thus, each hemoglobin molecule can carry four 

molecules of O2. To function as an oxygen vehicle, hemoglobin must bind the 

gas reversibly, loading oxygen in the lungs or gills and unloading it in other 

parts of the body. The binding of oxygen to one subunit induces the remaining 

subunits to change their shape slightly so that affinity for oxygen increases. 
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The hesitant loading of the first O2 molecule results in the rapid loading of 

three more. And when one subunit unloads its oxygen, the other three quickly 

follow the lead as a conformational change lowers their affinity to oxygen. 

 

Carbon dioxide transport 

Hemoglobin also helps the blood transport CO2 and assits in buffering the 

blood, that is, preventing harmful changes in pH. 

Only about 7% the CO2 released by respiring cells is transported as dissolved 

CO2 in blood plasma.  Another 23% binds to the multiple amino groups of 

hemoglobin. Most CO2 about 70% is transported in the blood in the form of 

bicarbonate ions. CO2 expelled by respiring cells diffuses into the blood 

plasma and then into the red blood cells, where CO2 is converted to 

bicarbonate. Carbon dioxide first react with water to form carbonic acid, which 

then dissociates into a hydrogen ion and a bicarbonate ion. Most of the 

hydrogen ions attach to various sites on hemoglobin and other proteins and 

therefore do not change the pH of blood.  

Adaptation of diving mammals 
One diving mammals that has been studied extensively is Weddell seal, a 

large Antarctic predator (adult weigh about 400 Kg). Weddell seals catch large 

cod and other deep-sea fish by plunging to depths of 200 to 500 m during 

dives that typically last about 20 minutes. One diving adaptation of the 

Weddell seal is its ability to store oxygen. Compared to humans, the seal 

contains about twice as much oxygen per Kilogram of body weight, mostly in 

the blood and muscles. About 36% of our total oxygen is in our lungs, and 

51% is in our blood.  

In contrast, the Weddell seal holds only about 5% of its oxygen in its 

relatively small lungs, stocking 70% in the blood. This is because the seal has 

about twice the volume of blood per Kilogram of body weight as a human.  

Another adaptation is the seal's huge spleen, which can store about 24L of 

blood. The spleen probably contracts after dive begins, fortifying the blood  

with additional erythrocytes loaded with oxygen.  
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Diving mammals also have a higher concentration than most other mammals 

of an oxygen-storing protein called myoglobin in their muscles. The Weddell 

seal can stow about 25% of its oxygen in muscle, compared to only 13% in 

humans.  
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