
key kNOWledGe

This chapter has been designed to enable you to:
■ develop understanding of the organisation of specialised cells into tissues,

organs and systems
■ gain knowledge of the contribution of various tissues in vascular plants to the

uptake, transport and loss of water
■ gain knowledge of how various mammalian systems are organised to serve

particular functions
■ recognise the interdependence of operation of mammalian systems
■ give examples of system malfunctions, including causes and consequences.

fiGuRe 4.1 This image 
shows the airways that form 
the so-called bronchial tree of 
a vertebrate lung. The other 
tissue of the lung has been 
removed. These airways carry 
air from the upper airways in 
the head to the areas of the 
lungs where gas exchange 
occurs. In this chapter we 
will examine how cells are 
organised into tissues, organs 
and systems, and will explore 
the mammalian systems 
involved in the life-sustaining 
processes of waste removal, 
gas exchange and the 
transport of materials, as well 
as the plant tissues involved 
in the uptake, movement and 
loss of water.
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Dialysis to stay alive
Susan was a healthy adult but she began experiencing health problems that 
were worsening progressively. She became easily fatigued, lacked stamina, 
experienced bouts of nausea and vomiting, suff ered from shortness of breath, 
and found it diffi  cult to concentrate. Susan’s blood pressure rose to high levels, 
her face, legs and ankles became swollen, and she was producing abnormally 

small volumes of urine. Blood tests on Susan showed 
that she had severe chronic kidney disease. Kidneys are 
vital organs that carry out many functions, including 
the removal of nitrogenous wastes from the blood. Th e 
most common causes of chronic kidney disease, which 
account for about half of all cases, are high blood pressure 
and diabetes. 

Kidney health can be identifi ed by estimating the 
rate at which the kidney nephrons remove wastes from 
a person’s blood. Nephrons are the basic functional 
units of the kidneys and each kidney contains a large 
number of nephrons, ranging from 200  000 to more than 
2 million (see fi gure 4.2). Blood from the body fl ows 
into a tight cluster of capillaries known as a glomerulus 
(plural = glomeruli) in each nephron. Here, water and 
small soluble molecules are fi ltered from the blood and 
pass into the nephron. Red blood cells and large mol-
ecules do not cross from the blood into the capsule.

Th e average rate of fi ltration (known as glomerular 
fi ltration rate (GFR)) in a healthy young adult is about 
120 mL or more per minute. Th is means that each hour 
a total of more than 6 litres of liquid is fi ltered from the 
blood — this is equivalent to fi ltering more than the total 
blood volume of a human adult. Of course, you do not 
produce urine at the rate of more than 6 litres per hour. 
We will see later in this chapter (p. 171) that most of this 
fi ltrate is returned to the bloodstream but without the 

nitrogenous waste and other toxic or excess substances. Susan’s GFR was esti-
mated at 25 mL per minute, a sign of severe chronic kidney disease.

Susan’s kidneys were diseased and were becoming less and less effi  cient in 
their functions, namely: 
1. fi ltering nitrogenous wastes (N-wastes) from the blood that result from the 

breakdown of proteins 
2. maintaining the normal balance of water by removing excess fl uid from the 

body 
3. maintaining the normal balance of electrolytes in the blood, in particular 

sodium and potassium
4. maintaining the acid–base balance of the blood 
5. producing renal hormones. 

Th ese hormones are calcitriol, which increases calcium levels in the blood 
and contributes to bone strength, and erythropoietin, which controls the pro-
duction of red blood cells. Can you match any of Susan’s symptoms (listed in 
the fi rst paragraph) to her impaired kidney functions? 

Susan was advised to manage her diet carefully by limiting intake of fl uids; 
avoiding salty foods and foods high in potassium, for example, fruits such as 
bananas, avocados, stone fruits and starfruit, and vegetables such as potatoes 
and tomatoes. Can you suggest why these limitations might be needed? 

Unfortunately, Susan’s kidney function continued to deteriorate and she 
reached a condition termed end stage kidney disease. At this time, Susan’s 
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fiGuRe 4.2 Gross anatomy of kidney showing the 
renal artery that supplies the kidney with about one 
litre of blood per minute, the renal vein that returns 
blood from the kidney and the ureter that carries urine 
from the kidney. Note the nephron (shown magnifi ed), 
which is the basic functional unit of the kidney, with 
each kidney averaging about one million nephrons. 
Urine produced by all these nephrons reaches the 
renal pelvis and drains into the ureter.

In a strict and narrow sense, the 
kidneys are part of the urinary 
system that removes nitrogenous 
wastes. More commonly, this 
system is referred to as the 
excretory system and this will 
be done in this book. Excretion 
in mammals also involves the 
respiratory system that removes a 
gaseous waste, carbon dioxide. 

UNCORRECTED P
AGE P

ROOFS



135CHAPTER 4 Staying alive: systems in action

GFR was less than 15 mL per minute and she commenced a process termed 
haemodialysis. To undertake haemodialysis, Susan attended a dialysis centre 
three times a week, with each visit lasting 4 to 5 hours. During these sessions, 
Susan’s blood was passed through a dialysis machine that replaces some of the 
functions of her diseased kidneys, in particular the removal of N-wastes, excess 
fluid and electrolytes, and other chemicals. Susan also received medication to 
replace the hormones that her diseased kidneys were unable to produce. The 
medication is injected into the return dialysis tubing that delivers her blood 
back to her body. 

Being on haemodialysis was a life-saver for Susan. Without haemodialysis:
•	 nitrogenous wastes from the breakdown of proteins would build up in 

Susan’s blood causing her tiredness and nausea
•	 excess fluid in her blood would raise her blood pressure to harmful levels 

and also cause swelling 
•	 abnormally high concentrations of electrolytes in her blood would have 

negative effects, such as excess sodium ions that would elevate her blood 
pressure and excess potassium ions that can result in a decrease in heart 
muscle activity. 
Without haemodialysis Susan would have died, possibly within several 

weeks. 
Dialysis treats the major symptoms of kidney failure but it does not cure 

kidney failure; it simply treats some of the major symptoms. 
Because of the time required for haemodialysis, this life-saving treatment 

may negatively affect a patient’s family life and working life; it can limit social 
life and the choice of holiday destinations. (Why?) Susan was very fortunate 
that, after several years on haemodialysis, her father decided to become a 
living donor for her after tissue typing showed a good match between them. 
(We can maintain good health with just one working kidney.) This generous 
gift from her father meant that Susan received a kidney transplant. Because the 
transplant was successful, Susan no longer needed to undergo haemodialysis 
and instead required regular medical check-ups to ensure her new kidney con-
tinued to function well. To prevent rejection of her transplanted kidney, Susan 
must take immunosuppressant (anti-rejection) drugs for the rest of her life. 

Susan’s case is an example of the serious consequences of organ and system 
failure. The kidney is the major organ of the excretory system. The deterioration 
of Susan’s kidney function created more and more serious negative impacts on 
Susan’s health and, without medical intervention and the technology of kidney 
dialysis, she would not have survived for long. Susan’s treatment by dialysis 
greatly improved her health and she assisted this process by adhering to the 
dietary restrictions imposed on her. The kidney transplant that Susan received 
from her father gave her a healthy kidney with normal functions. Kidney trans-
plantation is a powerful example of how surgical intervention can alleviate 
organ failure.

Haemodialysis in action
In haemodialysis, blood is continuously taken from the body; typically it is 
taken from a specially prepared vein in the arm that is directly connected to 
an artery. The blood is pumped through a dialyser that removes toxic wastes 
including urea, excess fluids and excess mineral ions from the blood.

Figure 4.3a shows Carlos Pizzorna undergoing his regular dialysis treatment 
at Epworth Hospital under the supervision of Karyn Jones, Head of the Dialysis 
Unit. Figure 4.3b shows the dialysis machine to which his blood supply is con-
nected. Key components of the dialysis machine include the pump to move 
the blood from Carlos to the dialyser, an air trap, the dialyser where the blood 
is filtered and purified, and the dialysate fluid delivery system with its inflow 
pressure monitor. The screen display of the dialysis machine (see figure 4.3c) 

Weblink 
Healthy eating for haemodialysis

Odd fact

The dialysis machine 
was invented by a Dutch 
physician, Wilhelm Kolff, 
in 1943. During the Nazi 
occupation of Holland, Kolff 
used available bits and 
pieces, including sausage 
skins, tin cans and a washing 
machine, to build the 
first crude kidney dialysis 
machine. With refinement, it 
saved the first life in 1945.
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shows the data collected about the blood when it is outside the body (arterial 
and venous pressures) and about the dialysate solution (infl ow pressure to 
dialyser). At any time during dialysis, about 250 mL of blood are outside the 
body and in the dialysis machine. (Th e total volume of blood is about 5 litres in 
adult males and about 3.5–4 litres in adult females.) 

fiGuRe 4.3 (a)  Carlos Pizzorna undergoing haemodialysis at the Dialysis Unit at Epworth Hospital (b)  A dialysis 
machine (c)  The screen display of a dialysis machine shows data relating to the fl ow of blood when it is outside the 
body and to the dialysate solution. (Images courtesy of Epworth Dialysis Unit (Head Karyn Jones) and Carlos Pizzorna)

(a)

(c)

(b)

An important part of the dialysis machine is the hollow fi bre dialyser (see 
fi gure 4.4a and b). Blood enters the dialyser at the red end, passes through 
hollows within these fi bres and exits at the blue end. Inside the dialyser are 
thousands of very thin hollow fi bres whose walls have microscopic pores (see 
fi gure 4.4c). Th e dialysate solution is purifi ed water mixed with bicarbonate 
and acetic acid. Th e dialysate solution enters the dialyser near its base and 
fl ows around the fi bres, coming very close to, but not making direct contact 
with, the blood. Th e dialysate solution is separated from the blood by the thin 
walls of the fi bres that are like semipermeable membranes. Th ree processes 
are involved in the operation of the dialyser:
1. Osmosis. Excess water moves from the blood by osmosis into the dialysate 

solution.
2. Diff usion. Dissolved solvents, including urea, a nitrogenous waste, and 

other substances in excess in the blood diff use down their concentration 
gradients from the blood into the dialysate. 
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137CHAPTER 4 Staying alive: systems in action

3. Ultra-fi ltration. Th e volume of fl uid removed from the patient is directly 
controlled by varying the pressure gradient that exists between the blood 
and the dialysate solution. Fluid moves from a region of higher pressure 
to a region of lower pressure. Th e blood side in the dialyser is under posi-
tive pressure because the blood is being pushed through the dialyser by the 
pump. Th e dialysate side is under negative pressure because the dialysate 
solution is being pulled from the dialyser. 

Th e used dialyser solution loaded with nitrogenous wastes, such as urea and 
creatine, excess electrolytes and excess fl uid exits the dialyser. Th e purifi ed 
blood with a normal water balance and electrolyte concentration and free of 
nitrogenous wastes is returned to the body. 

fiGuRe 4.4 (a) Photo of 
the  hollow-fi bre dialyser, or 
artifi cial kidney, that is the 
hub of the haemodialysis 
equipment. The patient’s 
blood enters the dialyser at 
the red inlet, passes through 
the membrane-bound hollow 
fi bres and exits at the blue 
outlet. The inlet and outlet 
of the dialysate solution are 
on the side. (b) Simplifi ed 
diagram showing the structure 
of the dialyser — only a 
few of the hollow fi bres 
with their semipermeable 
membrane walls are shown. 
(c)  A cross-section of the 
dialyser showing the very 
large numbers of thin hollow 
fi bres through which blood 
is pushed. This large number 
of fi bres greatly increases 
the surface area available for 
exchange between the blood 
and the dialysate solution. 
(Images (a) and (c) courtesy of 
Epworth Dialysis Unit (Head 
Karyn Jones))

(a) Blood in

Blood out

Outer
casing Dialysate

out

Potting
material

Dialysate in

Membrane

(b)

(c)

Th e major symptoms of kidney failure can be treated by dialysis, either hae-
modialysis and, less commonly, peritoneal dialysis. Peritoneal dialysis makes 
use of the lining of the abdominal cavity, called the peritoneum, that has a rich 
blood supply. Th e dialysate is introduced through a tube (catheter) into the 
abdominal space around the intestines. Th e fl uid is left there for up to 6 hours, 
during which wastes and excess substances pass from the blood in the perito-
neal vessels into the dialysate fl uid. Th e fl uid is then drained from the 
abdominal space via the catheter. New fl uid is introduced and the cycle starts 
again.

Th e excretory system is examined 
further in this chapter, see 
pages 163–5.

Weblink 
Keeping kidneys healthy
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Later in this chapter, we will explore examples of some human systems: 
excretory, respiratory and circulatory. But first, let’s examine how cells become 
organised into tissues, tissues into organs and organs into systems. 

key ideas

 ■ Removal of nitrogenous wastes is an essential life-sustaining process in 
living organisms.

 ■ In humans, the kidney is an essential organ for several functions, 
importantly the excretion of nitrogenous wastes.

 ■ When kidneys fail, as in end stage kidney disease, dialysis can replace the 
major kidney functions. 

 ■ Kidney transplantation is another possible treatment for end stage kidney 
failure but depends on the availability of a matched living donor or a 
matched cadaver kidney.

Quick check

1 In addition to the removal of nitrogenous wastes, what are two important 
functions of the kidney?

2 List three symptoms of kidney failure.
3 Identify whether each of the following statements is true or false.

a Whole blood moves into the kidney tissue where wastes are removed.
b Kidney function can be assessed by measures such as glomerular 

filtration rate. 
c As soon as kidney function shows the first signs of failing, a person 

would begin dialysis.
d Haemodialysis involves blood transfusions.

levels of organisation
For much of the geological history of Earth, its inhabitants were unicellular 
organisms, living separately or in a group. The box on pages 139–40 provides a 
clue as to how multicellularity might have first evolved in groups of unicellular 
organisms.

Being multicellular allows organisms to have cells that specialise in form 
and function so that they can perform various functions that serve the needs 
of the whole organism. For multicellular animals, these functions might relate 
to movement, food capture, reproduction or defence. In a multicellular plant, 
these functions might relate to the capture of sunlight, cell division or transport 
of nutrients. So, the cells of multicellular organisms show a division of labour 
among their cells. However, a specialised cell of a multicellular organism per-
forms fewer functions but has lost the ability for independent living, in contrast 
to the single cell of a unicellular organism that can perform all the functions 
needed to stay alive. 

Beyond that, in some multicellular organisms, groups of specialised cells 
may be organised into tissues that perform a specific function. By working 
together as part of a tissue, these cells can support each other. Then different 
tissues may become organised into an organ that carries out a key function. 
Finally, organs can become arranged into a coordinated system that performs 
a major life-sustaining function for a multicellular organism. So, to have a 
system, such as your blood circulatory system, you must have organs. To have 
organs, you must have tissues. To have tissues, you must have specialised cells. 
To have specialised cells, you must be multicellular.
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139CHAPTER 4 Staying alive: systems in action

Th e fi rst organisms on Earth were unicellular 
microbes that emerged at least 3.6 billion years ago. 
Unicellular organisms can carry out all the meta-
bolic processes necessary for living. Each of these 
single cells is capable of an independent existence. It 
can trap the energy it needs and convert it to a use-
able form, can build complex macromolecules from 
simple building blocks, is self-mobile, can maintain 
its internal environment and can reproduce. Unicel-
lular bacteria and archaea were the sole occupants 
of this planet for more than a billion years. Th e fi rst 
simple multicellular organisms probably appeared 
on Earth about 2 billion years ago. Th e oldest evi-
dence of multicellularity comes from fossils of 
Grypania spiralis, probably a coiled alga, dated at 
2.1 billion years old (see fi gure 4.5).

fiGuRe 4.5  Fossil impressions of Grypania spiralis, 
found in an ancient rock formation in Michigan, USA. 
These are the oldest possible multicellular organisms 
found thus far and date from 2.1 billion years ago. 
These coils were probably algae, each measuring 
about 2 mm by 10 or more mm. 

How, after more than a billion years of unicellular 
life thriving on Earth, might multicellular organ-
isms have emerged? Some scientists propose that 
the answer may lie in the advantages of cooperative 
living, a situation where cells benefi t more from living 
together than they would from living independently. 

Evidence of simple cooperative living is apparent 
in the living communities that form microbial mats. 
Diff erent kinds of microbes occupy diff erent layers 
in a microbial mat, their position depending on 
conditions at particular levels within the mat, such 
as temperature, nutrient availability, pH and light 
conditions (see fi gure 4.6). Individual bacteria in a 
microbial mat have some of the advantages of mul-
ticellular life in so far as their living conditions are 
more stable within the mat than outside it. Based on 
fossil evidence, this type of cooperative living among 
microbes was happening as early as about 3.6 billion 
years ago (refer to page 48). 

fiGuRe 4.6 A microbial mat along an outfl ow 
channel from Pinwheel Geyser in Norris Geyser 
Basin, Yellowstone National Park, USA. Note 
the different colours of the different microbial 
species. (Image courtesy of Carrine E Blank, PhD, 
Department of Geosciences, University of Montana) 

However, cooperative living is not multicellu-
larity. Cells in a microbial mat can move away 
from the mat and live independently. Multicellu-
larity exists when cells in a group of cells are inter-
dependent, with the group consisting of diff erent 
cell types specialised for various roles that serve the 
entire group of cells (e.g. reproduction, energy pro-
duction, motion). In becoming specialised, indi-
vidual cells lose their ability to live independently. 
What event might have triggered the appearance of 
multicellularity?

Multicellularity had its beginnings in cooperative 
living, a situation where individual cells lived in close 
physical proximity and gained some benefi t from 
living together that they would not have had when 
living as independent single cells. However, the ben-
efi t was not essential for life — it might be seen as 
a convenience — and the cells still retained their 
ability to live independently. Individual microbes 

uNicellulaR tO MulticellulaR

(continued)
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may well have moved to and from cooperative living 
and independent living as circumstances changed, 
fi nding the situation best suited to their individual 
survival and reproduction. Multi cellularity would 
not have developed under these circumstances.

A team of scientists led by Dr Eric Libby from the 
Santa Fe Institute in the United States proposed that 
the multicellular way of life resulted from a mutation 
that produced an inherited trait that was benefi cial, 
but only for cells living in a cooperative group set-
ting, and not for single cells.

Th e scientists labelled this trait as a ‘ratchet mech-
anism’ to describe an important aspect of its oper-
ation. Ratchets allow movement in one direction 
only. Likewise, the only direction in which a trait 
that acts as a ratchet mechanism can move a group 
of communal living organisms is toward multicellu-
larity. Such a trait gives a selective advantage to cells 
in the multicellular setting and acts against cells 
living independently. With this trait, the behaviour 
of shifting between cooperative and individual living 
would be disadvantageous. 

A trait operating as a ratchet mechanism to make 
cells in a group rely more on each other would 
strongly favour multicellular living. For example, 
such a trait might produce a division of labour 
among cells in a cooperative group, so that some 
cells produced one essential compound while others 
produced a diff erent essential compound. In this 
case, the cells living in the group would have more 
advantages than if they lived apart.

Division of labour is the distinctive feature of mul-
ticellularity. An example of an early expression of 
multicellularity is seen in Volvox sp., a fresh water 
alga that lives as a colony and has a cellular level 

of organisation, that is, it has no tissue or organs 
(see fi gure 4.7). A Volvox colony consists of a large 
number of cells: up to 50  000 cells arranged as a 
hollow sphere. Th e cells are held together by an 
extracellular matrix or ‘glue’ that the colony pro-
duces, and the cells are connected by thin strands of 
cytoplasm. Some of the cells of Volvox are special-
ised for reproduction, while most are specialised for 
the functions of energy production (by photosyn-
thesis) and locomotion. Th ese latter cells move the 
colony in a coordination manner by the synchro-
nised beating of their fl agella, acting as a single mul-
ticellular organism.

fiGuRe 4.7 Photomicrograph of Volvox colonies. A 
colony can consist of up to 50  000 cells and ranges 
in size from 0.1 to 6.0 mm in diameter. The ancestors 
of Volvox are estimated to have transitioned from the 
solitary life of a unicellular alga to colonial life about 
200 million years ago. 

Th e increasingly complex levels of organisation of multicellular organisms 
are as follows:
•	 cell level — diff erent types of cells present, but no further organisation
•	 tissue level — diff erent tissues present, but not aggregated into organs
•	 organ level — several organs present, but not arranged into systems
•	 system level — organs present and organised into systems. 

Th e animal kingdom includes animals whose structures range from simple 
multicellular animals organised at the cellular level to very complex ani-
mals, such as mammals, that are organised at the levels of tissues, organs and 
systems.

organisation at the cellular level
Th e simplest level of organisation for a multicellular organism is the cellular 
level that shows the presence of specialised cells, but no tissues, organs or 
systems. Th e cellular level of organisation is seen today in simple animals, 
such as sponges. 
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141CHAPTER 4 Staying alive: systems in action

Sponges have a simple structure organised at the cellular level (see 
fi gure 4.8a). Th eir body structure consists of two cell layers separated by a layer 
of non-cellular gel material. A few specialised cell types are present in sponges 
including: 
•	 cells with pores (porocytes). Th ese tubular cells form the outer layer of a 

sponge and water can pass through the pores to the internal cavity of the 
sponge.

•	 collar cells with a fl agellum. Th ese cells line the inner chamber of a sponge. 
Th e beating of their fl agella creates the incoming water currents and any tiny 
food particles are trapped by the collar cells. 

•	 amebocytes. Th ese mobile cells within the cell layers distribute food to other 
cells and play a role in reproduction. 
Water and wastes leave the sponge via a single large opening (see fi gure 4.8b). 

Sponges do not have any internal organs, they have no tissues and no circula-
tory, nervous or digestive systems. Th e relative simplicity of the structure of 
sponges is illustrated by the fact that it is possible to disaggregate a sponge 
into its individual cells. If kept alive, within weeks the various cell types will 
re-aggregate into the original sponge structure. 

fiGuRe 4.8 Sponges are the 
simplest animals organised 
at the cellular level only: no 
tissues, no organs, no systems, 
just some specialised cells. 
(a) Diagram showing the body 
structure of a sponge (b) Living 
sponges. Note the single large 
opening. Is this an entry or an 
exit point for water?

Osculum (opening)

Collar cell

Collar cell

Flagellum
Porocyte

Atrium
H2O

(a)

(b)
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organisation at higher levels: tissues, then 
organs and systems
Over the passage of geological time, multicellular animals became more com-
plex. Th ey developed more cell types and these cells became organised into 
tissues. A tissue forms when cells of one similar type act in a coordinated 
manner to carry out a specifi c function. So, a tissue is an aggregate of similar 
cells arranged to perform a common function. 

Th e fi rst animals to show the tissue level of organisation were the group of 
animals that includes jellyfi sh (see fi gure 4.9), anemones and corals. Th e dis-
tinctive feature of jellyfi sh is the presence of stinging cells used for defence and 
the capture of prey. Th ey have tissues, such as the muscle tissue that pulsates 
their bell-shaped body and powers their swimming and nerve tissue, but they 
have no organs or systems. 

Oral arms

Marginal
tentacle

Ectoderm

Mouth

Enteron (gut)

Mesoglea

Endoderm

(a) (b)

fiGuRe 4.9 (a) Diagram of the body plan of a typical jellyfi sh with its two cell layers, ectoderm and endoderm, 
separated by a non-cellular jelly layer, the mesoglea. Note the single body opening (mouth) for the intake of food, the 
disposal of wastes and the release of reproductive cells. (b) Note the many fi ne marginal tentacles and the thicker oral 
arms that are covered with stinging cells for defence and for capturing prey; in some species these oral arms may reach 
lengths of up to 40 m.

Next to appear were organs. Th e organ level of organisation is seen when 
diff erent kinds of tissue aggregate to form a discrete organ that has a specifi c 
function. It is generally accepted that organs fi rst appeared in the group of ani-
mals, called fl atworms, that includes parasites, such as tapeworms and fl ukes, 
as well as free-living marine fl atworms. Flatworms have a three-layer body 
plan, and they show the presence of several organs including stomach, eye-
spots and excretory organs, but they have no circulatory or respiratory systems. 

Th e system level of organisation is seen in the more complex animals. 
Among the fi rst to show organisation at the system level were the group of ani-
mals, known as annelids, that includes earthworms and polychaetes (marine 
worms). Th ese animals have a large number of cell types that are organised 
into tissues, organs and systems:
•	 Th ey have a three-layer body pattern, and a tube-within-a tube structure 

with a mouth at one end for food intake and an anus at the other end for 
waste removal. 

•	 Th ey have a digestive system that includes organs such as a crop, a gizzard 
and an intestine. 

•	 Th ey have a nervous system that consists of various organs — a brain at the 
head end from which extends a central nerve cord that runs the length of the 
body. 

•	 Th ey have a closed circulatory system with a heart and blood vessels, but 
they lack a respiratory system. 

unit 1 cellular 
specialisation
Concept summary 
and practice 
questions

aOs 1

topic 4

concept 1
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A summary of the levels of organisation in multicellular organisms is shown 
in fi gure 4.10.

individual cell

tissue
Group of similar 

cells carrying out 
same function

Organ
Groups of different 

tissues working 
together for a 

particular function

Organ system
Group of organs 

serving a particular 
function

Organism
Contain several 
organ systems

Examples:
• reproductive system
• root system
• transport system

Examples:
• respiratory system
• excretory system
• transport system

fiGuRe 4.10 Similar cell types group together to form a tissue. Aggregates of 
different tissues form an organ. Various organs work together to carry out a major 
function as a system. 

key ideas

 ■ Multicellular organisms have specialised cells used to perform different 
functions that serve the needs of the whole organism. 

 ■ Multicellular organisms can have different levels of organisation of their cells.
 ■ The levels of organisation, in order of increasing complexity, are cellular, 
tissue, organ and system.

 ■ Tissues are aggregates of one kind of specialised cell that serves a 
general role. 

 ■ Organs are aggregates of various tissues that act in a coordinated manner 
to carry out a specifi c function.

 ■ Systems are groups of various organs acting in cooperation to carry out a 
major life-sustaining function.

 ■ The earliest animals in the geological record show a cellular level of 
organisation only, while later animals show organisation at the tissue levels, 
then organ level and then system level.
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Quick check

4 Identify whether each of the following statements is true or false.
a Sponges have a more complex organisation of cells than jellyfish.
b An animal with a tissue level of organisation would not be expected to 

have organs or systems.
c A unicellular prokaryote could show a tissue level of organisation.
d Organs are more complex in their structure than tissues.

5  Animal M has tissues, but no organs, while animal N has organs, but no systems:
a  What is the highest level of organisation shown by each animal?
b What kind of animal might animal M be? 
c What about animal N?

Mammalian tissues, organs  
and systems
You are a member of a group of animals known as mammals. Mammals have a 
highly complex organisation with tissues built into organs and organs arranged 
into systems, such as the immune, endocrine, musculoskeletal and respiratory 
systems. This complexity of organisation is possible because of a large number 
of different cell types, each specialised for a particular function, that mammals 
possess. For example, you and other mammals have hundreds of different cell 
types, each specialised for a particular function, and these are organised into 
tissues, organs and systems. In this section, we will use a human being as an 
example of a mammal. 

Tissues in mammals
In mammals, as in other animals, four major kinds of tissues are recognised: 
1. Epithelial tissues cover flat surfaces, for example, the outermost layer of 

your skin. They line cavities in the body that have a connection to the external 
environment, for example, the lining of your bladder, lungs and gut (see 
figure 4.11a). 

2. Muscle tissues are capable of contraction and movement, for example, 
your heart, the muscles of your arms and the muscles within your gut (see 
figure 4.11b).

3. Connective tissues bind and support body structures, for example, the 
loose connective tissue that holds the outer layers of the skin to the under-
lying muscle layers, the fibrous connective tissue of your bones and carti-
lage, your adipose tissue (see figure 4.11c) and the fluid tissue of your blood. 

4. Nervous tissues are made of different kinds of nerve cells (neurons) that 
can receive external stimuli and transmit nerve impulses. Nerve tissue is 
found in your brain and spinal cord and includes cells (neuroglia) that sup-
port nerve cells. An example of nervous tissue is the retina of your eye. 

The further classification of these four major tissue groups is shown in 
figure 4.12. Your various organs contain several or all of these different types of 
tissue. How many different tissues might be present in an organ such as your eye?

You may recall from chapter 1, pages 14 to 16, that the surface-area-to-volume-
ratio (SA:V) of a cell is important in determining the cell’s efficiency in moving 
materials across its membrane to supply the needs of a cell and in removing 
wastes from the cell. A tissue consists of an aggregation of many specialised cells. 
The exchange of materials between the cells of a tissue and their environments 
has the potential to be far more efficient if the tissue is made up of many small 
cells rather than fewer larger cells. But the potential for efficiency of small cells 
becomes a reality only if the cells of a tissue are close to a mechanism that can 
deliver required materials to and remove waste materials from those cells.
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145CHAPTER 4 Staying alive: systems in action

fiGuRe 4.11 Light micrographs showing examples 
of mammalian tissues (a) Epithelial tissue made of 
hepatocytes that line cavities in the liver (b) Fat, or 
adipose tissue. Note the white deposits in the adipose 
tissue; these are fat globules that occupy most of the 
cell volume. (c) Cardiac muscle tissue 

(a) (b)

(c)

Muscle tissue

Connective
tissue

Nervous tissue

Striated Cardiac

Aerolar Supporting

Tendon Ligament BloodCartilage Bone Lymph

SkeletalAdipose Fluid

Non-striated

Movement

Control and coordination

Binding support
and transport

Animal tissues

Squamous
(�attened)

Cuboidal
(cubical)

Columnar
(pillar-like)

Cilated

Protection by covering

Glandular
(secretory)

Epithelial tissue

fiGuRe 4.12 A classifi cation scheme of the four major tissues in mammals. What is an example of an epithelial tissue? 
Where would you fi nd skeletal tissue?
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A tissue composed of a mass of small cells without a delivery system is 
like a single large cell of comparable volume. Such a cell mass acts like one 
large cell with a small SA:V ratio such that the surface area exposed to the 
extra-cellular environment cannot effi  ciently service the combined cell volume 
(see fi gure 4.13a). In contrast, a tissue composed of a mass of cells with a 
delivery system has a greater surface area to service the needs of the combined 
cell volume and so will do this more effi  ciently (see fi gure 4.13b). In mammals, 
the delivery system is the blood circulatory system that delivers oxygen and 
nutrients to cells and removes metabolic wastes. 

Food

(a) (b)

Wastes

Oxygen
Carbon
dioxide

Wastes and
carbon dioxide

Food and
oxygen

fiGuRe 4.13 (a) In the absence of a delivery system, the innermost cells of a solid tissue will be ineffi cient in obtaining 
needed materials from and getting rid of wastes to the extra-cellular environment. (b) A solid tissue with a delivery 
system can effi ciently service the needs of all its cells, including the innermost cells. 

Mammalian organs: several tissues, one organ
In multicellular organisms, groups of diff erent tissues work together to per-
form a particular function. A collection of such tissues is called an organ. Your 
heart is an organ, your brain is an organ, your lungs are organs and your kid-
neys are organs. Each organ is composed of several diff erent kinds of tissue, 
each of which makes an essential contribution to the specifi c function of the 
organ. 

Your stomach is an organ. Tissues of your stomach include an epithelium 
that lines the inner chamber of the stomach, smooth muscle cells within the 
stomach wall that allow the stomach to expand and blood vessels that supply 
nutrients to and remove wastes from the cells (see fi gure 4.14). 

Mammalian systems: many organs, one major function
� e aggregation of many organs into one major function is called a system 
(or an organ system). Each system carries out major life-sustaining functions 
including: 
•	 Th e digestive system contains various organs that work together to ensure 

the food you eat is digested and that the nutrients it contains are in a form 
that can be absorbed. Your digestive system contains organs such as your 
teeth, oesophagus, stomach, intestines and liver (see fi gure 4.15).
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147CHAPTER 4 Staying alive: systems in action

•	 Th e excretory (urinary) system contains various organs that work together to 
remove nitrogenous wastes from the body. Your excretory system contains 
organs such as your kidneys, ureters, bladder and urethra (see fi gure 4.35, 
p. 164).

•	 Th e circulatory (cardiovascular) system includes the heart, arteries, veins,  
capillaries and blood.

•	 Th e respiratory system includes the larynx, pharynx, trachea, bronchi, and 
lungs (see fi gure 4.47, p. 175). 
Other mammalian systems include the immune system, the nervous 

system, the endocrine system, the skeletal system, the muscular system, the 
reproductive system, the lymphatic system and the integumentary (skin) 
system. 

Blood

Muscle

Connective tissue

TS

fiGuRe 4.15 The main organs of 
the human digestive system. What 
is an organ system?

Mouth Salivary gland

Salivary 
glands

Oesophagus

Stomach
Pancreas

Large
intestine

Liver

Small
intestine

Anus

fiGuRe 4.14 Longitudinal section of 
mammalian stomach wall with details 
(at left) of three of the different tissues 
present. What kind of muscle tissue is 
present in the stomach wall? 

Systems do not operate in isolation
Each system in a mammal has a major function that it carries out to sustain the 
life of the mammal. However, systems do not act in isolation; instead they are 
interconnected and rely on each other. To perform its role, a system depends 
on the operation of all other systems. For example, the excretory system cannot 
carry out its key role of excreting N-wastes unless there is a functional circula-
tory system to transport N-wastes from all cells to the kidneys of the excretory 
system. No system can operate unless their cells receive the nutrients produced 
by the digestive system that are then transported to the cells by the circulatory 
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system. Can you identify another interaction between the circulatory system 
and some other mammalian systems?

The blood circulatory system has important interactions with all other mam-
malian systems because it is the transport system that moves substances 
in solution to and from all cells. The circulatory system interacts with other 
systems as follows:
•	 with the digestive system, by transporting nutrients produced by the diges-

tive system to the cells of all systems
•	 with the respiratory system, by transporting oxygen from the lungs to the 

cells of all systems for use in aerobic respiration and by transporting carbon 
dioxide from all cells back to the lungs for excretion

•	 with the urinary system, by transporting N-wastes from all cells to the 
kidneys of the urinary system for excretion

•	 with the endocrine system, by transporting hormones released by the glands 
of the endocrine system to their sites of action throughout the body

•	 with the immune system, by transporting the white blood cells (leucocytes) 
to sites of infection where they produce antibodies.

table 4.1 Some examples of interactions between the nervous system (brain 
and spinal cord of the central nervous system, the sense organs and the sensory 
nerves of the peripheral nervous system) and other mammalian systems

System
Some organs 
of system

Examples of interactions with the 
nervous system

respiratory system lungs brain monitors blood gas levels and  
breathing rate
lungs are source of oxygen for brain

skeletal system bones brain controls muscles and so  
regulates position of skeleton
skull and spine protect brain and  
spinal cord

circulatory system heart, blood  
vessels

brain regulates blood pressure and  
heart rate
cardiovascular system delivers  
 nutrients and oxygen to cells of nerve 
tissue

excretory (urinary)  
system

kidneys, bladder brain controls urination
bladder sends sensory information to  
the brain

digestive system mouth to anus brain controls muscles for eating and  
for elimination
digestive system sends sensory  
information to the brain

key ideas

 ■ Mammalian tissues can be classified into four major types. 
 ■ Cells within a tissue mass need a delivery system for the supply of 
nutrients and the removal of wastes. 

 ■ Mammalian organs are composed of several different tissues.
 ■ Many systems sustain the life of a mammal. 
 ■ Systems do not act in isolation but have a dependence on each other.

interactivity 
Digestive system
int-3030
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Quick check

6 Identify four systems that sustain the life of a mammal.
7 Identify whether each of the following statements is true or false.

a The mammalian heart is an example of a tissue.
b The lining of the human bladder is an example of an epithelial  

tissue.
c The digestive system includes many organs, for example, the  

pancreas.
d To carry out its major function, a mammalian system depends on the 

operation of other systems.
8 Classify each of the following as a tissue, an organ or a system:

a heart
b human liver
c kidneys 
d layer of fat surrounding the kidney.

9 Given an example of each of the following.
a An interaction between the excretory system and the circulatory  

system
b A tissue that could be found in the human stomach
c An organ of the excretory system
d An interaction of the skeletal system with the nervous system

Circulatory system of mammals
The blood circulatory system is the transport system for the mamma-
lian body. The circulatory system is responsible for the transport of oxygen 
and nutrients to cells and for the transport of N-wastes from cells to the 
kidney and the transport of carbon dioxide waste from cells to the lungs. 
The circulatory system provides the link between the external environment 
and cells. 

What are the characteristics of this system that facilitate its functions? 
The blood circulatory system is the mechanism that delivers nutrients 
and oxygen to all cells of a multicellular organism. The circulatory system 
consists of: 
•	 the heart, a muscular pump that provides the force that moves the blood 
•	 the vessels — arteries, arterioles, veins, venules — that form the channels 

through which blood moves to and from tissues and their cells
•	 the capillary networks that provide the sites where material can be exchanged 

between the blood and the cells.
We will consider the circulatory system of humans, which is a system typical 

of all mammals. 
Until the seventeenth century  the popular belief was that blood was  con-

sumed by  the body as fast  as it was produced. In 1628  Dr William Harvey 
of St Bartholomew’s Hospital in London  published his manuscript  De Motu 
Cordis  (On the Motion of the Heart), which was the first to argue that blood 
constantly circulates around the body. Harvey’s experiments allowed him to 
deduce that blood leaves the left side of the heart and is pumped to all parts of 
the body, excluding lungs, before it returns to the right side of the heart. From 
there it goes to the lungs and back to the left side of the heart, from where it 
is once again pumped around the body. Blood travels through the heart twice 
during each circulation of the body: once after circulating through the pul-
monary system (the lungs) and once after circulating through the remaining 
parts of the body (figure 4.16).
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Pulmonary
vein

Pulmonary
artery

Lung Right atrium

Right ventricle

Liver

Kidneys, trunk 
and lower limbs

Intestines

Hepatic portal
vein

Left ventricle

Left atrium

Lung

Aorta

Head, upper limbs

Carotid artery

Hepatic
artery

fiGuRe 4.16 Main routes for blood circulation. Arrows within vessels indicate 
the direction of blood fl ow. Arteries branch into smaller vessels called arterioles, 
then capillaries. From capillaries, blood fl ows through venules into veins and 
is transported back to the heart. Red indicates oxygenated blood and blue 
indicates deoxygenated blood. All arteries except one carry oxygenated blood. 
Which one is the exception?

Components of blood
Blood is about 55 per cent plasma, which is itself about 90 per cent water. 
Th e remaining 10 per cent of plasma is made up of the various compounds 
and molecules dissolved in the water part (see table 4.2). Th e materials 
transported by plasma and the signifi cance of each are summarised in 
table 4.3.

interactivity 
Circulatory system
int-3031
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table 4.2 Composition of human blood

Component Approximate % function

plasma (about 91% 
water, 7–8% dissolved 
plasma proteins and 
other molecules)

55 •	 suspends	blood	cells
•	 	contains	substances	that	stabilise	

pH and osmotic pressure, 
promote clotting and contribute 
to immune response

•	 	transports	nutrients,	waste	carbon	
dioxide and other substances 

white blood cells < 0.1 •	 destroy	foreign	cells	and	debris
•	 act	in	immune	response	

platelets < 0.01 •	 aid	in	clotting	of	blood
•	 aid	in	infl	ammation	

red blood cells 45 •	 	transport	most	of	the	oxygen	and	
some carbon dioxide

table 4.3 Materials transported by plasma and the signifi cance of each

Component of plasma Signifi cance

water solvent for non-cellular materials in blood; suspends 
cellular components

nutrients:
•	 glucose
•	 fatty	acids
•	 amino	acids
•	 vitamins

supply:
•	 source	of	energy	for	cell
•	 building	material	for	renewal	of	cell	components

nitrogenous waste and 
carbon dioxide 

produced during metabolism and must be removed 
from cells and the body

oxygen small amount carried in solution

plasma proteins such as:
•	 albumin
•	 globulins
•	 fi	brinogen

•	 bind	hormones	and	fatty	acids
•	 antibodies	—	react	with	foreign	material
•	 acts	in	blood	clotting

ions such as:
•	 sodium
•	 chloride
•	 potassium
•	 calcium
•	 magnesium
•	 bicarbonate

contribute to a variety of actions such as:
•	 stabilising	pH
•	 osmotic	balance
•	 regulation	of	permeability	of	plasma	membranes

hormones transported from sites of manufacture to 
particular target cells or organs
around the body

blood cells 
Blood contains three diff erent kinds of cells (fi gure 4.17). Th ese are red blood 
cells, also called erythrocytes, white blood cells, also called leucocytes, and 
platelets. 

Th e three kinds of cells found in the blood are derived from special cells, 
called stem cells, in bone marrow. Th is is summarised in fi gure 4.18. 

Red blood cells 
Red blood cells contain haemoglobin, a red iron-containing protein that readily 
combines with oxygen to form oxyhaemoglobin. Th is is the form in which the 
vast majority of oxygen is transported to all cells of the body. 

fiGuRe 4.17 Photomicrograph 
of human blood. Note the many 
red blood cells, white blood 
cells (yellow) and platelets 
(pink). Platelets are specialised 
fragments of larger cells.

UNCORRECTED P
AGE P

ROOFS



NATuRE of biology 1152

Red blood
cell Platelets

Basophils
and mast

cells

Eosinophil

Stem cell Stem cell

Neutrophil

Monocyte

Macrophage

B lymphocyte T lymphocyte

Bone marrow cell

Stem cell

Myeloid Lymphoid

 Cell type Red blood cell
or erythrocytes

White blood cells or leucocytesPlatelets

 Function Transport
oxygen and to a
lesser extent
carbon
dioxide

Active in defence against infection and in the immune systemImportant
in blood
clotting

Number
(per mm3 of
blood) in
healthy person

Typical male:
5.4 × 106

Typical female:
4.8 × 106

250 000
to
500 000

5000 to 7000

Survival time
in healthy
person

About
120 days

About
one
week

May survive for several days.
If person has an infection may survive for only a few hours.

fiGuRe 4.18 All blood cells develop from special cells, called stem cells, in bone marrow. Stem cells continually reproduce 
by mitosis and then differentiate. 

Males generally have a higher metabolic rate than females and so have a 
greater need for energy and hence oxygen. Th e blood of a male carries about 
10 per cent more red blood cells than the same volume of blood in a female. 

White blood cells 
Th e function of white blood cells is to combat infection. Th ey can move out of 
the bloodstream — in much the same way as amoebas move — through connec-
tive and epithelial tissues (refer to fi gure 1.21, p. 22). Many white blood cells are 
phagocytic, which means that they ingest bacteria and other foreign material. 

Platelets 
Platelets are specialised fragments of larger cells and play an important role in 
the clotting of blood when damage occurs to blood vessels. 

Odd fact

The blood volume of an 
average adult male is 5–6 L 
compared with 4–5 L in an 
average adult female.UNCORRECTED P
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What can go wrong?
Th e various blood cells play important roles in the human body. Unfortunately 
disorders can arise that aff ect the blood cells, for example, aplastic anaemia 
and leukaemia. 

Aplastic anaemia
Aplastic anaemia is a condition aff ecting the blood in which the bone marrow 
ceases to produce suffi  cient numbers of new blood cells to replace those that 
are damaged or dying. In aplastic anaemia all blood cells are lacking (in con-
trast to anaemia, a condition in which only red blood cells are defi cient in 
numbers). 

Aplastic anaemia is most commonly an acquired condition, although there 
is a rarer hereditary form. Th e causes of acquired aplastic anaemia include 
exposure to toxic chemicals or radiation and viral infections, but in many cases 
the cause is unknown. Blood transfusions are used to treat aplastic anaemia 
and, in severe cases, bone marrow transplants may be used.

leukaemia
Leukaemia (leukos = white) is a cancer that aff ects the bone marrow so that it 
produces large numbers of abnormal white blood cells that enter the blood-
stream. Th ese white blood cells do not die as rapidly as normal white blood cells 
and do not perform the normal functions of white blood cells, so they crowd out 
the normal blood cells, interfering with the functions of the normal blood cells. 
Various forms of leukaemia exist: acute lymphocytic leukaemia (ALL), which 
aff ects the lymphoid cells, is the most common leukaemia in young children; 
chronic lymphocytic leukaemia (CLL) is the most common leukaemia seen in 
older adults, more commonly in men than in women. Acute forms of leukaemia 
develop more rapidly than chronic forms.

Risk factors for leukaemia include exposure to chemicals such as benzene, 
exposure to radiation and smoking. Treatments for leukaemia, depending 

on its type and rate of progress, may include chemo-
therapy, radiation therapy and stem cell transplants.

Vessels to transport blood
Blood is transported around the body in three dif-
ferent kinds of blood vessels. Th ese are the larger 
vessels (arteries and veins), which are linked by the 
smallest of blood vessels (capillaries).

Arteries
Arteries are thick-walled vessels that carry blood 
away from the heart. Arteries branch into smaller 
and smaller arteries. Th e smallest arteries are called 
arterioles. Arteries have thick walls to withstand the 
pressure of the blood as it is pumped from the heart 
but their walls are far too thick to allow the ready 
movement of materials and gases between blood and 
tissue cells. A much thinner barrier is required if dif-
fusion is to occur. As arterioles enter tissues, they 
branch into microscopic vessels called capillaries (see 
fi gure 4.19).

Although the fl ow of blood into capillary networks 
is controlled by arterioles, additional control occurs 
through the contraction of smooth muscle cells that 
act as sphincters in the networks (see fi gure 4.19).

Arteriole Precapillary
sphincter

Smooth
muscles

Capillary

Venule

fiGuRe 4.19 A capillary bed branching 
from an arteriole and ultimately feeding into 
a venule. Note the smooth muscle cells, 
called precapillary sphincters, that regulate 
blood fl ow through the capillary network.
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Capillaries 
Capillaries are thin-walled vessels between 5 and 8 μm in diameter. Th eir walls 
are one cell thick and materials either pass through these cells or pass between 
the cells as they leave or enter the blood (see fi gure 4.20).

Tissue �uid

Capillary

Arteriole

Lymphatic

Red cell

Venule

Low pressure

Tissue �uid enters
capillaryTissue cells

White cell
Plasma exuded

High pressure

fiGuRe 4.20 The relationship between blood capillaries, tissues and lymphatics. 
The diagram also indicates the movement of material between capillaries and 
tissue cells.

Refer to the drawing and cross-section of a capillary in fi gures 4.21 and 4.22. 
Oxygen diff uses through the endothelial cells into surrounding tissue fl uid and 
cells. Oxygen moves down a concentration gradient. Carbon dioxide makes 
the reverse journey, also down a concentration gradient. Water and small 
water-soluble molecules, such as glucose and inorganic ions, diff use through 
gaps between the endothelial cells. Some proteins leave the capillaries through 
endothelial spaces or across the cells in vesicles. Most protein stays in the blood 
vessels. Phagocytic white blood cells can squeeze between endothelial cells.

Tissue �uid

Plasma
proteins

Other
proteins

Water-�lled pore

Plasma

O2 O2

CO2

CO2

Vesicle

Small proteins

Cytoplasm

Endothelial cell

Plasma membrane

Na+, K+, glucose,
amino acids

Endothelial cell

fiGuRe 4.21 The wall of a 
capillary is made of a single 
layer of fl attened endothelial 
cells.

fiGuRe 4.22 Cross-section 
through a capillary. Note 
the different ways in which 
different materials leave and 
enter a capillary.
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Veins 
Blood moves from the capillaries into venules, which combine to form larger 
vessels called veins. Th ese are relatively thin-walled vessels that transport 
blood back to the heart (see fi gure 4.23).

fiGuRe 4.23 Note the differences in structures of the walls of the fi ve different kinds of blood vessels: artery, arteriole, 
capillary, venule and vein. In what way is the structure of each kind of vessel related to its function?

Blood in veins is under lower pressure than blood in arteries because it has 
travelled further from the heart. Veins have valves that prevent backfl ow of 
blood (see fi gure 4.24). 

Contraction of muscles near veins also helps squeeze the veins and move 
the blood towards the heart.

Valve 
closed

Skeletal
muscles
contracted

Valve 
open

Vein

Skeletal
muscles
relaxed

To
w

ar
d

s 
he

ar
t

fiGuRe 4.24 Valves in veins 
prevent a backfl ow of blood in 
those vessels. The contraction 
of muscle alongside the 
vessels helps to move the 
blood towards the heart. 
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What can go wrong?
Th e blood vessels form the channels through which blood fl ows around the 
body. Conditions aff ecting the blood vessels include aortic aneurysms and 
atherosclerosis. 

Aortic aneurysm
An aneurysm is a balloon-like bulge in the wall of the aorta (see fi gure 4.25) 
that results from the force of the blood being pumped through the aorta. Th is 
force either splits the wall of the aorta (called a dissection) or completely bursts 
the wall (called a rupture). An aortic aneurysm may occur either in the chest 
or in the abdomen. 

Aorta exiting heart

A

B

C

Thoracic aorta

Artery to kidney

Thoracic
aortic
aneurysm

Abdominal
aortic
aneurysm

Abdominal aorta

Heart

fiGuRe 4.25 An aortic aneurysm is a balloon-like swelling of the aorta that may 
occur in the chest or in the abdomen. An aneurysm may be either a dissection of the 
aorta or a rupture of the aorta.

In a dissection of the aorta, the wall of the aorta splits allowing blood to 
accumulate between the layers of the wall of the aorta. (Refer to the right-hand 
side of fi gure 4.23 to see the layers of an artery wall.) In a rupture of the aorta, 
the aorta wall bursts, allowing blood to leak into the body cavity.

Th e major risk factors for an aneurysm are high blood pressure, hardened 
arteries (atherosclerosis) and smoking. Physical injury may cause an aortic 
aneurysm. In addition, certain inherited diseases of the connective tissue 
increase the risk of an aortic aneurysm. 

Atherosclerosis
Atherosclerosis is a condition that results when the arteries become clogged 
with a fatty substance, known as plaque or atheroma. Plaque is a mixed col-
lection of cholesterol, cells and debris that builds up within the inner lining 
of arterial walls. Th e build-up of plaque in aff ected arteries causes them to 
harden and to narrow, restricting and even blocking blood fl ow. Atheroscle-
rosis is the major cause of cardiovascular diseases, that is, diseases of the heart 
and blood vessels. Figure 4.26 shows a normal artery, contrasted with an artery 
with extensive plaque. 

Odd fact

Aneurysms may occur in 
other blood vessels, including 
those in the brain. If such an 
aneurysm ruptures, it can 
cause a stroke.
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fiGuRe 4.26 Cross-section of human arteries (a) The interior of a normal human artery (b) Deposits of plaque in an 
artery showing the condition known as atherosclerosis. The open area for the blood is confi ned to the ovoid shape 
(shown in red), while the plaque (shown in orange) is occluding most of the artery. 

(a) (b)

Plaque can build up in the inner lining of the coronary arteries of the heart 
and, if it blocks the blood supply to the heart, this can result in the death of 
heart muscle in the aff ected region, a condition known as a heart attack (myo-
cardial infarction). If a similar event occurs in one of the arteries of the brain 
this can cause a stroke.

Large-scale population studies have identifi ed nine major risk factors 
for atherosclerosis; these are smoking, elevated cholesterol, high blood 
pressure, diabetes, excess alcohol intake, poor diet, stress, physical inac-
tivity, and obesity. Reducing risk factors through lifestyle changes will not 
remove plaque but will reduce the risk of strokes or heart attacks; likewise 
medications that lower cholesterol and blood pressure will also reduce 
these risks.

key ideas

 ■ Blood is an important transporting tissue.
 ■ The blood of mammals is made up of several different components.
 ■ Arteries are thick-walled vessels that transport blood away from the 
heart.

 ■ Veins are relatively thin-walled vessels that transport blood to the 
heart.

 ■ Arteries and veins are connected by networks of arterioles, very 
thin-walled vessels called capillaries and venules.

 ■ Nutrients and oxygen diffuse from capillaries into tissue fl uid then into 
surrounding tissue cells.

Quick check

10 What is the function of red blood cells, white blood cells and platelets?
11 Name two components that are transported in solution by the plasma.
12 Why do arteries have thicker walls than veins?
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The heart
Blood must be continually on the move — to collect oxygen from the lungs, to 
collect nutrients from the intestines, to transport the nutrients and oxygen to 
all the tissues of the body, and to carry carbon dioxide and other wastes away 
from cells to those specialised regions where they are disposed of by the body. 
� e heart is the pump that keeps the � uid moving.

Th e heart can be thought of as two pumps joined together (see fi gure 4.27). 
Th e right side of the heart receives blood from the head and other parts of the 
body and pumps it to the lungs. Because the blood has come from tissues, it 
will be relatively low in oxygen and high in carbon dioxide.

Superior
vena cava

Inferior vena cava

Heart muscle

Semilunar
valve

Right atrium

Head, upper torso
and arm

Trunk and legs

To right
lung

Oxygenated
blood

To left lung

Oxygenated
blood

Tricuspid valve

Aorta

Right
ventricle

Left
ventricle

Bicuspid (mitral) valve

Left atrium

Aorta

Pulmonary artery

fiGuRe 4.27 The human heart is typical of mammals. The pressure generated 
when the muscle of the thick wall of the ventricles contracts forces blood from 
the heart to the lungs and other parts of the body. Valves in the heart prevent 
backfl ow of blood into the atria when the heart contracts.

In the lungs, carbon dioxide is released from the blood. Oxygen is absorbed 
from the air in the lungs and combines with the haemoglobin of the red blood 
cells. 

Th e left side of the heart receives blood from the lungs and pumps it to all 
other tissues of the body via the main artery known as the aorta. 

A force from behind is the main factor responsible for the continual move-
ment of blood. A beating heart provides this force. If a heart stops beating, 
blood stops � owing.
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inside the heart
Th e right and left sides of the heart are separated by the septum, a muscular 
wall. Each side of the heart has two chambers, an atrium and a ventricle. 
After blood moves into the atrium on the right side of the heart, it is squeezed 
into the right ventricle. Th e walls of the atria are relatively thin because not 
much cardiac muscle is required to move blood from an atrium into a ventricle. 

Th e right ventricle pumps blood into the pulmonary artery. Th e muscular 
wall of the ventricle is quite thick because it must pump the blood with suffi  cient 
force for it to get to the lungs and back to the heart again. Blood is prevented from 
moving back into the atrium when the ventricle contracts by valves that separate 
the two chambers. Th e valves are fl aps of muscle tissue that close over when 
blood moves out of the ventricle. As the heart relaxes between beats a valve in the 
pulmonary artery prevents backfl ow of blood into the right ventricle. 

Blood travels from the lungs via the pulmonary veins to the heart and enters the 
left atrium. It is squeezed into the left ventricle from where it is pumped out through 
the aorta to other parts of the body. Valves preventing the backfl ow of blood are 
located between the left atrium and ventricle and the left ventricle and aorta. 

What can go wrong?
blocked heart vessels
Blood vessels can become blocked or narrowed, for example, by plaque. Block-
ages can occur in the coronary arteries that supply blood to the heart muscle 
and, if the blood fl ow is interrupted, the region of heart muscle supplied by 
that artery can be damaged and may die. 

Several interventions are available to treat blocked coronary arteries. One 
such intervention is coronary bypass graft surgery, which is used if the 

damage to one or more of the coronary arteries is severe (see 
fi gure 4.28). Th is is a surgical procedure in which the blocked 
part of a coronary artery is bypassed by grafting another blood 
vessel above and below the blocked segment of the coronary 
artery. Th e number of bypass grafts depends on the severity of 
the blockage and the number of coronary arteries aff ected (see 
fi gure 4.29). Th e blood vessel that is used in the graft comes from 
another part of the patient’s body, most commonly a vein from 
the leg (the saphenous vein) or, less often, an artery from the 
inner chest wall (the internal mammary artery). Once in place, 
the graft re-establishes a normal blood fl ow to the aff ected 
region of the heart and supplies it with essential oxygen and 
nutrients. 

Another intervention to address blockages or narrowing of cor-
onary arteries is coronary angioplasty. Th is is a nonsurgical tech-
nique, used to remove an obstruction in a coronary artery (see 
fi gure 4.30). It is performed under local anaesthetic and generally 
requires only a short stay in hospital. A long, narrow, hollow tube 
(catheter) is inserted into an artery through a small incision, 
generally in the groin. X-ray images on a screen are used to guide 
the catheter up through the aorta to the heart arteries until the 
blockage is reached. A thinner catheter, tipped with a miniature 
defl ated balloon, is guided through the fi rst catheter until the bal-
loon is in the blockage area. Th e balloon is infl ated and defl ated 
several times. Th e plaque is pushed against the artery wall and 
the artery is widened slightly. A fi ne metallic mesh tube, called 
a stent, is then inserted into the artery to prevent the artery wall 
from collapsing. Th e stent remains inside the artery and within a 
few weeks the natural lining of the artery grows over it. 

Prior to birth, there is a hole in the 
septum between the right and left 
atria. If this hole does not close 
at birth a baby is said to have a 
hole in the heart and may require 
surgery to close it.

fiGuRe 4.28 3D electron beam tomography 
(EBT) scan showing a heart with a coronary 
artery bypass graft — the narrow vein running 
from lower right to top left. The vein, usually 
taken from the patient’s leg, bypasses 
obstructions in the arteries to enable blood to 
fl ow freely again to the aorta. 
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fiGuRe 4.29 Heart showing a triple bypass 
required due to three blocked arteries 

(a)

Left
coronary

artery

Right
coronary

artery

Site of blockage

Dead muscle tissue

Plaque build-up
restricts blood �ow.

(b) (c) (d) (e)

Balloon is inserted 
into artery at the 
tip of a �ne tube 
or catheter.

Balloon is repeatedly 
in�ated and de�ated 
pushing plaque back 
against the artery walls.

Stent is inserted 
in the artery 
to prevent 
re-narrowing.

fiGuRe 4.30 (a) If a coronary artery becomes blocked, heart muscle close to the blocked vessel may die. (b) The 
blockage is due to the build-up of fatty deposits (atherosclerosis or plaques). (c) A balloon at the tip of a fi ne tube, or 
catheter, is inserted into the artery and when it reaches the blocked area it is repeatedly infl ated (d) and defl ated. The 
artery widens and the plaque is pushed against the artery wall. (e) A fi ne metallic mesh tube, called a stent, prevents a 
re-narrowing of the artery at the previously restricted area. 

Note the diff erence in diameter of the coronary artery before and after 
angioplasty as shown in fi gure 4.31. 
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fiGuRe 4.31 Image of a coronary artery: (a) before and (b) after angioplasty. Special dyes are used to observe the fl ow 
of blood. This patient had a heart attack 10 days before having angioplasty. He was discharged from hospital two days 
after the procedure. Arrows show affected segments.

(b)(a)

Hypertrophic cardiomyopathy
Another heart condition is hypertrophic cardiomyopathy (HCM), the most 
common cause of heart-related sudden death in young people aged less than 
30 years, including athletes. Th ese deaths often occur during or after physical 
activity.

HCM is a disorder in which the muscle of the heart becomes thickened and 
less elastic. Most often, the thickening occurs in the muscular wall that sepa-
rates the left ventricle from the right ventricle. Th is thickening has a number of 
eff ects: it prevents the heart muscle from relaxing fully so that the heart does 
not fi ll fully with blood on each cycle, it may obstruct the blood outfl ow from 
the heart, it can cause mitral valve leakage (see fi gure 4.32) and it may lead to 
an irregular heartbeat (arrhythmia) or even a heart attack. Persons with HCM 
are advised to refrain from vigorous physical activity or sudden intense activi-
ties such as weightlifting. 

Aortic valve

Out�ow tract

Mitral valve

Septum

Narrowed
out�ow tract

Leaky mitral
valve

Thickened
septum

Normal heartHypertrophic
cardiomyopathy

fiGuRe 4.32 HCM usually 
causes a thickening of the 
muscle wall that separates 
the left and right ventricles. 
This thickening, in turn, results 
in a narrowing of the blood 
outfl ow channel and damage 
to the mitral valve, resulting in 
leakage. 

HCM is the most common genetic cardiovascular disease and most cases of 
HCM are due to this inherited familial form. Some cases of HCM are not inher-
ited but are acquired, either as a consequence of high blood pressure or from 
an unknown cause. 
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Th e Baker IDI Heart and Diabetes Institute in Melbourne is a world 
leader in the area of cardiac magnetic resonance (CMR) imaging. Read 
the Biologist at work about how this technology is being used by Professor 
Andrew Taylor, Head of Clinical Imaging, and his research team in studies 
of cardiac fi brosis. Cardiac fi brosis is a condition in which fi brotic tissue 
replaces the normal healthy muscle tissue of the heart, leading to abnormal-
ities of heart structure and function. Th e occurrence of cardiac fi brosis is not 
specifi c to HCM. However, a positive correlation has been found between 
the amount of fi brosis and the degree of ventricle wall thickening in HCM. 
Th e identifi cation of the amount of cardiac fi brosis is a pointer to the severity 
of HCM. 

biOlOGist at WORk

Professor andrew taylor
I am a cardiologist, currently working full time at 
Th e Alfred Hospital, Melbourne in the Heart Failure 
and Heart Transplant Unit, and at the Baker IDI 
Heart and Diabetes Research Institute. In addition 
to directly looking after patients with advanced 
heart disease, I spend a lot of my time in cardiac 
imaging, a fi eld of medicine that has advanced 
greatly over the last decade. While the mainstay of 
heart imaging has been cardiac ultrasound (known 
as echocardiography), new technologies have 
emerged that enable higher resolution imaging of 
the heart, and are capable of demonstrating tissue 
characteristics that could not be identifi ed with 
echocardiography.

CMR imaging has evolved into a standard cardiac 
test and each year we perform close to 1000 of these 
tests at the Alfred (see fi gure 4.33). Th e strength of 
CMR is that, in addition to providing 
better image quality than echocar-
diography, it can also provide infor-
mation on cardiac tissue, such as 
the presence of cardiac scarring, 
oedema, infl ammation or fatty infi l-
tration. Figure 4.34 demonstrates 
cardiac scarring due to a prior 
heart attack, which is one of the 
most common abnormalities CMR 
is used to identify. Our group has 
utilised CMR imaging in numerous 
research studies and demonstrated 
important relationships between 
cardiac scarring and adverse out-
comes in heart failure, including 
worsening of symptoms, and even 
sudden death.

I fi rst studied medicine at uni-
versity for 6 years to get my basic 
degree, and after that undertook

fiGuRe 4.33 Professor Andrew Taylor of The Alfred 
Hospital and the Baker IDI Heart and Diabetes 
Institute. At his left is the CMR imaging equipment.

fiGuRe 4.34 (a) Magnetic resonance image (MRI) of the heart of 
a patient following a heart attack. Note the extensive scarred heart 
muscle (arrowed). The contrast between the healthy and the scarred 
tissues of the heart has been made more apparent by the use of a 
gadolinium contrast medium that is retained in the damaged heart 
tissue. LV (left ventricle), RV (right ventricle), LA (left atrium), RA (right 
atrium). (b) Image of the heart of a healthy volunteer

(a) (b)

Odd fact

Fibrosis is a type of scarring. 
Fibrotic, or scar, tissue shows 
an accumulation of fi broblast 
cells with an abnormal 
deposition of extracellular 
material.
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4  years of practical training as a medical resident 
and registrar. Following this I completed a further 
3 years of advanced training in cardiology to become 
accredited as a cardiologist. I then spent another 
3 years completing a PhD and a further year working 
in Berlin where I learned all about the then-new 
technology of CMR. When I returned to Melbourne 
in 2003 I established the CMR service at the Alfred, 
which is one of only a handful of high volume CMR 
services in Australia.

While becoming a qualified cardiologist was a 
fairly long road, it has been an exciting and stimu-
lating path. Recently, I have needed to revisit the 
mathematics from my high school years, as this is 
important in understanding CMR physics as well as 
biostatistics, which is essential for the research that 
I take part in. I now supervise a number of PhD stu-
dents and am constantly amazed at the high quality 
of junior doctors and researchers who are coming 
through the system.

key ideas

 ■ The heart acts as a pump to maintain a rhythmic circulation of the blood.
 ■ Various technologies can assist in the diagnosis and treatment of disorders 
affecting various components of the circulatory system.

 ■ The risk of some disorders can increase due to particular personal 
behaviours. 

 ■ Capillaries have walls just one cell thick and are the sites where exchange 
of materials between the blood and nearby cells can occur.

Quick check

13 What component of the circulatory system is affected by the following 
disorders?
a Leukaemia
b Hypertrophic cardiomyopathy
c Aortic aneurysm

The excretory (urinary) system
Living organisms carry out life-sustaining chemical reactions all the 
time. However, some of these reactions generate products that are toxic, 
or are in excess of immediate needs but cannot be stored or they can 
become harmful if they accumulate. As a consequence, these unwanted, 
excess or toxic metabolic products must be removed in a process known as 
excretion.

For unicellular organisms, such as microbes and some protists, wastes are 
excreted from their cells through a process of simple diffusion across their 
plasma membranes to their external environment. For simple animals, such 
as sponges, diffusion is also their means of excreting wastes. However, as ani-
mals became more complex in structure, the ability to excrete wastes depends 
on special organs and systems. In the case of mammals, one of these systems is 
the excretory (urinary) system for the excretion of N-wastes, mainly urea. The 
other major waste product produced by mammals is carbon dioxide, which is 
excreted by another system, the respiratory system. The principal organs of the 
human excretory system are shown in figure 4.35, which summarises the func-
tion of each part. 

unit 1 heterotrophs: 
metabolic 
waste and 
toxin removal
Concept summary 
and practice 
questions

aOs 1

topic 4

concept 10

UNCORRECTED P
AGE P

ROOFS



NATuRE of biology 1164

fiGuRe 4.35 The kidneys are 
vital organs that form part of 
the excretory (urinary) system. 
Kidneys produce urine that is 
transported via the ureter to 
the bladder for storage. From 
there, it passes through the 
urethra and is excreted by the 
body, carrying with it many 
wastes and other substances 
that are present in excess or 
are unneeded.

Vena cava
Aorta

Renal artery

Renal veinKidney
Filters the
blood and
produces

urine
Ureter
Transports urine
from kidney
to bladder

Urethra
Transports urine
from bladder to
outside body

Bladder
Stores urine

In this section, we will explore the system responsible for the excretion of 
N-wastes in mammals. Th is system is also responsible for ensuring a balance 
between water gained by the body and water lost. But fi rst, what is the source 
of these N-wastes?

Sources of N-wastes
For mammals, the major source of the N-wastes they excrete is their dietary 
proteins. Proteins are essential nutrients that mammals obtain from the food 
that they eat; foods rich in proteins include fi sh, meat, eggs, milk, cheese, 
yoghurt, nuts, grains and the dried seeds of peas and beans (see fi gure 4.36). 

fiGuRe 4.36 Proteins are 
an essential part of the 
human diet. The percentage 
of proteins in these foods 
varies with skinless chicken 
breast and fi let steak (about 
28 g protein/100 g), poached 
salmon (about 21 g/100 g), 
boiled egg (about 12 g/100 g), 
almonds (about 17 g/100 g). 
Fresh beans have low levels 
of protein but their dried 
seeds and those of other 
legumes are very rich sources 
of protein. Likewise, milk 
has some protein but its 
concentrated products such 
as cheese (about 25 g/100 g) 
and yoghurt are richer sources 
of protein.

Odd fact

Estimated average 
requirements (EARs) for 
dietary protein vary by 
gender and age. For 14- to 
18-year-old girls, the EAR is 
35 g protein per day, while 
boys in the same age range 
have an EAR of 49 g per day.
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Th e proteins in food are broken down into their amino acid subunits through 
digestion. After absorption into the body, these amino acids are used to build a 
mammal’s own proteins as part of growth and repair. In addition, the proteins 
of the body are continually being broken down and resynthesised in a pro-
cess called protein turnover. However, amino acids in excess of these require-
ments cannot be stored.

What happens to excess amino acids? Simply excreting excess amino 
acids as such would throw away molecules that contain useful chemical 
energy. Instead, in mammals excess amino acids are transported to the 
liver where they are ‘dissected’ into two parts. Figure 4.37 shows a simpli-
fi ed summary of how excess amino acids are treated in mammals. Th e 
N-containing part of each amino acid is removed as ammonia (NH3). Th e 
remaining part, known as a carbon skeleton, is used as a source of energy, 
either by aerobic respiration or by conversion to glucose. Th e removal of the 
nitrogen-containing part from an amino acid is a process termed deamination. 
Th e ammonia that is produced by deamination in liver cells is immediately 
converted to urea, and this is the form in which most N-wastes of mammals 
are excreted.

fiGuRe 4.37 Excess amino acids are transported to the liver where they are 
deaminated — this is like a ‘dissection’ in which the N-containing part of the 
amino acid is removed as ammonia (NH3). In mammals, the ammonia is then 
converted to urea for excretion from the body. The carbon skeleton that remains 
can be used for energy production.

excess
amino acid

carbon
dioxide

water ammonia

ammonia urea water

carbon skeleton+

+ +

+

Deamination of amino acids

Conversion of ammonia to urea

2H

Energy production

NH3

NH3 CO2 (NH2)2CO H2O

O C COOH

R

H2N CH COOH + H2O

R

Deamination of excess amino acids is the major source of N-wastes in 
mammals. Other N-wastes come from the breakdown of nucleic acids into 
their nucleotide subunits and from metabolic activity of skeletal muscle that 
generates creatine and its derivative, creatinine. 

Some animals excrete N-waste as unchanged ammonia. Other animals 
expend energy to convert ammonia to other excretory products, either urea 
or uric acid. For example, all birds convert ammonia to uric acid for excretion, 
while all mammals convert ammonia to urea for excretion. Th e conversion of 
ammonia to urea or to uric acid for excretion requires an input of energy. Why 
bother? Is this a waste of energy? Th e following box will help you think about 
these questions.
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Th e form in which N-wastes are excreted depends 
on the availability of water in the environment in 
which the animal lives, and on the enzymes that 
it possesses. Table 4.4 outlines the diff erent prop-
erties of the three major forms of N-wastes. Of the 

three excretory products, which has the highest 
energy cost of production? Which is the most 
effi  cient in conserving water? Which is the most 
toxic? Which N-waste removes the most nitrogen 
per molecule?

table 4.4 Types of N-wastes excreted by various animal groups

Ammonia (NH3) urea (CH4N2o) uric acid (C5H4N4o3)

highly toxic 100 000 times less toxic than NH3 non-toxic

production in liver cells production in liver cells production in liver cells

requires least energy requires more energy requires most energy

excretion of one molecule 
removes one N atom

excretion of one molecule removes two 
N atoms

excretion of one molecule removes 
four N atoms

very highly soluble in water good solubility in water insoluble in water 

requires lots of water for 
excretion: 500 mL needed for 
excretion of 1 g nitrogen

requires less water for excretion: 50 mL 
needed for excretion of 1 g nitrogen

requires least water for excretion: 
10 mL needed for excretion of 
1 g nitrogen

excreted as very dilute urine excreted as more concentrated urine excreted as a white semi-solid paste

rapid excretion rate slower excretion rate slowest rate of excretion

seen in most aquatic 
invertebrates, larval amphibians 
and most freshwater fi sh

seen in all mammals, sharks, land 
turtles and adult amphibians

seen in birds, insects, arthropods, 
some reptiles (lizards, snakes) and 
land snails

Ammonia
Ammonia is highly toxic (see fi gure 4.38) and very 
soluble in water. Because of its toxicity, ammonia 
must be excreted rapidly from cells and must be 
diluted in large volumes of water. Note that the 
excretion of just one gram of N-wastes (in the 
form of ammonia) requires about half a litre of 
water. For this reason, the only animals that can 
excrete N-wastes as ammonia are animals that 
live in a watery environment, such as aquatic 
invertebrates. 

fiGuRe 4.38 Ammonia is a toxic gas. In 
aqueous solution, it is called liquid ammonia. 
Its toxic effects can result from breathing 
ammonia gas or swallowing liquid ammonia.

Urea
Th e situation for terrestrial animals diff ers from that 
of aquatic animals. A constant challenge for animals 
living in a terrestrial environment is to prevent dehy-
dration by minimising water loss from their bodies. 
Mammals, for example, excrete their N-wastes mainly 
as urea and not as ammonia. Advantages of urea are 
that it is far less toxic than ammonia and its excretion 
requires far less water than ammonia, which means 
excreting urea conserves water. However, the con-
version of ammonia to urea requires energy: 

ammonia + carbon dioxide + 3 ATP → 
urea + water + 2ADP + AMP

Uric acid
Other animals such as birds, insects and many reptiles 
excrete their N-wastes as uric acid. Th e advantages 
of uric acid are that it is non-toxic and its excretion 
requires very little water as uric acid is excreted as a 
semi-solid white paste (see fi gure 4.39). A key advan-
tage of uric acid is that the developing embryos of 
birds and reptiles are sealed inside eggs with shells 
that are permeable only to gases. Th e N-wastes of 
these embryos are excreted as insoluble, harmless 
uric acid crystals that can be safely stored inside the 
egg. However, the conversion of ammonia to uric acid 
involves a very complex series of energy-requiring 
reactions, so this conversion is costly in energy terms; 
in fact, each molecule of uric acid formed from 
ammonia requires the energy of 8 ATP molecules.

Why uRea? Why NOt aMMONia?
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fiGuRe 4.39 Part of a colony of cormorants along 
the coast of France. Note the extensive white uric 
acid droppings produced by these birds. 

Some animals switch the kind of N-waste that 
they excrete as their lifestyles change. For example, 
amphibians such as frogs and toads excrete ammonia 
when they are tadpoles that live fully in water. As 
adults living partly on land and in water, frogs and 

toads excrete their N-wastes as urea. However, some 
amphibians remain totally aquatic all their lives, for 
example, the African clawed frog (Xenopus laevis), 
an inhabitant of rivers, lakes, ponds and swamps 
(see fi gure 4.40). Th is frog continues to excrete its 
N-wastes as ammonia as an adult. 

fiGuRe 4.40 The African clawed frog (Xenopus 
laevis) lives in water both as a tadpole and as an 
adult. In what form does it excrete its N-wastes as a 
tadpole? As an adult frog?

key ideas

 ■ The major source of N-wastes in mammals is excess amino acids derived 
from the proteins in their diet.

 ■ In mammals, amino acids in excess of requirements cannot be stored.
 ■ Excess amino acids undergo a process of deamination that removes their 
N-containing part, leaving the carbon skeleton.

 ■ The ammonia that is produced by deamination in mammals is immediately 
converted to urea.

 ■ In mammals, urea is the form in which most of their N-wastes are excreted. 
 ■ Other animals excrete their N-wastes either as ammonia or uric acid, 
depending on the availability of water in their external environment and on 
the type of egg they produce.

Quick check

14 What is the major source of N-wastes in mammals?
15 What are the three major forms in which N-wastes may be excreted by 

animals?
16 Identify whether each of the following statements is true or false.

a Deamination is the process of removal of nitrogen-containing groups 
from amino acids.

b The carbon skeleton product from deamination of amino acids is excreted.
c Amino acids in excess of needs cannot be stored by animals.
d The main form in which mammals excrete N-wastes is ammonia. 
e Ammonia is more toxic than uric acid.
f More water is required for the excretion of urea than for uric acid.

Odd fact

The masses of uric acid 
excrement produced by 
large colonies of seabirds 
is termed guano, and it 
has been mined for use 
as an agricultural fertiliser. 
Currently, fertilisers produced 
by industrial processes have 
largely replaced the use of 
guano as a fertiliser. 
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Human excretory system
All mammals depend on an excretory system to remove N-wastes. Th e circula-
tory system transports metabolic wastes (except carbon dioxide) from all body 
cells to the kidneys for excretion. As a result, the kidneys have a very rich blood 
supply, which highlights their importance as organs of waste removal. For a 
person at rest, their kidneys receive blood via the renal artery at the rate of just 
over one litre per minute. Th is represents about 25 per cent of the total output 
of the heart even though the kidneys represent less than 0.5 per cent of the 
body mass. In contrast, the brain receives about 15 per cent, the heart about 
3 to 5 per cent and the skin about 5 per cent of the output of the heart. (Would 
these fi gures be expected to change, for example, during vigorous exercise?)

fiGuRe 4.41 A resin cast showing the rich blood supply of the kidney. Note the 
two renal arteries (purple), branching from the aorta, that supply blood to the 
kidney. The network of blood vessels within the kidney includes the clusters of 
capillaries (glomeruli). Urine produced by the kidney leaves via the two ureters 
(yellow) and travels to the bladder.

Urine is the fl uid through which N-wastes are excreted from a mammal. 
Wastes are highly concentrated in the urine, relative to their concentration in 
the blood. For example, the concentration of urea, the major N-waste, in the 
blood of a healthy human adult lies in the range of 2.0 to 8.0 mmol /L. Th e con-
centration of urea in human urine can reach a maximum of about 880 mmol/L. 

Kidneys
You have two kidneys. Th ey are fl attened bean-shaped organs, about 11 cm 
long, 5 to 7.5 cm wide and about 2.5 cm thick. Each kidney weighs about 150 g, 
and they are located on each side of the spine, partly protected by the rib cage 
and embedded in a mass of fat for protection. Kidneys are vital organs; you 
would survive for only a few days without them, although you can live with 
only one functioning kidney.

Kidneys are adapted for fi ltering wastes from the blood. Th ey also excrete 
hormones and other substances such as vitamins that would otherwise build 
up in the body. Kidneys also maintain a correct balance of ions in the blood by 
excreting those that are in excess. Th is maintains the pH (or degree of acidity) 
of the blood. 
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A thin layer of cells, the capsule, surrounds each kidney.
Th e outermost layer of kidney tissue is the cortex, a granular-looking layer 

that extends into the second, striated layer, the medulla (see fi gure 4.42a). 

(a)
(b)

fiGuRe 4.42 The mammalian kidney (a) Diagram of longitudinal section through a mammalian 
kidney showing some features of its internal structure (b) Longitudinal section through a 
sheep kidney. The glomeruli and Bowman’s capsules are located in the darker outer cortex of 
the kidney. The lighter inner medulla shows distinctive striations and is the region where the 
U-shaped portions of the tubules are concentrated. The fatty tissue at the centre right protects 
the blood vessels that enter and exit from the kidney as well as the ureter, the tube that 
transports urine to the bladder. 

Th e basic functional unit of the vertebrate kidney is the nephron (see 
fi gure 4.43; also refer to fi gure 4.2, p. 134). Th e processes of fi ltration and 
reabsorption in the nephrons enable the composition of body fl uids, 
including blood and tissue fl uids, to be maintained or regulated within 
narrow limits. If there is too much of a compound in the blood, it can be 
removed via the kidney. Th e artery that enters the kidney, the renal artery, 
branches in much the same way as any other artery into arterioles and 
fi nally branches into capillaries. Each human kidney has a large number of 
nephrons, the total ranging from 200  000 to about 2 million. Each nephron 
consists of a cluster of capillaries, called a glomerulus, and a long tubule 
that shows clearly defi ned regions (see fi gures 4.43 and 4.44). Th e glomeruli 
give the cortex its granulated appearance. One end of the tubule, known as 
Bowman’s capsule (see fi gure 4.43), forms a thin-walled container around 
the glomerulus; this is where the fi ltrate from the blood enters the tubule. 
Th e other end of the nephron joins a collecting duct; this is the duct that 
carries the modifi ed fi ltrate, known as urine, to the ureter. Note that part of 
the tubule, the loop of Henle (see fi gure 4.43), is U-shaped and extends into 
the medulla of the kidney. Th e loops of Henle give the medulla a striated 
appearance.
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Th e arteriole that leaves the capillaries of the glomerulus forms 
another capillary network around the tubules. Th ese are known as the 
peritubular capillaries (peri = around). Th is is the site where materials are 
exchanged between the bloodstream and the fi ltrate in the tubules in the pro-
cesses of reabsorption and secretion.

fiGuRe 4.43 Kidney nephron (a) Simplifi ed diagram of kidney nephron 
(b) Detailed structure of a nephron. Each nephron has fi ve parts: Bowman’s capsule, 
the proximal tubule, the Loop of Henle, the distal tubule and the collecting duct. Note 
the associated blood vessels: the glomerulus and the peritubular capillaries that wind 
around the rest of the kidney tubule. This intimate contact of tubule and capillaries 
enables material to be exchanged between the fi ltrate in the nephron tubule and the 
blood.

Glomerulus

Bowman’s
capsule

Proximal
tubule

Loop of
Henle Peritubular

capillary

Collecting duct

Distal
tubule

(a)

Bowman’s
capsuleProximal

tubule

Arteriole

Glomerulus

Collecting
duct

Loop of
Henle

Petritubular
capillary

Venule

Distal tubule

(b)

Odd fact

It has been estimated that the 
total length of all nephrons in 
an individual is about 85 km.
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fiGuRe 4.44 Photomicrographs of kidney tissue (a) Section through the kidney showing a glomerulus (arrowed) within 
a Bowman’s capsule. Filtrate from the blood passes into the space within this capsule. Surrounding the glomerulus and 
Bowman’s capsules are cross-sections through kidney tubules. (b) Transverse section at higher magnifi cation showing a 
cross-section of several kidney tubules. What would be found within the tubules of a functioning kidney? 

(a) (b)

Making urine
In a 24-hour period, the volume of fi ltrate produced is about 180 litres, and in 
the same period the volume of urine produced is about 1 to 2 litres, a reduction 
of almost 99 per cent. So, in its passage through the nephron tubules, most of 
the fi ltrate is reabsorbed. Th e reabsorption involves processes of active trans-
port of ions and some organic molecules, such as glucose. Th e reabsorption of 
water is by passive diff usion down the concentration gradient created by the 
reabsorption of ions. Th e average change in the volume of fi ltrate as it passes 
through the nephrons is shown in table 4.5. At the end, it is termed urine. In 
which region of the kidney tubule does most of the reabsorption of water occur?

table 4.5 Average change in volume of fi ltrate in its passage from Bowman’s 
capsule to the end of the collecting duct of the nephron 

location Percentage of original fi ltrate present
Bowman’s capsule 100
end of proximal tubule  20
end of Loop of Henle  14
end of distal tubule   5
end of collecting duct   1

Note: Th e percentage changes are given as average fi gures.

formation of urine
Waste materials are � ltered from the blood in the coiled capillaries that 
form the glomerulus. Note that the arteriole leaving a glomerulus has a 
smaller diameter than the arteriole entering a glomerulus. Th is means that the 
blood in the glomerular capillaries is under pressure. Because blood is under 
pressure, substances are forced through the glomerular walls and into the 
Bowman’s capsule. About one-fi fth of all plasma that passes through a glomer-
ulus is fi ltered through the capsule into the tubule. In a healthy kidney, pro-
teins and other large macromolecules, as well as the blood cells, do not leave 
the blood. Th e fi ltrate that moves into the kidney tubule from the glomerulus 
contains water, N-wastes, nutrients, such as glucose, and salts. Obviously some 
of these compounds can be used by the body and need to be re-absorbed from 
the tubule fl uid into the bloodstream in some way (see fi gure 4.45). 

Odd fact

Cats excrete urine that is 
more concentrated than 
that of humans. If cats are 
fed food with high levels of 
magnesium and drink little 
water they may develop 
bladder stones from crystals 
of magnesium and the 
urethra may become blocked. 
This is called feline urologic 
syndrome (FUS) and can 
be fatal if it is not treated. 
Both sexes suffer from the 
condition but males are 
more likely to have a blocked 
urethra. This condition can be 
minimised by ensuring that 
cats have access to fresh 
water.
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As � uid moves along the tubules, useful compounds that have been 
� ltered out in the glomerulus, such as glucose, are reabsorbed into the 
capillaries that wind around the tubule (refer to fi gure 4.44b). In some cases 
this reabsorption occurs by a process of diff usion, while other compounds are 
actively transported against a concentration gradient (see fi gure 4.45).

Bowman’s
capsule

Arteriole

Arteriole

Proximal
tubule

This tube represents
the capillary network.

filtration
Pressure forces fluids 
and dissolved 
substances through 
walls of the glomerular 
capillaries into the 
Bowman’s capsule.

Reabsorption
Water, salts and nutrients 
move by diffusion or 
active transport from 
the tubule into the 
surrounding capillaries.

Secretion
Excess ions and 
chemicals such as drugs 
are secreted from the 
surrounding capillaries 
into the tubule.

Excretion
Excess water and solutes are 
eliminated in the form of urine.

fiGuRe 4.45 Summary of 
urine formation in mammals. 
Material forced through the 
glomerulus into the Bowman’s 
capsule passes along the 
tubule of the nephron. Some 
material and much of the 
water is reabsorbed from the 
nephron tubule by the blood; 
other material is added to the 
fi ltrate in the tubule. 

In addition, some compounds are added to the fi ltrate from the bloodstream 
by a process called secretion, in particular, pharmaceutical drugs such as peni-
cillin. Some ions are also secreted. Th e secretion of ions helps the body control 
the pH or acidity of blood and other tissues. As hydrogen ions are secreted into 
the tubule, sodium ions are displaced from the fl uid and reabsorbed by the body. 

� e � uid that reaches the end of the nephron tubule is urine. Because of 
the reabsorption that has taken place along the tubules, only about one per 
cent of the fl uid that is fi ltered by the glomeruli actually leaves the kidney. 

Th e composition of a person’s urine, how much is produced and its pH depend 
on the body needs of that person. For example, a diet high in protein leads to 
higher concentrations of N-wastes in the urine. If a person is on medication of 
some kind, that material may be found in urine. High doses of vitamin C result in 
that vitamin being found in the urine. A person of average health on a mixed diet 
produces 1200–1500 mL urine daily. Th e composition of this is shown in table 4.6. 

Mammals produce hypertonic urine. Hypertonic urine contains a higher 
concentration of solutes than are present in the body fl uids of the same 
animal. Other animals, such as freshwater bony fi sh and amphibians, produce 
hypotonic urine. Hypotonic urine contains a lower concentration of salts than 
do the body fl uids of the same animal. 

Th e urine is carried away from each kidney by the ureter. Each of these tubes 
is about 25–30 cm long and has a diameter of just over 1 cm at its widest part. 

Two ureters, one from each kidney, transport the urine to the bladder, a 
muscular bag that stores the urine until it leaves the body. Th e urine is trans-
ported from the bladder to outside the body by the urethra. 

In summary, the key functions of kidney nephrons are (see fi gure 4.46):
1. Filtration of the blood. Filtration occurs at the glomerulus where the fi ltrate from 

the blood is forced into the Bowman’s capsule. Th e average fi ltration rate in a 
healthy adult is up to 180 litres per 24 hours. Yet the average amount of urine 

table 4.6 The composition of 
urine from a person of average 
health on a mixed diet

Component Percentage

water 95

solids, including: 5

•	 urea 2

•	 uric acid 0.03

•	 ammonia 0.05

•	 creatinine 0.1

•	 sodium 0.6

•	 chloride 0.6
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173CHAPTER 4 Staying alive: systems in action

produced by a person in a 24-hour period is only 1 to 2 litres. Clearly, something 
else happens in the kidney and this is the process called reabsorption. 

2. Reabsorption. Reabsorption is the process by which water and other substances 
are removed from the tubule fl uid and returned to the bloodstream. Reabsorp-
tion occurs mainly in the proximal tubules. Useful substances, including water, 
glucose and electrolytes, such as Na+ ions, Cl− ions and potassium ions are 
transported from the fi ltrate back into the peritubular capillaries. 

3. Secretion. Secretion is a process of active transport of substances including 
drugs and ions from the blood in the peritubular capillaries into the fl uid in 
the distal tubule. Substances that are secreted include drugs (e.g. penicillin 
and morphine) and some ions such as hydrogen ions that are important for 
acid–base (pH) balance. 

Glomerulus

Bowman’s
capsule

Filtrate formed

Proximal
tubule

Loop of
Henle

Urine

Distal
tubule

Filtration Reabsorption Secretion

Water Organic molecules
and/or ions (e.g. Na+, CI–)

Collecting
duct

Peritubular
capillary

fiGuRe 4.46 Stylised and 
simplifi ed diagram showing 
the structure of a nephron 
and the key functions of its 
various sections of the tubule: 
glomerular fi ltration, tubular 
reabsorption and tubular 
secretion. Filtrate from the 
capillaries of the glomerulus 
passes into the space within 
the Bowman’s capsule. The 
fi ltrate with toxic, excess and 
unneeded substances then 
passes along the nephron 
tubules. Water and useful 
substances (organic molecules 
and ions) are reabsorbed 
from the fi ltrate at various 
points along the tubule and 
returned to the bloodstream 
at the peritubular capillaries. 
Additional substances (drugs 
and other ions) are also 
removed from the blood and 
added to the kidney fi ltrate by a 
process of secretion. 

Th e fi nal volume of urine produced at the end of the collecting duct is given 
by the following equation:

volume of urine = volume fi ltered − volume reabsorbed + volume secreted

or

excretion = fi ltration − reabsorption + secretion

Th e excretory system provides an example of how organs (kidneys, ureters, 
bladder and urethra) can be combined to form a working system that carries out a 
major life-sustaining function in a mammal. Systems do not operate in isolation; 
the excretory system is dependent for its operation on the circulatory system. 

What can go wrong
Problems with kidneys and kidney function are the major causes of issues in 
the excretory system:
1. End stage kidney disease. Kidney failure of varying degrees can occur, with 

the most serious condition being end stage kidney disease. In the introduc-
tion to this chapter (p. 134), this condition was discussed as was the use of 
haemodialysis to replace some of the defective kidney functions. 
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2. Kidney stones. Another condition that can affect the mammalian excretory 
system are kidney stones, also termed renal calculi. Kidney stones are hard 
crystalline deposits made of minerals and acid salts that form in the kidney. 
From there, stones can pass to other parts of the urinary system or may stay 
lodged in the kidney. Kidney stones can be produced if the urine volume is 
decreased making the urine more concentrated. This can occur if a person 
becomes dehydrated. The mineral most commonly found in kidney stones 
is calcium oxalate (in about 70% of cases). Other minerals include calcium 
phosphate (10%) and uric acid (5–10%).

key ideas

 ■ In unicellular microbes, protists and the simplest animals, wastes are 
removed by a process of simple diffusion across the plasma membrane.

 ■ Animals with complex multicellular structures use specialised tissues, 
organs and systems for waste removal.

 ■ In mammals, the excretory system is responsible for removing N-wastes 
from the blood and plays a role in water balance.

 ■ The mammalian excretory system consists of several organs, with the 
principal organ being the kidneys.

 ■ The functional unit of the kidney is the nephron.
 ■ End stage kidney disease is a serious and life-threatening condition.
 ■ Haemodialysis is a medical intervention that can replace some of the 
defective kidney functions.

Quick check

17 What is the main excretory product found in human urine?
18 Identify whether each of the following statements is true or false.

a Drugs are among the substances that are secreted into the tubules of 
the kidney nephrons. 

b Reabsorption of substances occurs by both passive diffusion and active 
transport. 

c The concentration of urea in the blood is equal to its concentration in 
the urine.

19 Identify a medical intervention that can be used in end stage kidney disease.

Mammalian respiratory system
Aerobic respiration produces essential energy in the form of the chemical 
energy of ATP. The following equation shows that another product is carbon 
dioxide:

glucose + oxygen → carbon dioxide + water + energy (ATP)

For those organisms, both autotrophs and heterotrophs, that depend on aer-
obic respiration for their supply of energy, oxygen is an essential reactant that 
must be supplied to every cell. The carbon dioxide produced by aerobic res-
piration is not needed by heterotrophs, and is a waste product that must be 
excreted. 

Animals that depend on aerobic respiration for staying alive must have a 
means of obtaining oxygen for supply to all their cells and a means of removing 
carbon dioxide from their cells. This is the essence of gas exchange: oxygen in 
and carbon dioxide out.

For unicellular microbes and protists, these needs can be met by simple 
two-way diffusion across their plasma membrane. Simple animals such as 

unit 1 heterotrophs: 
respiratory  
system
Concept summary 
and practice 
questions

aOs 1

topic 4

concept 7
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175CHAPTER 4 Staying alive: systems in action

sponges and jellyfi sh also rely on gaining oxygen and losing carbon dioxide by 
diff usion into and out of their body cells. Complex and larger multicellular ani-
mals, however, have specialised tissues, organs and systems where the oxygen 
they require can be taken into the body and the carbon dioxide waste can be 
removed; this is the role of the organs of the respiratory system. In addition, 
these animals typically use a transport system, such as the blood circulatory 
system, to distribute oxygen that enters the body to all its cells and to carry 
waste carbon dioxide away from its cells. 

Th e surfaces where gas exchange occurs are specialised respiratory surfaces. 
In mammals, these surfaces are within the lungs and they have a number of 
features, including:
•	 having a large surface area 
•	 being constantly moist because gases need water for their diff usion 
•	 being thin to ensure a short diff usion distance
•	 having a concentration gradient across the surface
•	 having respiratory surfaces very close to a rich network of blood capillaries 

that either carry gases away from or bring gases to the respiratory surface.
In mammals, the respiratory surface is kept moist and protected from drying 

out by being folded inside the body surface — a bit like pockets within the body. 

Human respiratory system
Figure 4.47 shows the human respiratory system with the lungs that are key 
organs in gas exchange. Lungs are the respiratory organs, not only in people, 
but also in other terrestrial vertebrates. 

Terminal
bronchiole

Bronchus

Lung

Pharynx

Bronchiole

Secondary
bronchus

Trachea
Larynx

Tissue
along

lobe of
lung

Lymphatics

Pulmonary
arteriole

Bronchiole(b)(a) Pulmonary venule

Terminal bronchiole

Respiratory bronchiole

Alveolar duct

Alveoli

Capillary network
over alveolar sac

Nasal
cavity

fiGuRe 4.47 (a) Organs of the human respiratory system. The major organs for gas exchange are the lungs. (b) A portion 
of the lung expanded to show some detail. Note in particular the clusters of alveoli at the ends of the terminal bronchioles. 
A cluster of alveoli forms an alveolar sac. Alveoli provide the respiratory surfaces where gas exchange occurs. As expected, 
they are closely associated with a network of capillaries. 
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Th e lungs are paired, lobed organs lying in the thoracic cavity 
(the chest). Air reaches the lungs via an airway that starts at the 
nasal cavity and continues as the trachea (windpipe), that is, the 
main airway in the chest. Th e trachea divides into two bronchi 
(singular: bronchus) that enter the lungs. Within the lungs, each 
bronchus divides into tubes of smaller and smaller diameter, 
called bronchioles. Figure 4.1 (p. 133) indicated the extensive 
branching of the airways. At the ends of the smallest bronchi-
oles are alveolar sacs composed of many alveoli. 

Th e lung has a rich supply of blood vessels. Blood vessels 
deliver blood loaded with carbon dioxide from body cells to 
the capillary beds that surround the alveoli. Here, carbon 
dioxide is unloaded into the alveoli and oxygen is picked 
up from the alveoli for delivery to all body cells. Figure 4.48 
shows the complex of blood vessels (arteries and veins) and 
the airways in a mammalian lung. 

Th e interior of the lung is not smooth like an infl ated bal-
loon. Rather, the interior of the lung contains many tiny 
air-filled, moist compartments — these are the alveoli 
(see figure 4.49). These alveoli create a large internal sur-

face area that forms the respiratory surface. Th is is where exchange of gases 
occurs between the air in the alveoli and the blood in the capillary networks 
that surround the alveoli. Th e junction between the alveoli and the capillaries 
is called the blood–air barrier or the alveolar–capillary barrier. It is essential 
that gases can diff use across this barrier. But it is also essential that air bubbles 
cannot get into the blood from the lungs and that blood cannot get into the lungs. 

fiGuRe 4.49 Healthy lung tissue is moist, soft and spongy because of the many 
air-fi lled alveoli present in the lung tissue. The pink colour comes from rich blood 
supply to the lungs, including the blood in the many capillaries that surround the 
alveoli. The larger holes visible in this image are bronchioles.

fiGuRe 4.48 Latex cast of 
the airways (white), the arterial 
blood vessels (red) and the 
veins (blue) of the mammalian 
lung (Image courtesy of the 
Institute of Anatomy, University 
of Bern, Prof Ewald R Weibel)

Odd fact

The right lung is larger than 
the left lung. The right lung 
consists of three lobes of 
lung tissue while the left lung 
has just two lobes.
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Figure 4.50 shows a section through the alveoli in the deepest sections of the 
lungs. Th e spaces are the air sacs of the alveoli and they are closely associated 
with capillaries. You can identify the capillaries because they are fi lled with red 
blood cells. Th e junction between the alveoli and the capillaries are the sites of 
gas exchange.

fiGuRe 4.50 Photomicrograph showing a section through alveolar tissue of the lung. 
Note the thin boundaries between the alveoli that, in association with the capillary 
walls, form the blood–air barrier. 

Th is branching of tubes, which ends in about 300 million alveoli, provides 
an extremely large surface area across which gases are exchanged. It has 
been estimated that the surface area of the alveoli is about 130 m2. Compare 
this with the surface area of the skin of an average adult — about 2 m2! 

Th e alveolar–capillary membrane is very thin (only about 0.004 mm thick). 
Oxygen diff uses from the air in the alveoli across the alveolar–capillary mem-
brane into the blood where it combines with haemoglobin in the red blood 
cells. At the same time, carbon dioxide diff uses from the blood, mainly from 
the plasma, into the alveoli (see fi gure 4.51). 

fiGuRe 4.51 Alveoli provide 
the respiratory surfaces of the 
lungs for gas exchange. This 
diagram shows part of the 
alveolar respiratory surface. 
Note the thin border of the 
respiratory surface (left) that 
is just one cell thick. It is very 
close to a capillary (right) that 
also has a border just one cell 
thick. Gas exchange can readily 
occur with oxygen moving by 
diffusion from alveoli to blood 
and waste carbon dioxide 
moving by diffusion from the 
blood into the alveoli.
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Odd fact

On average, the human lung 
is estimated to contain more 
than 400 million alveoli, 
with a surface area of about 
130 m2.
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Although most carbon dioxide is carried in the blood in the form of bicar-
bonate ions (70 per cent) in plasma, about 23 per cent combines with haemo-
globin and the balance is dissolved in plasma. 

When a person breathes in and out, air moves in and out of the lungs. Air 
going into the lungs contains more oxygen than air leaving the lungs, and air 
leaving the lungs contains more carbon dioxide than air entering the lungs. 
Steep concentration gradients enable oxygen to diff use from the alveoli into 
the capillary blood, and carbon dioxide to diff use from the capillary blood 
into the alveoli. Th e concentration gradient for oxygen is constantly main-
tained because the continuous blood fl ow brings oxygen-poor blood to the 
capillaries surrounding the alveoli, while regular breathing brings oxygen-rich 
air into the alveoli. Likewise, the concentration gradient for carbon dioxide is 
constantly maintained because blood brings carbon dioxide–rich blood to the 
capillaries surrounding the alveoli, while breathing brings air that is poor in 
carbon dioxide into the alveoli. Th ere is never a complete changeover of air in 
the lungs. When we breathe out, there is always some air left in the lungs. Th is 
mixes with air that enters the lungs. We can reduce the amount of air that is left 
in the lungs by breathing more deeply; however, there is always a mixture of 
new and used air in the lungs. 

When you breathe in the diameter of each alveolus expands to about 0.1 mm, 
and when you exhale its diameter shrinks to about 0.05 mm. 

What can go wrong?
Th e alveoli of the human lungs provide the respiratory surface that enables gas 
exchange to occur. Emphysema is a respiratory disease in which the alveoli 
progressively become more and more damaged. Th e walls of the alveoli become 
weak, overstretched and can rupture, and they lose their elasticity. Breathing 
out becomes more and more diffi  cult, but not breathing in. Figure 4.52 shows 
an example of normal alveoli alongside alveoli with the typical damage of 
emphysema. 

Healthy alveoli
Normal alveoli

Alveoli with emphysema
Damaged alveoli

fiGuRe 4.52  Diagram 
showing normal alveoli of 
human lung (left) and alveoli 
showing the typical damage of 
emphysema (right)

Th e damage to the alveoli results in the creation of fewer large air spaces in 
place of the normal numerous small spaces within the alveolar sacs. Th is sig-
nifi cantly reduces the respiratory surface area of the lungs for gas exchange. 
A further complication is that the loss of elasticity of the alveoli means that 
persons with emphysema becomes less and less able to empty their lungs 
when they exhale. Overall, their ability to take up oxygen and remove carbon 
dioxide is severely restricted. Persons with emphysema feel permanently short 
of breath and cannot sustain physical exercise. 

unit 1 Organ and 
system failure: 
respiratory 
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Concept summary 
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The leading cause of emphysema is smoking, with the risk increasing as 
the amount of tobacco smoked and the number of years of smoking increase. 
Emphysema can also result from long-term exposure to air pollution or dust, 
or occupational exposure to certain chemicals or industrial fumes.

Some people may develop an inherited form of emphysema. This form of 
emphysema is very rare and is due to an inherited deficiency of a protein, 
known as alpha antitrypsin, that protects the elastic structures of the lungs. 

Unfortunately, once alveoli are damaged, this damage cannot be reversed. 
However, medical treatment may assist in relieving the symptoms of emphy-
sema and slow its progression. Among possible treatments are the use of bron-
chodilator medication or corticosteroid aerosols to reduce breathlessness, 
participation in rehabilitation programs involving breathing exercises and the 
use of supplemental oxygen to raise the blood oxygen levels when oxygen sat-
uration levels become low, as may occur in the later stages of this disease.

key ideas

 ■ Animals exchange gases with their external environment through special 
surfaces in their respiratory systems.

 ■ Respiratory surfaces have a large surface area, are moist, have thin cellular 
boundaries and are closely linked to a transport system. 

 ■ Gas exchange typically involves oxygen needed for aerobic respiration and 
carbon dioxide, a waste product of that same reaction.

 ■ Mammals exchange gases with their external environment via respiratory 
surfaces in the alveoli of their lungs.

 ■ Alveoli walls are closely bound to capillary walls, forming an air–blood barrier.
 ■ Gas exchange occurs across the air–blood barrier by diffusion of oxygen 
from alveoli into blood and by diffusion of carbon dioxide from the blood 
into the alveoli across this air–blood barrier.

 ■ Emphysema is a respiratory disease in which the alveoli become 
progressively and permanently damaged.

Quick check

20 Identify whether each of the following statements is true or false.
a Oxygen passes from alveoli to capillaries by diffusion. 
b The largest branches of the airway passages leading into the lungs are 

called bronchioles. 
c Two-way gas exchange is a means of removing N-wastes in animals.
d In lungs, movement in gases across the respiratory surface is by active 

transport.
e Respiratory surfaces must be moist.
f The damage to alveoli in emphysema cannot be reversed.

Tissues and organs in vascular plants
Vascular plants, also termed higher plants, are a group of plants that have 
woody (lignified) tissue, termed xylem, for the transport of water. These plants 
also have living tissue, termed phloem, for the transport of organic com-
pounds (sugars) produced by photosynthesis. The plants with which you are 
most familiar, such as flowering plants, shrubs and trees, conifers or pines, and 
ferns, are all vascular plants. 

Three primary organs are present in vascular plants: 
•	 leaves
•	 stems 
•	 roots. 
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Th ese organs are made up of various tissues. Just as in animals, tissues in 
plants are groups of similar cells working as a functional unit.

In higher plants, tissues can be diff erentiated into two groups on the basis of 
their ability(or lack of ability) to undergo cell division: 
•	 Meristematic tissues are made of cells that can undergo cell division and can 

continue to divide for the life of the plant. Meristematic tissue is found in the 
tips of roots and of shoots and is responsible for an increase in the length of 
the plant stems and roots. Meristematic tissue is also present along the length 
of stems and roots and is responsible for the increase in girth of a plant. 

•	 Permanent tissues are made of cells that can no longer divide. Permanent 
tissues include several tissue types that diff er in their functions.

 – Ground tissues provide support and storage areas for plants and are the 
site in leaves where photosynthesis occurs, for example, the parenchyma 
tissue that is composed of thin-walled cells (see fi gure 4.53a).

 – Vascular tissues are involved in the transport of water and nutrients, for 
example, xylem tissue that transports water and dissolved minerals from 
the roots to the rest of a plant, and phloem tissue that transports sugars 
throughout a plant (see fi gure 4.53b).

 – Dermal tissues protect plants and minimise water loss, for example, the 
epidermis that forms the outer cell layers of leaves and stems. Typically 
the leaf epidermis tissue is made of fl attened cells covered by a water-
proof non-cellular waxy cuticle (see fi gure 4.53c).

fiGuRe 4.53 Light micrographs showing 
examples of plant tissues: (a) parenchyma, 
a ground tissue (b) vascular tissue 
(c) epidermis, a dermal tissue, that is overlaid 
by a non-cellular waxy cuticle (pink)

(b)(a)

(c)

Odd fact

Grasses have no meristematic 
tissue at the tips of their 
shoots. Instead, they have 
meristematic tissue (known 
as intercalary meristem) at 
the base of their leaves where 
they join the root. This means 
that grass can grow after it 
has been mowed but not so a 
daisy.
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Figure 4.54 shows a simple classifi cation of the various tissues in vascular 
plants. 

fiGuRe 4.54 A classifi cation 
scheme of the major tissues in 
vascular plants 

Plant tissue

Meristematic tissue

Ground
tissue

Dermal
tissue

Vascular
tissue

Collenchyma

SclerenchymaParenchyma

Epidermis Xylem Phloem

Permanent tissue

Figure 4.55 shows the typical locations of these various tissue types in vas-
cular plants.

Leaf

Stem

Root

Dermal tissue

Location of tissue systems

Ground tissue

Vascular tissue

Transport in plants
Water is essential for the survival of plants and for their growth. Th is is no 
problem for aquatic plants and algae as they are surrounded by water. How do 
terrestrial plants obtain the water that they need? 
•	 Th e source of water for intake by higher terrestrial plants is water in the soil.
•	 Water input at the roots must be supplied to the cells in all parts of the plant, 

both sub-aerial and aerial. 
•	 Th e transport system for water in these plants is xylem tissue.
•	 Water loss in plants occurs via the open stomata of leaves in a process known 

as transpiration. 

fiGuRe 4.55 Location of 
various tissue types in parts of 
a vascular plant. The different 
types of tissue are denoted by 
various colours.
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In higher plants, water and dissolved minerals are transported from 
roots to shoots through the xylem tissue. Some minerals, the macronutri-
ents, are required in relatively large amounts for normal growth. Others, the 
micronutrients (also called trace elements), are needed in relatively small 
amounts. Th e xylem is one component of the vascular tissue of a plant; the 
other is the phloem, which transports organic nutrients, such as sucrose, 
from the leaves to all other parts of the plant, as well as hormones and 
any other organic material made by the plant. Such a system is necessary 
because only cells containing chloroplasts can photosynthesise and all 
other living cells in a plant rely on photosynthetic cells for their organic 
nutrients. 

Th e xylem and the phloem form an extensive network of ducts that 
reach from roots to leaves. Th e structure of these two tissues is outlined in 
fi gure 4.56. 

fiGuRe 4.56 (a) Transverse section through a portion of marram grass, Ammophila arenaria, showing a vascular 
bundle (b) Longitudinal section through xylem tissue. Note the xylem parenchyma cells and xylem vessels with their 
different kinds of lignifi ed thickening. (c) Longitudinal section through phloem tissue. Note the phloem parenchyma, 
companion cells and the lack of nuclei in sieve tube elements.

Xylem parenchyma cells

Nucleus Nucleus

Phloem
parenchyma 
cell

Companion 
cell

Sieve
plate

Sieve
tube
element

Xylem vessels

Xylem tissue Phloem tissue

(b) (c)

(a)

unit 1 autotrophs: 
water intake 
and water loss
Concept summary 
and practice 
questions

aOs 1

topic 4

concept 4

fiGuRe 4.57  Water moves to great heights in trees, 
from roots to the highest leaves.
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In higher plants, water and dissolved minerals are transported from 
roots to shoots through the xylem tissue. Some minerals, the macronutri-
ents, are required in relatively large amounts for normal growth. Others, the 
micronutrients (also called trace elements), are needed in relatively small 
amounts. Th e xylem is one component of the vascular tissue of a plant; the 
other is the phloem, which transports organic nutrients, such as sucrose, 
from the leaves to all other parts of the plant, as well as hormones and 
any other organic material made by the plant. Such a system is necessary 
because only cells containing chloroplasts can photosynthesise and all 
other living cells in a plant rely on photosynthetic cells for their organic 
nutrients. 

Th e xylem and the phloem form an extensive network of ducts that 
reach from roots to leaves. Th e structure of these two tissues is outlined in 
fi gure 4.56. 

fiGuRe 4.56 (a) Transverse section through a portion of marram grass, Ammophila arenaria, showing a vascular 
bundle (b) Longitudinal section through xylem tissue. Note the xylem parenchyma cells and xylem vessels with their 
different kinds of lignifi ed thickening. (c) Longitudinal section through phloem tissue. Note the phloem parenchyma, 
companion cells and the lack of nuclei in sieve tube elements.
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fiGuRe 4.57  Water moves to great heights in trees, 
from roots to the highest leaves.

As you know, materials such as glucose and oxygen 
are transported through your blood circulatory system. 
Blood is driven around your body through the action 
of a pump, your heart. Th e maximum height that your 
pumping heart must raise your blood is from your toes 
to your scalp, perhaps 183 cm for a tall person. Plants 
do not have hearts, but they can move water from their 
deep underground roots to their highest leaves, cer-
tainly a lot more than 183 cm (see fi gure 4.57). How 
does this happen? Let’s follow the path of water as it 
moves from intake at roots to leaves.

How material moves in 
vascular tissue
Movement of water through xylem
Water is absorbed by root hairs, moves through the 
cortex into the xylem in the vascular tissue and is 
transported throughout a plant, often to great heights. 
If a plant relied on air pressure alone to force water in 
the soil into the roots and up the stem, the maximum 
height of any plant would be about 10 m. Some trees 
are up to 100 m tall and so there must be some special 
features that make it possible for water to get to the top 
of such trees. Energy provided by the sun plays a major 
role in the process. 

You will know from your study of photosynthesis 
that gases enter and leave the leaf through the stomata. 
Most of the water lost by the plant moves out through 
stomata in the form of water vapour. Th e loss of water 
vapour from a plant via the stomata of its leaves is 
termed transpiration. Th e chain of events in transpira-
tion is as follows. 

Th e walls of the mesophyll cells are moist and the air spaces around them 
contain water vapour. As the sun shines, stomata open and gases are able to 
diff use in and out of the leaf. Water vapour moves through the stomata into 
the air surrounding the leaf. Water evaporates from the wall of the mesophyll 
cells to replace that lost from the air spaces. As water evaporates from the sur-
face of the mesophyll cells, water moves out of the cells to ensure that the walls 
are kept moist. In turn, water moves from the small xylem vessels into the 
mesophyll cells. 

When water moves out of the xylem in the leaf, it is replaced by water 
that is sucked in from the xylem leading into the leaf. In eff ect, water vapour 
moving out through the stomata sets up a chain reaction in which water in 
the xylem is moved through the vessels by the pulling or sucking movement 
of water ahead of it. Because of the pulling action, water in xylem vessels 
is under tension that is transmitted along the whole water column (see 
fi gure 4.58). 

What keeps water molecules together as they are pulled through a plant? 
Why does the column not break? Water has a tensile strength because of the 
cohesion of the molecules. Th ey tend to stick together and the smaller the 
diameter of the tube the molecules are in, the greater the tensile strength. 
Water molecules stick to the walls of xylem vessels (see fi gure 4.59). Th e 
cohesive property of water molecules prevents their pulling apart or pulling 
away from the walls of the xylem vessels as they are sucked up through the 
xylem (see fi gure 4.60). 

Odd fact

About 95 per cent of 
the water that is taken 
in by plants is used for 
transpiration and the 
remainder is used as a 
reactant in photosynthesis.
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The driving force of evaporation into dry air

Upper epidermis

In xylem of leaf vein

Water uptake from soil by roots

Cortex

Epidermis

Xylem

Endodermis
Cortex

Root hair

SoilEpidermis

Water molecules

In xylem of vascular column

Cohesion in xylem of roots, stems and leaves

Phloem

Stoma

Water molecules

Vascular cambium

Mesophyll cells

Lower epidermis

fiGuRe 4.58 Water is absorbed from the soil by roots and passes into xylem tissue, which carries it to all parts of the 
plant. Some of the water is used by cells but much passes through stomatal pores in leaves and is lost by transpiration. 

Movement of organic substances through phloem 
Soluble organic substances are transported by phloem tissue (see fi gure 4.60). 
Th ese substances travel from the leaves, where they are synthesised, to other 
parts of the plant where they are used or stored. Phloem also transports organic 
substances from storage sites to other regions of the plant for use. Th e trans-
port of organic material through a plant is called translocation. 
Sucrose: from leaves to phloem 
Photosynthesising leaves produce sugars and so are the source of organic 
matter for all parts of the plant. Sugars are actively transported, mainly as a 
sucrose, from leaves to other parts of the plant via sieve tubes. Th e energy 
required for the active transport is provided by companion cells. As the concen-
tration of sugar in phloem increases, water moves from the xylem by osmosis 
into the sieve tubes in that region. Th is increased volume of water increases 
the pressure in sieve tubes (see fi gure 4.60). Note the sieve tube elements in 
fi gure 4.61.

Glucose is produced during 
photosynthesis. It is either stored 
locally as starch or transported 
by phloem in the form of the 
disaccharide sucrose to other parts 
of the plant.
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Sugars

Water is ‘sucked’
up plant to
replace water
lost through
transpiration.

As sugar moves
from phloem
into cells, some
water moves
back into xylem.

Water moves
from xylem to
phloem by
osmosis.

Companion
cell

Sugar enters 
cells for 
storage 
or for use in
metabolism.

Photosynthesising
cell

Storage
cell

To cellsTo cells

Metabolism Growth

Transpiration

Sieve tube

PhloemXylem

Xylem vessel

(a) (b)

fiGuRe 4.60 (a) Loss of water from xylem through transpiration and use in 
metabolism pulls water through xylem vessels. (b) Sugars are pushed down the 
phloem. Sugar moves from a region of high pressure near its site of production to 
regions of lower pressure where sugars are used. 

fiGuRe 4.61 Sections of the phloem of the dicotyledon Cucurbita sp. (a) Longitudinal section showing sieve tubes in 
the stem. Note the transverse sieve plates. (b) Transverse section showing sieve plates with sieve pores

(a) (b)

fiGuRe 4.59 Longitudinal 
section of xylem tissue from the 
dicotyledon Acacia sp. Note 
the elongated xylem vessels, 
one with spiral thickening.
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Sucrose exits the phloem 
Sucrose is actively transported from the phloem into cells (see figure 4.60) 
where it is either stored as starch or broken down into the monosaccharides 
used in metabolism. Parts of a plant that use organic material made elsewhere 
in the plant are called sinks; examples include storage tissues, such as potatoes 
and actively growing tissues, such as buds. 

When sugar leaves the phloem to enter a sink, the effect is to increase the 
concentration of water in the sieve tube in that region. Water moves out of the 
sieve tube. The loss of water from the sieve tube close to the sinks results in a 
decreased pressure in the sieve tubes in that region. 

In summary, a region of higher pressure exists in sieve tubes near the sugar 
source and a region of low pressure exists near the sugar sink. This differ-
ence in pressure pushes sugar-rich sap through sieve tube columns from the 
sources (leaves) to the sinks (e.g. roots). When the sugar arrives at sinks, it is 
used in different ways: 
•	 It is stored as starch.
•	 It is used as subunits for building structural components of cells. 
•	 It is used as an energy source in cellular respiration. 

key ideas

 ■ Vascular tissue in plants comprises the xylem and phloem. 
 ■ Water and mineral ions enter a plant through the roots and are transported 
throughout a plant in the xylem. 

 ■ Sugars are made by chloroplasts in chlorophyll-containing tissues and are 
conducted to other parts of the plant through the phloem. 

Quick check

21 Why are root hairs so important to the water transport system of a vascular 
plant? 

22 Comment on the validity of the following statement: Xylem tissue and 
phloem tissue each contain different kinds of cells. 

23 By what mechanism does water reach the tops of tall trees? 
24 In which part of the vascular tissue would you expect to find a higher 

concentration of: 
a water
b sucrose
c plant hormone
d mineral ions?

Odd fact

The sap of Sarcostemma 
australe is one of many 
Aboriginal traditional 
medicines and is used on 
small skin lesions.
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BIOCHALLENGE

1 In the 1940s during the Nazi occupation of Holland, a 
young Dutch doctor,  Willem Kolff (1911–2009) set 
out to build a machine to replace the key functions of 
the human kidney. In 1943, Kolff succeeded in 
constructing the fi rst practical kidney dialysis machine. 
It was a crude construction built from available 
bits and pieces, including sausage skins and a 
washing machine. With continued refi nements, by 1945, 
Kolff’s kidney dialysis machine saved the life of a 
person who was close to death from acute kidney 
failure. 
a What possible function might the sausage skins have 

served? 
b What role might the washing machine have 

played?
   Figure 4.62 shows one of Kolff’s early kidney 

dialysis machines — quite a contrast to the 
modern dialysis machine shown in fi gure 4.3b on 
page 136. 

fiGuRe 4.62 One of Kolff’s early kidney dialysis machines on display at the Museum Boerhaave in Leiden, The 
Netherlands. This dialyser used 30 to 40 m of cellophane tubing wound on a drum made of wooden slats that revolved 
in a large drum fi lled with 70 L of a saline rinsing fl uid. (Given this further information, review your answers to 1a and b.)

2 Figure 4.63 shows some detail about the transport of 
oxygen from blood capillaries into cells and the removal 
of carbon dioxide from cells into blood capillaries. 

   Examine fi gure 4.63 and answer the following questions.
a List the various forms in which each of the dissolved 

gases are transported in the blood:
   i oxygen    ii carbon dioxide.
b Why does the exchange of gases between the tissues 

and the blood take place in the capillaries of tissues 
rather than in their arteries or veins?

c What are the relative percentages of carbon dioxide 
and oxygen carried in the blood: 

   i in combination with haemobglobin
 ii dissolved in the plasma?
d By what process do oxygen and carbon dioxide cross 

the plasma membranes into and out of cells?
e Is this an energy-requiring process?
f Briefl y outline the fate of the carbon dioxide that 

moves from tissues into red blood cells.
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(a) Transport of oxygen in tissues
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fiGuRe 4.63 The blood circulatory system plays an essential role in the supply of oxygen to and the removal of carbon 
dioxide from cells of body tissues. Haemoglobin (Hb) is involved in the transport of both dissolved gases. (a) Movement 
of oxygen from blood in capillary into cells (b) Movement of carbon dioxide from cells into blood in capillary
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Questions
 1 Making connections ➜ Use at least eight of the 

chapter key words to draw a concept map. You may 
add other words in drawing your map.

 2 Applying your understanding to a new concept ➜ 
Student A stated ‘Freshwater fi sh do not drink water.’ 

 Student B commented ‘Th at can’t be right. Water is 
essential for life.’
  Consider the comments from these students.
a Indicate whether you agree with each student, 

and give a brief reason for your choice.
b What soundly based biological comments might 

you might add to this conversation?
 3 Comment on or briefl y explain the following 

observations.
a Th e epidermis of a root lacks the waterproof 

cuticle found on the epidermis of most leaves.
b Movement of oxygen from lung alveoli into 

capillaries of the lungs does not require energy.
 4 Figure 4.64 shows the circulatory system of a fi sh. 

A and V indicate the auricle and ventricle of the 
heart. Th e arrows show the direction of fl ow of 
blood in the system. Consider the regions M, N, 
O, P and Q.
a Which of the regions would you classify as artery 

and which as vein?
b How would the concentration of oxygen in the 

blood in region P compare with that in regions M 
and Q? Explain.

c How would the blood pressure in regions P, Q 
and M compare with each other? Explain.

Head Gills

Trunk and tail

M N

O

V
P

A

Q

fiGuRe 4.64 

 5 Applying biological understanding ➜ Explain the 
following statements.
a Increasing your rate of exercise increases your 

rate of breathing.
b After sleeping with blocked nasal passages, you 

wake with a dry mouth.
c In humans, the surface area of lung alveoli is far 

greater than the surface area of the skin.
d Carbon dioxide is sometimes used in fumigation 

for an insect infestation in a confi ned space.
 6 Interpreting and applying biological principles ➜ 

A bird has a series of air sacs as well as two lungs. 
Th e air sacs are elastic and expand and contract 
rather like bellows. Gases do not diff use through 
the internal surfaces of the sacs (see fi gure 4.65; the 
arrows show the direction of air fl ow).
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 8 Interpreting graphs ➜ During strenuous exercise, 
the output of blood from the heart (cardiac output) 
increases relative to its output when at rest. 
Th is means that although some organs receive a 
smaller percentage of the cardiac output, their 
total blood supply remains unchanged. Other 
organs receive a much greater blood supply. 
Figure 4.66 shows the percentage of cardiac 
output distributed to various organs of a 
healthy person (i) at rest and (ii) during strenuous 
exercise. 
 Examine this fi gure and answer the following 
questions:
a Which colour (orange or blue) represents the 

distribution of the cardiac output in the person at 
rest?

b At rest, which two organs receive the greatest 
share of the cardiac output?

c Which two organs receive the greatest share 
of the cardiac output during strenuous 
exercise?
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Source: http://btc.montana.edu/olympics/physiology/pb01.html

fiGuRe 4.66 Distribution of cardiac output at rest and during exercise 

 When a bird breathes in, air is drawn into the 
posterior air sacs, which expand. Some air already 
in the sacs is pushed toward the lungs; this causes a 
push on air in the lungs. When the bird breathes 
out, air is forced out of the anterior air sacs, into the 
bronchus and then out of the body. Air is drawn 
from the lungs into the anterior air sacs; this 
drawing eff ect results in air in the posterior sacs 
being drawn into the lungs. Birds have a unique 
ventilating system in that air is continually pushed 
and drawn across the lung tissue.
a Explain how such a system increases the 

effi  ciency of the lung as an excretory organ.
b Suggest the likely advantage of such a system for 

birds.
c Explain how the movement of air in relation to 

lung tissue in a bird diff ers from that in humans.
 7 Applying understanding ➜ When a plant is 

transplanted, root hairs are often damaged. Before 
transplanting, a gardener often removes many 
of the leaves. Explain how these two events 
are related.

Posterior air sac
Lung tissue Anterior air sac

Bronchus

fiGuRe 4.65
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 9 Demonstrating knowledge and understanding ➜ 
Consider a tiny living organism, known as a 
hydra — just visible to the unaided eye — that lives in 
a freshwater pond. Figure 4.67 shows a diagram of its 
body plan: it has a two-cell thick body wall separated 
by a non-cellular gel-like material. Several diff erent 
cell types are present in this organism including cells 
with fl agella that line the gut cavity and several kinds 
of stinging cells (cnidocytes) with a mini-harpoon 
that fi res, penetrating and paralysing the prey on 
which this organism feeds. 
a What kind of organism is a hydra?
b On what information did you base your decision?
c Does a hydra show evidence of cell 

specialisation?
d Would you predict that organs are present in a 

hydra? Explain.
e What level of organisation does a hydra show 

(cellular, tissue, organ or system)?

Gut
cavity

Mouth

fiGuRe 4.67 Simplifi ed diagram of body plan of a 
hydra with its two main cell layers: an outer ectoderm 
and an inner endoderm 

 10 Demonstrating knowledge and understanding ➜
Complete the table below by inserting the animal 
which has the level of organisation in the fi rst 
column from the following animals: jellyfi sh, 
fl atworms, earthworms, sponges.

level of organisation Animal 

cell

tissue

organ

system

 11 Demonstrating knowledge and understanding ➜
a  Identify the body system and the organ within 

that system that is aff ected by the following 
disorders.

 i Emphysema
 ii Aneurysm
 iii Hypertrophic cardiomyopathy
 iv Atherosclerosis

b Briefl y describe how emphysema aff ects the 
functioning of the respiratory system.

c What risk factors are associated with the 
occurrence of emphysema? 

 12 Demonstrating knowledge and understanding ➜ 
What is the diff erence between the members of the 
following pairs?
a Haemodialysis and peritoneal dialysis
b Epithelial tissue and connective tissues in 

animals
c Meristematic and connective tissues in higher 

plants
d Ammonia and uric acid
e Xylem and phloem
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