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Synopsis
Animal physiology is the study of how animals wakd the biological processes

essential for animal life, at levels of organisatimom membranes to the whole animal. It
is closely linked with anatomy and with basic plegschemical laws that constrain living
as well as non-living systems. Despite these caimdsy, there is a diversity of
mechanisms and processes by which different anwailk. The discipline of animal
physiology is underpinned by the concept of honmestof the intra- and extra-cellular
environments, neural and endocrine systems for bstatc regulation, and the various
physiological systems including ionic and osmotdace, excretion, respiration,

circulation, metabolism, digestion and temperature.
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Animal Physiology

Animal physiology is the study of how animals worknd investigates the
biological processes that occur for animal lifeetast. These processes can be studied at
various levels of organisation from membranes thoto organelles, cells, organs, organ
systems and to the whole animal. Animal physioleggmines how biological processes
function, how they operate under various environgaeconditions, and how these
processes are regulated and integrated. The sfumlyimal physiology is closely linked
with anatomy (i.e. the relationship of function kvitructure) and with the basic physical
and chemical laws that constrain living as well rem-living systems. Although all
animals must function within basic physical andmlwal constraints, there is a diversity
of mechanisms and processes by which different @isimork. A comparative approach
to animal physiology highlights underlying prin@gl and reveals diverse solutions to
various environmental challenges. It can reveailamsolutions to a common problem,
or modifications of a particular physiological syst to function under diverse
conditions. The discipline of animal physiologydwerse and here the major areas of

research and investigation are outlined.

Homeostasis and Regulation

An important characteristic of animals is the apilito self-regulate the
extracellular environment in which their cells &&hed and function. The extracellular
environment is a buffer between the intracellulavimnment and the external
environment of an animal, which consists of an #quar terrestrial environment in

exchange with the atmosphere. These external emagnts can be highly variable with



respect to their physical characteristics, whicluMd@ffect the intracellular physiological
processes necessary for animals to function. Therefome aspects of the intracellular
environment of an animal are invariably kept diéfatr from their external environment.
Consequently, an important role of homeostasisiimals is the regulation of aspects of
the extracellular environment different from thetezral environment to provide an
optimal internal environment in which the cells étion.

Homeostasis is an underlying principle of animaygwlogy, and physiological
systems are the means by which homeostasis is amsdt Homeostatic processes
maintain the internal environment, although notalimals regulate all physiological
variables to the same extent. Animals may confoiith vespect to some physiological
variables, with the internal variable the sameoadHe external environment.

For both conformers and regulators, there is agaignvironmental conditions
over which the animal can survive. Beyond this emr@pnformers experience sufficient
change in the internal environment that physiolalgiprocesses no longer function
effectively, and regulators can no longer reguéaainst the environmental gradient and
their internal environment changes sufficientlyptevent normal physiological function.

Homeostasis does not necessarily require a regulatechanism. Equilibrium
homeostasis and steady-state homeostasis are gulatory means by which an internal
variable is kept constaetg. a body fluid solute can remain relatively constéthe rate
of excretion balances the rate of synthesis (Figlye Many other homeostatic
mechanisms, however, require regulation to maintonstancy. Negative feedback
control is the most common regulatory system whegebhange in a variable is detected
by a sensor and then counteracted by a responseaficeffector organ that is opposite to
the perturbation (Figure 1). Many physiological teyss are controlled by several
regulatory effectors, resulting in multiple contsystems with greater overall precision
of regulation. The nervous and endocrine systengs rasponsible for integrating
physiological functions in an animal. They ensurattthe physiological processes of
different cells, tissues and organs occur in aroietd and co-ordinated manner, and

result in whole-body homeostasis.

Nervous system



The nervous system integrates physiological funstiand ensures that the physiological
processes of different cells, tissues and orgaesron a controlled and co-ordinated
manner, and result in whole-body regulation. leisponsible for co-ordinating rapid and
precise responses to perturbations in the aninnatiésnal and external environment by
sensing changes in a physiological variable, iatixgg and interpreting the changes, and
eliciting an effector response to counteract trenge.

The nervous system consists of aggregations of delb types, neurons that
generate and conduct action potentials (a changeolarity of voltage across a cell
membrane) and glial cells that are accessory w#lish support and assist the function of
neurons. Neurons can be classified as sensorgfferent), inter (or internuncial) or
motor (or efferent) and connect to one another,tarsnsory or motor effector cells, via
synapses (Figure 2). In primitive animals (and sempflexes in complex animals) there
is a direct connection between sensory and effectlis by a single motor neuron,
resulting in a simple three cell sensory-motor wircHowever, in more advanced
animals additional interneurons between the sensodymotor neurons allows for much
greater complexity, permitting more complex intdigna and interpretation of sensory
information, sophisticated motor control, and teeelopment of complex behaviours.

The most primitive nervous systems are nerve rib&s; occur in coelenterates
and some flatworms. The development of cephalisa{ep head region) led to the
concentration of neurons at the anterior end ofathienal, forming the brain, and nerve
cords consisting of concentrated groups of neutosssmitting information to other
regions of the body. The nervous system is mostiyideveloped in vertebrate animals.
Here the brain and spinal nerve cord form the eénegrvous system while the peripheral
nervous system consists of many paired nerves rthatfrom the spinal cord to the
peripheral regions of the body. These transmit@gnaformation to the central nervous
system and return motor commands to the peripheffattors. The somatic nervous
system innervates efferent organs under conscioasat (e.g. skeletal muscle), while

the autonomic nervous system innervates involuntageral organse(g. gut and heart).

Endocrine systems



Like the nervous system, the endocrine system aggmilan animal’s internal
environment but it is a much slower control syst€&hemical messengers (hormones)
provide communication between sensory and effexls. Hormone systems occur in all
animals; they have become increasingly complexutfitout evolutionary time compared
to the basic neuron-endocrine systems of primigwvemals. The endocrine system
controls a wide range of physiological processesluding reproduction, growth,
development, metabolism and osmo- and iono-regulatit can respond to short and
long term variations in internal and external eowiments and is important for the
maintenance of homeostasis. Neuro-endocrine systemsist of neural sensory and
interpretive pathways but instead of directly irvaing an effector organ there is release
of a chemical messenger into the blood at a hemggno This chemical messenger is
then distributed to peripheral target organs wiitdnas an effector action.

Hormones are secreted by endocrine glands (ansmaumones by nerve cells)
in response to perturbing stimuli, and are thengparted via the circulatory system or
diffuse through tissues to target organs and cEflas a key characteristic of hormones is
that they exert their action at a distance fromdite of their secretion. Hormones don’t
initiate any unique cellular activities; rather yheaodify the rates of existing activities.
Hormones may have inhibitory or excitatory effeatstarget cells, usually by inducing
or repressing enzyme activity within cells, althbulpey may act on the nucleus to
influence the expression of genes or influence#reneability of cells to solutes.

Historically, hormones were considered to be chafsiceleased frorendocrine
glands (glands of internal secretion in contras#xocrine glands such as salivary, sweat
and digestive glands that produce external sea®tiout hormones may also be secreted
by a variety of other tissues. Traditionally, homas were considered to differ from
neurotransmitters, which function only locally aetsite of release (synapse) but this
distinction is no longer so clear. Hormones funtti very low concentratiore.. 10*2
to 10° M). Target organs have specificity for particut@rmones due to the properties of
receptors that are either on the surface of tHenwenbrane or inside the cell. Receptors
reversibly bind the hormones with high specifiatyd affinity. Water-soluble hormones
are derivatives of amino acids (catecholamines,tigpeqy proteins) or fatty acids

(eicosinoids). These interact with surface receptbat span the cell membrane. Often



they trigger a secondary “messenger” inside the ketontrast, lipid-soluble hormones

such as steroids (adrenocortical and gonadal dierim vertebrates, ecdysones and
juvenile hormones in invertebrates) and thyroidniames usually pass through the cell
membrane and interact with intracellular recept@sme bind to membrane receptors
which are then internalised. Many hormones thatraresported in the circulatory system
(in particular the lipid-soluble hormones) bind @owater-soluble carrier protein to aid

transport.

Hormones are classified by the distance over whingy travel to have their
effect. Autocrine hormones affect the cell thatretsd them. They react with receptors
on their own surface to produce a response andigueally involved in cell division.
Paracrine hormones act over a very short distahffasing through extracellular fluid to
affect local tissues. Endocrine hormones affectadisorgans and tissues. They are
secreted into the circulatory system and are tiamsgp by the haemolymph or blood.
Pheromonesare an additional form of chemical communicatioattlbccurs between
rather than within individuals. They are highly atle compounds released into the
external environment and detected in small conagatrs by receptors (usually on the
nasal epithelium of vertebrates or antenna of is$exf another individual. Pheromones
function to synchronise and induce reproductiveivigt and to define territorial
boundaries.

Water and ion balance

Maintaining water and ionic balance is a fundamlephysiological process for
animals because animal cells can only functioncéffely over a specific, relatively
constant range of body fluid composition. For ulhdar animals, the intercellular
environment is juxtaposed with the external enwinent. For multicellular animals, the
extracellular space is a buffer between the inttacand external environments. In all
animals, the intracellular environment has a d#feérionic composition from the external
environment. For some animals there are osmotferdifices, but their intracellular and
extracellular environments must have the same asnwmncentration to maintain
constant cellular volume (but invariably they halifferent ionic concentrations). The

challenges associated with maintaining osmotic @mmic homeostatis differ with the



external environment of the animal, and so theeevarious strategies for animals to

maintain fluid and ion balance.

Aquatic Environments: seawater

With respect to extracellular fluid, animals in nma& environments either
osmoconform (have the same osmotic concentratmagawater (1000 mOsm; Figure 3)
or osmoregulate at a lower osmotic concentratisagliy 300 — 400 mOsm). In addition,
they either ionoconform with extracellular fluidaving the same ionic composition as
seawater, or they ionoregulate and maintain diffier@enic concentrations. Animals that
conform to seawater do not have to overcome thblgmo of continual osmotic loss of
body water to and gain of ions from the environmdnit high ion concentrations
adversely influence cellular metabolic processesostM marine invertebrates
osmoconform and ionoconform to seawater, but a demoregulate and ionoregulate.
Hagfish are the only vertebrates to both osmo-iandconform.. Marine bony fish both
osmo- and iono-regulate. Marine elasmobranchs osnfoom but ionoregulate at about
600 mOsm; urea and TMAO (trimethylamine oxide; vhicounteracts the negative
effects of the urea on proteins) make up most ef deamostic gap between this and

seawater (Figure 4).

Aquatic Environments: freshwater

Freshwater animals must both osmo- and ionoregalaté is impossible to osmo- or
iono-conform to such a dilute environment. Freslewainimals gain water by osmosis
from their environment, and lose ions by diffusi@xcess water is eliminated as copious
dilute urine and ions are obtained by active transgacross the gills, skin or gut.
Terrestrial Environments:

Terrestrial environments are characterised by dchiwater availability, so dehydration is
a major threat. Evaporative water loss (EWL) actbesskin and respiratory tract is a
major avenue of water loss by terrestrial animd@later is also lost in faeces and urine.
Water is gained in a terrestrial environment viaking, as preformed water in food, and

as metabolic water production. Water may also ls®ided across the body surface. lons



are gained from food and by drinking, and are erdrein urine and faeces and
sometimes by salt glands.

Many invertebrates (e.g. molluscs, crustaceans)aamghibians are restricted to
moist terrestrial habitats, at least when activug, rhany are more successful terrestrial
animals because they have adaptations to minimik. Arthropods have a chitinous
exoskeleton, covered in a waxy cuticle that formbaarier to evaporation. Birds,
mammals and especially reptiles have a cornifigthejum that increases resistance to
EWL (Fig 5). Insulating fur (mammals) or feathetsrds) is a further barrier. Nasal
counter-current exchange of heat and water in éspiratory passages of reptiles, birds
and mammals reduces respiratory EWL. Arthropodsisband reptiles typically produce
insoluble uric acid as their nitrogenous waste meteand the mixing of urine and faeces
in their hindgut (where water is re-absorbed) misga excretory water loss. Many
desert reptiles and mammals survive without drigkimaintaining water balance with
preformed and metabolic water alone. Most birds abke to travel long distances to
obtain drinking water, although some can also serwvithout access to free water.
Excess ions are lost by many reptiles and birdsraaial salt glands. Mammals do not
have salt glands, and remove excess ions by pnoglugine that is hyperosmotic to
blood (up to 9000 mOsm). Some birds are also ablereduce hyperosmotic urine to

excrete excess ions, but not to the same extanaasmals.

Excretion

Excretory organs are essential for maintainingoioand osmo-homeostatis as
they balance the gains and losses of water andesollihey regulate the concentrations
of ions and water in the body and play a vital rolexcreting waste products including
inorganic and organic solutes derived from the atisndiet, metabolic processes or
foreign materials, preventing these wastes fromumcdating to toxic levels. Thus
excretory organs must selectively retain or removange of solutes from the body.

Simple animals rely on diffusion and membrane dpamt systems to remove
wastes. However, the evolution of larger and mooenmlex animals necessitated

specialised excretory organs. Although in most afsnthe integument is relatively



impermeable to water and solutes, specific epaheégions can be specialised for the
regulation of particular solutes or water. Tubwdacretory organs are more generalised
than these epithelial organs, and occur in mosttioellular animals. They evolved
primarily for water and solute excretion, but itearestrial environment they also play a
crucial role in eliminating nitrogenous wastes agmo-concentrating urine in some
species.

Four major organ systems are responsible for amorein animals. The
respiratory system (lungs or gills) removes ;C@nd gills also play a vital role in
ammonia, carbonate and ion excretion, by both siffu and active transport. The
digestive system, in addition to eliminating undigel food, is also a site of ion and
water absorption and excretion, and the vertebnate excretes bilirubin (derived from
the breakdown of red blood cells). The integumertt @arious glands of animals may
have a primary or secondary excretory funcean water and ion uptake by the skin of
amphibians, salt glands of reptiles and birds,ategiands of elasmobranchs, and sweat
glands of mammals.

Renal organs, including protonephridia, nephridMalpighian tubules and
coelomoducts (e.g. the vertebrate kidney) condistiloules that filter body fluids and
then selectively secrete or reabsorb water, orgamtecules and ions. The major
functions of these excretory tubules are initialhfation of excretory fluid, typically by
filtration, then reabsorption of fluid and “usefidblutes and secretion of specific “waste”
solutes. Only a few terrestrial animals are ablexorete urine that is more osmotically
concentrated than their blood; the vertebrate kidcen excrete hypo-osmotic or iso-
osmotic urine but only mammals and birds can egchgfper-osmotic urine due to the

counter-current multiplication role of the renalduo#a.

Gas exchange

Most animals require oxygen to sustain their mdtalatemands. Food is oxidised
to produce ATP and carbon dioxide is produced agaste product, so animals must
obtain oxygen from their environment and releasebaa dioxide back into the
environment. Gas exchange between the internakat@inal environment in all animals

occurs through passive diffusion. For small, simatemals, diffusion across the body



surface is sufficient to meet their metabolic dedsarHowever, an evolutionary trend
amongst animals for increased size and metabote maquires specialised surface
regions for specific functions such as gas exchgagewell as locomotion, feeding,
digestion, sensory reception). So, a large body @and complexity necessitates
specialised respiratory structures. Most respiyatstructures require ventilation, the
continual replacement of the external medium at b&piratory surface with fresh
medium to maintain favourable concentration grawdiéor diffusion (Figure 6). Animals
are classified as air and/or water breathers. Thesipal characteristics of these two
media constrain the ventilatory mechanisms necgdsamaintain gas exchange across
the respiratory surface, and therefore the natitieeosurface itself.

Aquatic animals have gills, evaginated and higldigéd external surfaces, for
gas exchange. Water is dense and viscous (compad so unidirectional flow over
the gill surface is preferable. This also meansdiis can have a counter-current flow of
external medium (water) and internal fluid (bloaa#imolymph) for very efficient O
extraction by counter-current exchange (FigureTéle G concentration is also much
lower for water (5-6 mL L) than for air (210 mL L) so a high efficiency of counter-
current exchange is important. g;®owever, is extremely soluble in water so itslts
the aquatic environment is not so problematic asuftake. Consequently aquatic
animals generally have low body fluid g@vels.

Terrestrial animals have an internalised respiyagtructures, lungs or trachea,
because avoiding desiccation is a major challerigeist externalised respiratory
structures such as gills can have an excessively BWL, but internalised structures
have a lower EWL. Air is much less dense and vischian water, and has a higher
oxygen concentration, so lung ventilation by altjg@ol or cross-current system is not
too inefficient or energetically restrictive. Lunggy be ventilated by positive pressure
“buccal pumping”, as in amphibians, or by negagwessure inspiration, as in reptiles,
mammals and birds. Unlike the one-way tidal vetuiia pattern of most vertebrates,
birds have a system of air sacs before and aftelutig, which enables a one-way flow of
air over the respiratory surface and allows a nedfieient cross-current exchange system
between the air and blood. The gas exchange systamhropods consists of a series of

air-filled tubes (tracheae) that infiltrate the Ppotissues and open to the external
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environment through spiracles at the body surfdcacheal systems are generally not
actively ventilated, relying on diffusion for gagschange, a factor that limits the size of

arthropods. The lungs of pulmonate snails are anyidiffusion driven.

Circulation

Small simple animals rely on diffusion to move getuthroughout their body.
However, for larger and more complex animals thte &f diffusion is too slow so a
circulatory system is needed for rapid transporgases, nutrients, chemicals and waste
products. Circulatory systems may be open, wheeectrtulating fluid is not always
contained in vessels and is at times in directaxinwith tissue cellse(g. arthropods), or
closed, where the circulating fluid is always comtd inside vessel&.(. vertebrates; Fig
7). The circulating fluid is known as haemolymplpén systems) or blood (closed
systems). It consists of plasma, a fluid containrager, ions and organic molecules, and
various blood cells. These cells can be involvediransport of @ (erythrocytes),
defence (leukocytes) or haemostasis (thromobcytes).

Blood and haemolymph flow is maintained by positpressure created by the
contraction of muscles in the body wall, or by phemping of one or more hearts. Animal
hearts are classified as neurogenic if they reqgairennervation for contraction (e.g.
arthropods), or myogenic if the contraction is dpoeous (e.g. molluscs and
vertebrates). The complexity of animal hearts wfirem the simple tubular hearts of
insects that push blood by peristaltic contractiohghe muscular wall, to the multi-
chambered hearts of molluscs and vertebrates. Girashihearts have a varying number
of muscular-walled compartments, which contracéioo-ordinated manner to circulate
blood. Generally circulatory systems transport @naged blood from the respiratory
surface(s) to the tissues and deoxygenated bloma the tissues to the respiratory
surfaces. They can also be important in supplyiogients to the tissues from the
digestive system, transporting hormones from sites/nthesis to target cells, circulating
cells of the immune system throughout the bodynsparting heat, and generating a

hydrostatic pressure.

M etabolism and digestion
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The use of chemical energy is a fundamental cheniatit of living animals. It is
necessary to maintain cellular order and is vibablmost all physiological processes.
Catabolic metabolism breaks down macromoleculegfoduction of usable energy by
cellular processes such as active transport, musmigraction, ciliary movement, and
production of heat, electricity or light. Most adlr reactions need 20-40 kJ of energy
per mole of reactants, which is much less tharetiexgy yield of the complete oxidation
of a typical metabolic substrate. Therefore highergy phosphate compounds
(phosphagens) are used as intermediary chemiceadyestores. Adenosine triphosphate
(ATP) is the most common phosphagen. Free enermgieased by the hydrolysis of its
terminal phosphate to form adenosine diphosphal2Pjfand inorganic phosphate)(P
i.e. ATP © ADP + R + 30.5 kJ molé. There is a cyclic formation of ATP from ADP (by
cellular metabolism) and subsequent breakdown d? AY energy-requiring processes.

Animals are heterotrophs, and as such are unaldgntihesise their own organic
compounds from inorganic molecules and so rely treroorganisms for nutrients.
Energy is obtained from nutrients such as carbdtgdr lipids and sometimes proteins
(amino acids are required for protein synthesisdtsn produce energy when oxidised).
Essential vitamins, minerals and fatty acids ase aleeded for proper cell functioning
and must be also be obtained via the diet. Singlleat animals and sponges ingest food
particles by phagocytosis. These are chemicallyearaymatically reduced within a food
vacuole to a few constituent substanceg. (monosaccharides, fatty acids and amino
acids) that are transported into the cytoplasm.tivfagticellular animals have a digestive
system specialised for extracellular digestion.d-particles enter the digestive system,
where a series of physical and chemical digestreegsses break down food particles
into constituent molecules that are absorbed astdilnlited to the cells. These molecules
can then be used for energy metabolism, or forrsalhtenance or growth.

Metabolism may be aerobic or anaerobic. Aerobicathaism is the oxidation of
carbohydrates, lipids and proteins by oxygen twiplenergy in the form of ATP. There
are three major steps in the aerobic process; lglyiso where glucose is converted to
pyruvate with a net gain of 2 APT (and 2 NADH)Hthe citric acid (or Kreb’s) cycle,
where pyruvate is converted to acetyl-CoA beforelaugoing a cycle of chemical
reactions resulting in a further net gain of 2 AfBRd 6 NADH/H and 2 FADH), and
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finally the electron transfer system. 95% of thePAIB generated by electron transfer,
where electrons from NADH/Hand FADH are transferred to electron carrier proteins,
passing through several protein complexes and geéngr34 ATP. Oxygen is the final
electron receptor in the chain, and water is foraethe end product.

Anaerobic metabolism is an alternative to aerobetaiolism, but it is very
inefficient by comparison, forming as little as Z1A per glucose molecule. Consequently
most large and complex animals rely on aerobic budem to meet their resting
requirements, but they may use anaerobic metabdisnsupplemental energg.g.
during intense activity or anoxia. Build-up of lamt as an anaerobic end product of
glycolysis is a major inhibitory factor in the lotgrm use of anaerobic metabolism in
tetrapod vertebrates. However soreg.(carp) can convert pyruvate to ethanol as the end
product, which can be easily excreted to the enment and therefore does not inhibit
glycolysis.

Many factors affect the metabolic rate (MR) of aalsy including temperature,
developmental stage, diet, photoperiod, taxononahith environment, activity and
circadian rhythm. Body size is a major determinahtMR and is probably the best
studied but least understood topic in animal pHggy Larger animals have a higher
overall MR than small animals but have a lower M& gram of body mass, so the

relationship (eq 1) between mass (M) and MR
MR =a M 1)

does not scale isometrically (i.e. 6 1). Rather, b < 1 since small animals use
proportionally more energyi.é. per gram) than larger animals. This relationstgp i
remarkably uniform for all animals, from singledeel protists to birds and mammals.
Although there is some debate as to what the grabrefficient actually is (and why), b
appears to generally fall between 0.67 (the vakpeeted if MR scales with surface area)
and 1 (the value if MR is proportional to massjs lypically about 0.75. The intercept of
the scaling relationship (a) is lowest for unickltuorganisms, higher for ectothermic
animals and highest for endothermic animals, batdlope is consistently about 0.75
(Figure 8).
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Temperaturerelations

Body temperature has major significance for an afigm physiology.
Temperature determines the state of matter andeinfles the rate of chemical reactions
in biotic as well as abiotic systems. The body terajure of active animals generally
ranges from -2°C (freezing point of seawater) t0*5 (where protein structure becomes
unstable). This body temperature range can be gnester for animals in an inactive or
dormant state; some can survive temperatures aade200°C or as high as 120°C!

All animals exchange heat with their environmenieast majority of animals
passively thermoconform to the temperature of trsirroundings. However, some
manipulate their thermal exchange to thermoreguth&er body temperature within
reasonably constant limits (typically 35 — 40°C)damaintaining an appreciable
temperature gradient between themselves and theoement.

The thermal environment of an animal is compleeaHexchange between an
animal and its environment occurs by conductionnvection, radiation and
evaporation/condensation (Fig 9). Conduction ieditheat transfer between two solid
objects in physical contact. The rate of excharegedds on the area of physical contact,
temperature difference, distance the heat mustsfnd thermal conductive properties.
Convection is transfer of heat by fluid movememjuid or gas), and depends on the
surface area, the temperature differential betwiberfluid and the surface of the solid,
and the thickness and conductivity of the convecbeundary layer. Forced convection
occurs if the fluid movement is a result of extérf@arces €.g. wind), while free
convection is induced by the temperature of theeabitself. Radiation transfers heat
between two objects that are not in physical cdnbgcelectromagnetic waves. The
higher the surface temperature of an object, teatgr is the radiative heat loss. Animals
both emit and absorb radiation. Environmental sesirof radiation for animals are
complex and include direct solar radiation, diffgsattered radiation, reflected radiation
and infrared radiation from surrounding objects dhd ground. The structural and
optical properties of an animal’s surface are ingrdrdeterminants of its radiative heat
load. Evaporative heat loss can be substantialusecthe latent heat of vaporization is

about 2200 kJ § (and condensation has an equivalent warming &ff@arrestrial
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animals lose heat via cutaneous and respiratongyoeaton, and may have adaptations to
reduce or augment this loss depending on envirotaheonditions.

Ectothermic animals have no physiological capaddyregulate their body
temperature using internal metabolic heat prodacfidney must either thermoconform to
their environment, if their environmental temperatis relatively constant or if they can
tolerate fluctuations in g or use behavioural regulatory mechanisms to ramira T,
that is somewhat independent of environmental teatpee. For example many
ectothermic reptiles remain largely independent aofibient temperature by using
thermoregulatory behaviours such as basking, smmyttbetween warm and cool
microhabitats and postural adjustments to kegpaBout 36 — 38°C. Endothermic
animals, such as birds, mammals and some insets, physiological control of body
temperature (often 35 to 42°C). They utilize heatdpced as a by-product of metabolism
to maintain their high and constans ihndependent of ambient conditions. Insulating fur
and feathers reduce heat flux between endothermigheir environment. Endotherms
may also employ behavioural thermoregulatory sfiieteto reduce the energetic costs of

endogenous heat production, especially when thdiegrabetween Jand T, is large.
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Figure 3: Hormone systems: A) autocrine
hormones affect the cell that secreted them. B)
paracrine hormones affect local tissues. C)
endocrine hormones are transported in the
circulatory system to affect distant organs.
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Figure 4: Patterns of intercellular ion and watggulation in vertebrate animals
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Figure 5. Scale of resistance to evaporative
water loss, from about 0 sec ¢ifor a
free-water surface to 5000 sector more
for animals that are very resistant to EWL.
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Figure 6. Schematic diagrams of respiratory gabaxge across
skin, gills and lungs, showing patterns of fluidvit and Q
exchange between the medium and blood, showing lebenp
equilibration between the water (or air) and bléardskin
exchange, typical countercurrent arrangement oématd blood
flow for gills, and a tidal pool of air for lungs.
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Figure 7. Vascular arrangement for a closed citowya
system, showing arterial blood supply, capillard bad
venous drainage, in the vascular supply to theoége
marine toadBufo marinus). Photograph courtesy of T
Stewatr, J O’She and S Dunloy
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Figure 8. Scaling of metabolic rate for unicellutmganisms, and ectothermic
animals (at 20C) and endothermic mammals and birds (at@Gp
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Figure 9. Avenues of thermal between an animalisnehvironment; conduction,
convection, radiation and evaporation. PhotograpR bVithers.
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Figure Permissions

Figure 1. No permission required — drawn by C Coope

Figure 2. No permission required — drawn by C Coope

Figure 3. No permission required — drawn by C Coope

Figure 4. No permission required — drawn by C Coope

Figure 5. No permission required — drawn by P Wghe

Figure 6. No permission required — redrawn by Phéfg, modified from Withers (1992)

Figure 7. No permission required — photograph ByShea and T Stewart (with
permission)

Figure 8. No permission required — drawn by P Wighmodified from Hemmingsen
(1950)

Figure 9. No permission required — drawn by P Wghphotograph from P Withers
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