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rt?Spn-atory organs. Most aquatic molluscs, however, possess gills OF cter
h1§t0ry of which, like that of the organs just considered, shows how clos:mdia, th
ship exists between respiration and ciliary feeding. Respiratory surfaceg e atio,ﬁ
clean, and a flow of water maintained over them; needs that are often Mt ekem
by the secretion of mucus, and by the development of cilia to maintajy, n:‘animah
over the surface. Clearly this is precisely the situation that also best Jenq itsOvemgm
collection and transport of food particles, but unfortunately we oftep lack togg,
dence to determine whether or not events have followed this course. In mo‘;e o, |
however, we have a group of animals in which the close interlocking of rCSpirluscs’
and nutritional requirements is particularly well shown, and in whicp there Aoy,
dence that enables us to trace something of the history of the organs concer, &,
As already noted, we can regard the body of a mollusc as composeq Oftwg zd. j
ponents: a ventral portion (the head and foot), in which the activity is pre dominao 4
muscular, and a dorsal portion (the visceral hump), in which ciliary actjop and muntlY g
secretion predominate (Fig. 11-8). The surface of the visceral hump extendsipy, . |
overhanging fold, the mantle, which secretes the shell, and which encloges betwean ,
itself and the visceral hump a space called the mantle cavity. This cavity is the ccmcrn
of external respiration, for protected within it are the gills or ctenidia, 1 hasbcc:
generally assumed that, in the primitive state, there were two of these, py ome. &
doubt now attaches to this since the discovery of Neopilina, with its five pairs of |
ctenidia (Fig. 11-9). However, even if the earliest molluscs did have serially repeate |
ctenidid (and we cannot be sure that this was so), these organs must haye been |
reduced to'a single pair at a very early stage of molluscan history. Their condition 3
that stage was the basis for the later history of the respiratory organsin the group,and |
we can develop our analysis from that point.
The structure of the early molluscan ctenidium, which can be deduced fromits
condition in primitive archaeogastropod prosobranchs, may be thought of as consis-
ing of a longitudinal axis from which triangular filaments were given off alternately !
on its two sides (cf. Fig. 11-8). Essentially it was a hollow outgrowth of the body, §
supplied with branchial muscles, nerves, and blood vessels; the blood travelledup |
and down the axis in a dorsal (afferent) and ventral (efferent) vessel, and flowedfron |
one to the other of these through the filaments. If we assume that only two ctenidiz
were present, oxygenated blood would have flowed from them into a single Pa_if"’f
auricles, and so into the ventricle for general distribution (Fig. 11-84). The conditio?
in Neopilina could then have been derived from this by secondary increase in numbet :
(Fig. 11-8B). o
The functional relationships of this system, so simple in principle, arc‘subtg
adapted in present-day molluscs to ensure the maximum efficiency of resplfat?[']
exchange. The protection of the filaments within the mantle cavity makes vemllau;)[
the more essential, and this is secured by lateral cilia on the face of each fla™ .
These cilia, which draw the respiratory stream of water into the mantle Cav?hyz:tis
" near the efferent limb of the circulation. Here they create a current of water ThS
directed upwards and inwards, in the opposite direction to the flow of the bl R
arrangement therefore involves counterflow; its effect is to increase the efﬁcrlncu R |
gaseous exchange between the blood and the water. The gill ﬁlam"",tsc ot 8
- supported against the flow of water, and chitinous supporting rods prowerial hid 1
Further, the surface of the filaments needs to be kept clear of foreign mat i
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Fig. 11-9, Di

Neopilina. The%ﬁlgl'\nerr'\‘m‘s" l‘hhe relations between the ‘segmented’ organ systemsin
but are not included in th' de 0ill vessels, and many smaller muscles are also repeated,
at,, 2nd sirium (auricle) rl rawing. A-H, foot retractor muscles; an, anus; 80, 8012
pedal commissure; Ja n; :"l‘""? ce.co, cerebral commissure; gi,, 5th gill; i-p.co, Inte™
m, mouth; pe, excretory or Bam.’l nerve cord; /p.co,,, 10th latero-pedsl connective:
slatocyst; ve, velum; ve, / 8ens; pe.n.c, pedal nerve cord; pr.te, preoral tentacle; st
Galathes Rep., vol. 3, 9- , ventricle of heart. From Lemche and Wingstrand. 1959.

p. vol. 3, 8-71. Danish Science Press, Copenhagen.
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with the ctenidia, form a functionally associated systemwhich canbe calledthe pallial
complex. The osphriada, which are universally present in the mantle cavitiesofaqua-
lic gastropods, irrespective of their habitat or the nature of their food, are receptors,
consisting of raised areas of epithelia that are rich in mucus, and in ciliated and sen-
sory cells. They test the quality of the incoming water, perhapsby chemicalsensitivity,
for they are extremely large in carnivores such as Buccinum. Perhaps they also esti-
mate through mechanoreception the amount of sediment entering the mantle cavity.
The hypobranchial glands (Fig. 11-8), present in the gastropods and in some bi-
Val\{cs, are folds of mucus-secreting epithelium lying on the roof of the mantle
cavity. They vary in size and complexity, apparently in relation to the amount of sedi-
:“eﬂf that is likely to enter the mantle cavity inthe particular habitat favoured by the
i{’i;?:?: their function seems to be to aid the removalofthesediment by consolidating
the arger masses. Their absence from cephalopods is thought to be correlated with
ethCpuonally powerful currents inthose animals, which remove the need forsuch
consolidation.
reﬂe::o; surprisingly, the highly orga
°fsaniza1ﬁ:cat deal of adaptive evolution in relation
paren in“h"f the _ x}lemb?rs of this highly diversi
increaseq the primitive c}ptonsA In these animals the
Osphradia ]‘1‘ cOrl‘t:lafxcm with the forward extension O an
8astropods tlex P051e_n0rly, where the outgoing: current of water leaves. thm'tl?e
Catures of the respiratory process has been profoundly aff_ected bytwo characteristic
, which 1e group. The first of these is the asymmetrical coiling of the .wsceral
Ofgang; T}, Is an adaptation to secure a more compact anang;mcnt of the internal
5) e’ ‘“’_"Cond is torsion, a process that takes place early in development (Sec.
* Quite independently of coiling, and which brings the mantle cavity of the

nized respiratory systems of the pallial cavity
to changes in the habits and
fied phylum. This is already
number of gills is secondarily
f the mantle cavity, and the
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veliger larva from its primitively posterior position round to the anter:
11-10). o eng
The significance of torsion for the respiratory process s
pallial organs are rotated through 180°, so that the mantle cavity
tive touch with its surroundings. Additional advantages are tha
ment of the animal will now reinforce the incurrent stream in
while the gills receive water direct from in front of the animal, and the osphradiyp:
in the anterior position that is suitable for a major receptor organ. On thc‘c)n}rla l;m H
a serious problem arises in disposing of the excurrent water stream withits coenr[ iy
faeces. It would be unsatisfactory for these to be discharged anteriorly into zh:,l,";g

-hat the visceraland
1Snowin more sepg;
t the f orward move:
stead of OPposing

of the animal, and so, as a primitive solution to this problem, openings are formegiy |-
the shell to direct this stream away from the incurrent one. Haliotis is an exampleof |

this.

More afiyanced solutions to the problem are influenced by the fact that asym-
metrical coxlm'g produces on one side of the mantle cavity a compression that
favours reduction of the corresponding part of the pallial complex. Thus the right

ctenidium and its associated auricle are lost, the original two rows of gill flamentsol |

the ctenidium are reduced to one, and the axis of the ctenidium now becomes
attached along its whole length to the wall of the mantle cavity. With the watercur-
rent entering on the left side of the head and leaving on the right side, close towhere
the rectal opening has moved, an efficient respiratory circulation is ensured for most
of the prosobranchs, without the need to have openings in the shell. Only the Order
Archacogastropoda retain the primitve symmetry of paired gills and auricles, 1
gether with the shell perforations. The Subclass Opisthobranchia shows varying
degrees of detorsion, accompanied by reduction of the shell and mantle, untilinthe
Order Nudibranchia a secondary symmetry is achieved with loss of the shell, mantle
cavity and ctenidium. Respiration now takes place through the body surface
through secondarily developed gills. ‘ -a]. and
Many prosobranchs, particularly in the tropics, have become terrestrial, 3"
hayc converted their mantle cavity into a lung for aerial respiration, its Vasc"Ia"ZC.
epithelium forming the respiratory surface. A similar adaptation is found n the="
class Pulmonata, which probably evolved from prosobranchs. The pulmonate Iung
usually retains its anterior position, but it has only a single external openmg'.:,n
pneumostome, which can be opened and closed. Because of this change of r}mclt)love‘
the hyPobranchial gland is lost, as would be expected from what we havesaid?
regarding its supposed role in the removal of small particles, while the 0SpT f th
“5‘1_3")’ outside the mantle cavity. The respiratory surface is now the lining © rare
cavity, and, as in other types of lung, its area is greatly increased by ridges l-mltofy
richly supplied with blood vessels. These ridges are said to increase the respiré
surface of air-breathing snajls by as much as two or three times. jjation if
We are accustomed to regard lungs as being organs that require vent!?
they are to function satisfactorily, and this is obviously true of vertebrates- P "Pa‘iony
because of this, it has been thought that the pulmonate lung also requires yeit
but Krogl? showed that this was not necessarily so. In slugs (drion) of 2 Ouaw of
weight, with a pneumostome of 4-6 mm diameter, and with a respiratory sur heri¢
6-7 cm?, a pressure difference of only 2 mm will ensure diffusion of 2M%F e
oxygen to the wall of the mantle cavity; even larger animals could therefore

(Figv ': t

RESPIRATION 313

n this way. This conclusion applies, of course, to animals with a
bolic rate; ventilation of the lungs certainly becomes necessary
gen consumption, and with increase in size of the body.
atilation movements do occur in Helix, and have been demons-
ording pressure chang?smtl.le lung(Flg. 11-1 1).Whenthcpneumqstome
1rated DY €€ be when the animal is crawling slowly, the pressure remains un-
is 0pems it may.ration depends upon diffusion. When the penumostome is closed
changed and respl to rise, reaching a maximum in 4-5 sec, and then falling again.
the pressure b \;rhich are brought about by muscular movements of the

anges, o F
These P';Ssﬁigc}lremgxlt in air movement and hence redistribution of oxygen within
ﬂoo; of tcaevity' at maximal pressure, they probably facilitate the passage of oxygen
the lung ’

pole blo?d;:;tnlll‘mg is by no means purely a terrestrial respiratory organ, nor
isit r:?:rigtuegl to aerial respiration. We shall deal elsewhere with some of the gac}ors
{hat operate as animals of different phyla move to and fro b.etween water an alrn-l][;
the course of their evolutionary history. I!. w111 be suf_ﬁcxent her; hto \:10}1:) ns:riid
examples of the varied respiratory potentialities of t'hx§ orga'n: ! e stpll >
limpets are marine pulmonates that are completely aquau_cm habit; the mantle : hy
isfilled with water, and has developed secondary pallial gills, formed by folding of the
wall of the cavity. Many other examples, showing different degrees of adaptam_(;r;1 tos
aquatic or amphibious habits, are provided by the fresl"l-walexj E)ulmonates. [ l\i\
Lymnaea truncatula has its lung filled with air; this animal, hvxpg.an essentially
acrial fife in marshy habitats, plays a role of no small economic importance in
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providing an intermediate host for the sheep liver fluke, Faseig) I

. S . . . . ’ A .
other c\frcmc is L. abyssicola, which lives in deep water without c“ CPaticq, Alth,
face, while 1_: x.mgnnlu‘ is intermediate in habit, living in water, b OMing to (he
surface to refill its lung with air, et felurning lothe

Planorbis corneus resembles Lymnaea s s in this res
handle the situation differently because it [:gfgggzs’?ill[l:)ivrfgﬁLC(‘ B
blooq: a good)cxumplc of the ecological implications of {hc prcs:r:c
:hcrplgmcm’ ; Ilanorlbt,\' h‘us a secondary gill, and probably respires throy hi
surface as well, but it relies largely upon its air-filled lung, functioning i . 'Mbord
with the vascular haemoglobin. This pigment, because of its high o, Conjunm.on
makes the animal better able than Lymnaea to take ot

e o) b t ) up oxygen from its pulmonary
gt:‘nl)l ukl l(?wcr concentrations during the later stage of the dive, for L)‘;nnam:;
y take 1t up into simple solution. As a result, Planorbis can exploit its oxygen

able W0
moglobin iy i

store more effectively (Table 11-2), can dive deeper and for longer periods, and 1

can feed by browsing upon the bottom deposits. The dives of Lymnaea are more

;Ei}‘:g:dﬁ‘:ss;l;:lclcc(;:rc:zuon wilh.lhis, i.l fc?cds on submerged vegetation nearthe i
molluscs is not always so C‘l CCOlOF‘.C“l significance of vascular haemoglobins in
that live in Condilimzs of; c“"’» as is apparent in their absence from many species §
example, even thous Xygen Sh(?ﬂ.ﬂgc.. Individuals of.Glycymcri.v nummari, for |
ple, even though they may be living in the same environment, range widelyin

their content of hacmoglobin, some of them lacking it altogether.

. mll::obrabl?'.' then, the huemoglobin of Planorbis functions mainly to facilitate the 1
plake of oxygen from the pulmonary store, and there is little evidence that ¢ [§
S;?:‘L‘:“‘\‘h‘l(;;"\;r\c\ any storage function. A puzzling feature is the reversed Bob ;
containing s l:.lf’l'?d‘ul hlgh cn'rbon .dio'xidc tensions, as it is in some haemocyan™™
facilit B0 ” he physiological significance ofthisisnolclcnr,butilmayp'erhf‘Ps 1
ttate the transport of oxygen from the lung to the tissues when the animaliswith JF

drawn into its shell and the carbon dioxide tension rises.

Itis to be expected that oxygen lack will be one factor in stimulating thereto®
of these animals to the surface of the water, but another factor is the hydrostat
property af the lung. If the cavity of a fresh-water pulmonate is artificially filled wih
oxygen instead of air, the animal will return to the surface before it has cxhas”

the supply; it is driven by the reduction in the volume of the gas enclosed intl'wlujig- f‘
The most Fomplcx of all molluscan ctenidia are those found in the Bl"{“ SO' &
Wwhere they are involved in the elaborately specialized ciliary feeding mechanisms® |

this group. In our carlier discussion we saw that the respiratory functioning ©
ftc;?]dlu-m demands the presence on it of mucus glands and ciliated tracts 1N
o keep its delicate surface clean from detritus, so that molluscs may be said (0

Table 11-2 Percentage of oxygen in pulmonary air (with standard errors) at D

and end of dive. N kets. From.J 1961. Comp.
Phisiol,, &, 1-25, umber of samplaes in brackets. From.Jones,
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3
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dapted for ciliary feeding. We have observed that certain gastropods have

en prj'aan d ¢ of this to become.cxliary feeders, but it is clearly the bivalves that
taken ¢ fully exploited the situation. ‘

has outlined a course of events that could have led to.the c]af?oratlon .Of

Y- o he most advanced bivalves. The first step, according to his analysis,
the il of ¢ :owth of the body by the mantle lobes, for this led to the anterior and
it 1 overiion of the mantle cavity, and to the forward movement of the ctenidia.
vcr}tral cxt::em brought them into functional association with the mouth, through
Thls'mmlcediation of the labial palps. Initially, while the ctenidia were primarily
e !nz:::rny they were horizontally disposed, but later the filaments bent downwards
:;s;{);m a \;-shaped pattern. The outer filaments became fused witp the mantle, and
{he inner ones to their partners on the other ctenidium or to the visceral mass; thus
the mantle cavity became subdivided into inhalent and exhalent chambers. The
flaments then became elaborated into an increasingly complex sieve by the develop-
ment of interlamellar junctions, and of ciliary and tissue junctions (Sec. 10-2).

The increasing ciliation which would have accompanied these structural ad-
vances probably increased the intake of sediment with the respiratory stream, and
the development of latero-frontal cilia would serve to counteract this by preventing
the passage of particles between the filaments. In correlation with this the abfrontal
cilia, still present in Nucula, would have been lost. It is obvious that all of these
advances, serving primarily to improve respiratory exchange by increasing the flow
of water and by elaborating the surface of the gills, would also have improved the
collection of suspended food material. Indeed, the two functions were presumably
clab.orated side by side in this group, together also with the specialization of the
:;::mg and transport mechanisms. At quite the opposite extreme is the sit.uation in
i :r'::n:ia:)ous and highly sgecialized septibranchs., yvhere amuscular pumping organ
evolve der Y a septum, which i§ perforated by ciliated pores, and which probably

The ‘:I)m the fusnon.of m?dlﬁed ctenidia. y ) )
We have alOS? lntcrrelauonshxp.betwecn respiration and c111ar.y feedl{ng, upon which

Xygen U!il‘;c:ld‘y commented, is shown particu}arly clearly in studies of bivalves.
Waler lﬂkcnz?uon can t3e determined by comparing the: oxygen content ofsamp1e§ of
difficultjeg (e '0‘;‘ thc_ Incurrent and the excurrent siphons. Because of technical
are only ap ;g. there is a gradient of oxygen within the exhalent curr'c_nt) 'thc results
"“ﬂ)'Thiin’s Zlegt;. but th§y C;rtainly show a very low rate of \.mhzauon (Table
POSsible in ¢, urprising, considering the very high rates of ventilation thatare made
foung gy ese animals by the specialized structure of the ctenidia. Galtsoff

at ilats 5 . .
39 gt szesrlulanon rates in the oyster (Crassostrea virginica) might be as high as
the Water in v, C; other procedures, based on the rate of clearance of suspensions in

Whilis, T h_lch the animals are placed, have yielded results of the same order for
pr,.“'SUmubly;.L-ncrgy expended by these animals in their filtering activities must
o I comg 't Justified by the food obtained, rather than by the oxygen.

POds g oot L0 this, there is a much higher level of oxygen utilization in gastro-
Presenys ﬂcephalopods (Table 11-3). The active life of Cephalopoda, in particular,
lery cmarkable contrast with that of the sedentary forms that we have just
(Fig. 11-12). In this class the ctenidia are contained within a mantle
M iy as.bt:come elongated in & dorso-ventral direction, and that is usually it-
20 ved in the respiratory movements. A primitive form of the respiratory
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Table 11—3 Percentage of available oxygen utilized by various e
varicus authors. From Ghiretti, 1966. Physiology of Mollusca (K. py v; e
Yonge, eds.}, vol. 2, 175—-208. Academic Press, New York. - Wilbyr g,

BIv4Ly14
Myz grenaria
Cardium tuberculatum 3-10
Solen siliqua g- }9
GASTROPODA <
Haliotis tuberculatus 3
Doris tuberculata 64:678
CEPHALOPODA
Ociopus vulgaris 0

mechanism is found in the Tetrabranchia, represented by Nautilus, where b,
presence of two pairs of ctenidia, instead of the single pair that is so generaly
characteristic of molluscs, has been regarded as asecondary specializatioanc have
seen that this may also be true of the five pairs in Neopilina.

In respiration the important functional characteristic of cephalopods is the
production of the respiratory current by muscular action. Nautilus creates this vent-
ilation by pulsations of the funnel, which is formed, as we have seen, from two halves
of the foot that are not yet fused at this primitive stage of evolution. In the Coleoidea
fusion is complete, and the current correspondingly more vigorous; it is now brought
about by contractions of the mantle wall as well as of the muscles of the footand
head, this being made possible by the reduction of the shell and its overgrowth by the
body. Cilia are thus no longer a necessary part of the respiratory mechanism, and
they are absent from the gill surface, which is greatly increased in area by primary
and secondary folding of the filaments.

We have seen that the cephalopods are beautifully designed for rapid locom?
tion by jet propulsion. Execution of this is directly and economically linked with the
Tespiratory mechanism. As with all such active animals, thereisa demand Of‘hcmoﬁ
efficient possible oxygen supply; the elaborate folding of the gill surface is one cz ‘
tribution to this, while the presence of arespiratory pigment is another. Slgmﬁgﬂl:lt h)c
of all the animals that possess haemocyanin, cephalopods have the blood wit o
highest oxygen-carrying capacity. Yet this is not as great as capacity of the I?Ii?mcs
many animals with haemoglobin. Representative values for the latterare 21 \Io nd
of oxygen per 100 volumes of blood in man, 5.5-7.8% for the dogfish {””m :‘:j‘nins
8.4% 10 9.7%; for Arenicola. Corresponding values for the hae:moc)’ﬂ“‘o"'con Loligo

o, o [ 0 4.9/ .
blood of molluscs are 3.1% to 4.5% for Octopus vulgaris, 3.8% 10 4.5% fc,(;sisnc
pealei, and 1.15% to 2.2% for Helix pomatia. The environment of ccphal"Pt‘f iy, a0
in oxygen, and in adaptation to this the blood of Loligo hasa low OXYEC.“’“{:; d Jarge
is saturated only at relatively high oxygen tensions. There is a typica While:

Bohr effect, which facilitates the release of oxygen to the active lisSucsndilions
‘therefore, these animals are very sensitive to 0xygen la?k, under norrn.a‘liccﬂafl em.
they can achieve the very high level of activity which is so characteris a capillsy

The efficiency of their respiratory mechanism is further increased by

oS!
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N rospirO  lated mode of

RESPIRATION 317

ja officinalis.
ically under

n imitive
: ntle cavity- B P00
z‘°'_““°n,“ with .Osfm Moy cpnd(;!iozl
suisted 1 cate alternative diTtEY

boten SO0 story_current 2% 0
s O g f produced BY €U%
e sroduced by muscular MOEy
s D" Pl fiaps). D, cep 1
ment of ped anus; am, afferen
- & em, efferent

onde f ctenidium; )
remb® L romidium: £, foot: 92,
e rure;  fb. hypobranc ":t
geniml :pekidnay aperture; let, le t

G Jk left kidney ape_:rt.ure:
m‘dlunr;'dium. ret, right c!en!dlum,I
i ht kidney aperture; vms, viscera
’;a::me Yonge. 1947. Phil. Trans.

8. Soc. B, 232, 443-518. A

SALIL]

=
=
—
=3
=
=
=
a
2
z
%

am

D

C(l,:,c: lation i the gills, contrasting markedly with the hacmocoelic ?ﬁc- ‘Orf:ii‘:t?;

ases O‘P t:lhe:r molluscan groups. Associated with this are b_mnch\arfdt:ncy o
Piration ¢ gills. Thgs the whole system is organized for maximumeth e tres
pimm_y “i“hm the limits of the molluscan plan of structure. The compmVidcs -
instry Cli)v Ocomotor, and circulatory mechanisms in c_cplmlopo@sl.id niruals:

‘ ec'o:, example of the way in which the parts of highly SP“‘}‘(‘ ll_runctioni i
fthe 'olhei:losely Integrated, so that each contributes to the successii
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11-5 GILLS AND TRACHEAE IN ARTHROPODS

The organization of the respiratory mechanism of the Arthro 0
evolutionary history of the group, which, as we have alread
sea and continued later in fresh water and on theland. The m
respiratory exchange is found in the smaller aquatic crustace
adult copepods, and most ostracods and cirripedes, Th
worms, respire through their general body surface. It is reasonable to assypep,
X . . that
the thin-walled and foliaceous appendages of the branchiopods, Jike the parapogi, ' f
of polychaetes, facilitate gaseous exchange, and that they have, therefore, arespimli :
ory function additional to their use in feeding. The maintenance of the filter-fecin, |
current would, of course, serve also for ventilation. In fact, it may well be thy irgl ‘J
these animals, as in the bivalves, the feeding mechanism Was a specialization of, [ §
more primitive respiratory one, but we cannot be sure of this. i
The larger crustaceans develop specialized outgrowths that are regarded & ‘ :
gills, although there is often a lack of physiological evidence for their respiratory .f.
function. Structures of this type are particularly well developed in the Malacostraca, | i
where they take the form of foliaceous outgrowths of the coxae of the thoraciclimbs. |}
These outgrowths, which are termed podobranchs, may be supplemented, particular- | |
ly in the decapods, by similar outgrowths arising from the arthrodial membranegt 4
the base of the limb (arthrobranchs), or from the body wall (pleurobranchs). In their
simplest form such gills may be only hollow, flattened outgrowths, but they become 1,:.,
much more complex, with a central axis and various types of lateral branch. Theyare g
well vascularized, with an afferent and efferent circulation, but they do not deVC!UP .
either capillaries or branchial hearts such as are found in the cephalopods. Y?"l]ﬂa' i 6
tion is maintained by the rhythmic beating of one or more appendages; primitively? |

da ref i

Cls thy L
y shqwn, began in l:c o
Ost primitiye Methog .

21, Suchaas eqrly larvee |}
€se animals, like man“ i &

. 5 X : ionis ,‘;‘ A
number of these are concerned, as in Anaspides, but in the decapods this functions 4

restricted to the scaphognathite of the second maxilla. ninthe
Another example of the use of limbs in respiration is probably to be sfef)m heir
Trilobita (Fig. 11~13), although here we are restricted to inferences dfaw"t :cturc n
fossil remains. We have seen that these animals show a uniformity of S(;f he W0
their biramous limbs, apart from the differentiation of the a.ntem?ules, 2 lermind
rami, the inner one supposedly functioned as a walking leg, since it bf;:d someres
claw. The outer ramus, with its fringe of broad filaments, presumably
iratory function. L ig. -1
p Ar{hi‘:gi):gmple of the respiratory use of the limb occurs in le,'dusn(i}r:r:gh ac
P. 191). Five pairs of swimming paddles exist on the opisthosoma of this fmal oy
of these limbs consisting of a slender internal ramus and a br?ad exter chia“eavcs.
latter bears a peculiar type of gill formed of as many as 200 delicate br ?gily provide
. for which reason it is called a gill book. Ventilation of the gill book is rea hovellingi®
by the locomotor actions of the limbs. For much ofits time the animal is she bodyin
way through sand and mud, and the moulding of the ventral surfacc oft The oV
a trough probably provides some protection for th? delicate gill ]:,oolfs.hosomlejc
: i culum, regarded as the fused limbs of the first opist
hanging genital operfunher safeguard. o
segment, provides z:hat few crustaceans have achieved any success inlhei’,‘vaS'; o
3 d‘(‘\é‘::c}:l a;e;)ec;dme malacostracans, however, haye surmounted the diffic?
“lan. . 7-3).

|

5 hav'c .
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Fig. 11-13. Reconstructions of the appendages Aof: thes :ri:rt:;tre (grleg?igle; (g::lzzg:?
’ T i i (] . br, : 3 :
tus Rominger, 100 mm, Middle Cambrian. er 2 br o

sdz.md:lsstal segmim of pre-epipodite; fil, ﬁlam_ents: pl.sp. pleuralf;)énse, :m?i(; er)es:z b

prpd, pre-epipodite; tipd, telopc\dite.~ From Tiegs and Manton, . op. cit.

courtesy of the Cambridge Philosophical Society.

“amples being found among the anomuran decapods, and also among the t:'uef
uabs. Here the solution of the respiratory problem has been the development o
Yseularized folds of the wall of the branchial chamber; a development that is not
beally different in principle from the possession of pleurobranchs. These adapta(;
tlons may pe called lungs. Another solution is found in the Porce]hgmdae anh
Armadi“idiidac, terrestrial isopods in which the respiratory endopodite of eac
Pleopod g Protected by an operculum formed by the exopodite, which also contains
branche‘.j,‘uhules (pseudotracheae, p. 383, opening to the outside.by anarrow aper}:
liss\; his is o simple illustration of the possibility of flis?ributmg gasc‘iit;!;;ui '
Ploitcs l.’)’ tubular ingrowths of the body surface. The principle has bect;1 i
men: din the arthropods, where it has presumably been er}co\fraged bg‘ ?des -
o Ofthe harg cuticle; it provides one of the clearest indications of the widesp
*8ent evolution that has marked the history of the group.

inci i i which, since
they § % Convincingly demonstrated, for example, in the chelicerates,

. : i jal adaptations
ingg.v-.--ude the aquatic Limulus, must have developed their terrestri p

ep.?ndemly of other arthropods (Sec. 7-2). The line of evolution seems likely to

¢ : ilurian. These
; .&nini;assed through the scorpions, which are known from the Upper Silu

3 i uatic
lice... A some resemblance to the eurypterids, an extinct g_n;llllp soigi(:x]ized
Srates that were more generalized in structure than_thc highly tipsfactorily
; “fOrtunately the respiratory organs of the eurypteridsarenotsa »
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known, but we may assume that they were of the same type as (h ) 14. TS Feripgru; i;r'ln,/':usbl ocod I\
N M . > § 4. ' idermis; /S: p
Limulus, and that the :enal respiratory organs of scorpions were cvol‘fedl}l ol qu,[e11dggach§d’;it:;|i ;P';uscles: nlm, cir-
These are invaginated organs that are called | Tomihyy, f @80 m, sube iagonal musclesi, 7
&l 4 ung books, because ey 0 f o uscles; ’"dafpilfgfg;:nzeNSO"/ papilla; €

closely apposed leaflets, which are set, like the pages of a book Within Sl of sensory P o. From Grassé,
to the outside through a narrow aperture. No special provision is m:dp'“ha“’l)em ik "ezieg:m; , bundle °f,;$:h630f, 6. Masson,
tion, so that gaseous exchange must depend upon diffusion, © forven,. | foss. Traité 22 et
Limulus can survive for several days out of water; it has been su
fore, that primitive chelicerates had a similar capacity, and that lung iizséed' ther. | :
as a consequence of this. It may be, for example, that the limbs were close] el 1
the ventral body surface, that the gill books became enclosed by fusion g’fv’iiph'edm |
with the body wall, and that the gill lamellae in their turn fused with the walle hfmbs i
cha.mb.er. Four pairs of lung books exist in scorpions, which have remajned coonsthc
vative in their respiratory equipment, but otherarachnids are more specialized.Tth; t,g
i §
[

paris:

some spiders have two pairs of lung books, some have only one pair, and in one famiy ||
there are none at all. This reduction is doubtless correlated with the tcndencyfo{ i
lung boolfs to be replaced in these animals by tracheae, which resemble in principle ik
those of insects and other groups to be mentioned below, but which have clearly i}
b.ccn qevcloped quite independently. In the spiders they may perhaps haveevolvedzs (|
diverticula of the missing lung books. Tracheae are also found in other arachnids §
!ht.t Solifugae, the Phalangidae, and some of the Acarina. In these groups thereisno ;
evidence for a primitive lung-book phase, andit is at least possible that they mayhave
developed tracheal respiration independently of the spiders. |
) We have already seen that Peripatus, the myriapods, and the insects may con* g
stitute a natural group of terrestrial arthropods, the product of aninvasionof theland :
that was achieved quite independently of the arachnid line. All of these forms ha¥¢ |
developed tracheal respiration, but their tracheae are not uniform in structure, 3"
We cannot assume that they necessarily had a common evolutionary origin- Th?y
could, in theory, be independent expressions of a common genetic potentialiy I :
t‘hese several groups. We have no means of judging this, and the dangers of spect’® 44
tion are shown by the fact that the tracheae of the Solifugae show detailed r;semj-
blz'mces to those of insects, despite their undoubted independent origin. In peripdlt
(Fig. 11-14) the tracheae are delicate tubules, passing inwards to the 0rgan$ a?w

et : cracle U
arising in tufts from pits of the body surface. Each pit opens by 2 Sp,mc:r;,cm
I

spirac‘lcs_ being scattered irregularly instead of showing the segmental arranfor the
seen in insects, A fact of great physiological and ecological ;mponar}cch P
Onychophora is that they are unable to close the spiracles. Because of lh'fs ;hg{tcrc

not resist desiccation, a feature that is correlated with their occupation ©

Tracheae are ectodermal structures, formed by invagination, or i"?"‘”?“’ from
thesurface, As a result they arelined with cuticle, called the intima, whichis thlck?md
0 form delicate ridges arranged either as a continuous spiral or as separate rings-
These thickenings, the taenidia, serve to maintain an open lumen throughout the
lracllleal system, and thereby ensure the passage of gases. Communication with tge
::glr(;e is by means of openings called spiracles, refc'rrcd to above; they :‘iagth:
7 Oraxed as the sites of the original invagination. Typically thesc.arﬁ fo:n diation
n ‘dcta:nd abdc'sm.cn (Fig. 11-15), situated on the pleura, but there is much va bemi-
l’neus(il »and distinctions can be made in the insects bt.:twcen.holopﬂFUS[llc' onthe

o % and apneustic systems. The first of these, with eight pairs of spirac es °
ien and two on the thorax, is the most primitive, and is particularly charac

0
and damp habitats, In the myri Jexinstructuf® Ieist
: 3 yriapods the tracheae are more complex +ode Cristic : . . . irs of
are commonly supported, as they are in insects, by a spiral thickening. In C‘""pf,sc $piragy| of adult stages. Hemipneustic systems, in which one or more o e a-
astom y evs are closed, are particularly characteristic of those larvae in which respir

ally an adapta-

they usually branch and anastomose; in millipedes they may branch but an
f the spiracles

. i
do not develop, e 18 “On'f::}ll-ange has become localized at one end of the body; thisis usu
ac | S ife in a fluid or semi-fluid medium. In apneustic systems allo

The operation of tracheae has been best studied in insects, where they 2 Ay
an efficiency in operation that makes a major contribution to the diversity 0P eec\;:n racf'g“d’ 0 that respiratory exchange must now occur either through the body sur-
1zation and high level of activity that these animals attain, Tracheae have, ov:ﬂy 0 e ﬁli lhrgugh outgrowths of it that are called gills. This mode of functioning is
the one major disadvantage that transport of gases by diffusion is suited © s e arly‘ characteristic of endoparasites and of fully aquatic insects.” .~ " .
small organisms, Thus they are one of the features of insect organization ! ehich - Mang; © essential feature of the fully developed tracheal system of insects 1S that it
skeleton is another) that severely limit the size of these animals; a limitation forw ilhe"b—gpns OXygen to the tissues by tracheal tubes that branch to supply all parts of
204y, and form extremely fine terminations called tracheoles. These terminations

the rest of the animal kingdom should be thankful.
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abd.i-vij

Flg. 11-15. Tracheal system of Xenopsylla cheopsis. th h. rac
Cl 1 f h cles:
Xe Vil P 1, th./l, tho C spiracies;

abd. i-viij, abdominal spiracles. From esworth, 1947. The Principles of Insect
g g
; Wi glesworth, /e /

possess thin walls tha
with taenidia so delictz:tl;cﬂ‘:;{ Ei:abcl:zto WZ;tcr, hadimtarepepided JicsHoteEl
of the minute size of the trachcg’les rtlhcm y be seen by electron microscopy. Bectr
tissue that they surround the cells a cdy enter into so close a relationship withhe
degree of their development and bmn ht?nd i Wlth“? them. .Morcover, o
ﬂuc‘}jafi(ii“_s in the oxygen demands of f;(;rglcgu;;inﬁiiidaptlvely adjuted 107
trach;a:Is régg?:;:if)?l{nz;mlzls’;ghma?: a clear-cut distinction between p ulmonaryﬂ}ﬂs
essentially as lungs, for they d poitts out, the tracheae of spiders WAy functio
. 5 ey donot convey oxygen to the tissue, but merely aeratethe
blood in the adjacent ventral sinus. Even in insects there is a blood stream which ™
necessarily play some part in gas transport; the tracheoles may sometimes b¢ foun
suspended in the blood, and presumably p;ovidc a source of 0))’( en that it can the?
transport. Moreover, tracheae are sometimes expanded to form);iin-walled airsacs:
Thcsc may s.on?etimes'serve as hydrostatic organs, but they are probably ofp;micular
importance in increasing the capacity of the respiratory system as a whole, 0 that the
respiratory n'lovemcnts result in the exchange of a correspondingly greatef volume
of air. There Is an analogy here with the function of the air sacs of birds, anda forthe!
analogy is implied in a suggestion that the air sacs of insects may aid flight by reduciné
specific gravity. A similar function has been suggested in birds, for in these anima®
the air sacs penetrate extensively into the bony skeleton.
As with other types of respiratory system, the mode of functioning oft
closely governed by the physical properties of air and water. We have seen that %
is a more favourable medium for respiratory exchanges than in water, hist

racheac®
tair

and thatt i
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nection with the diffusion of oxygen, which is very much
ter. Krogh’s calculations showed that in a large Cossus
the tracheae had an average length
hese circumstances diffusionis

in con

s T i
more 18 Ir;r?,a 60 mm long and weighing3.4 g,
(godt Mk cross-sectional area of 6.7mm? Int :
m, with 2 € sary oxygen; it requires a pressure difference of only 11
supplying the necessary ’ g )

ample for the animal need not expend any energy at all upon ventilation move
 so that el probably true of very many tracheate arthropods, including the
ments. ﬂ}l:):a the arachnids, the myriapods, and a large number of the smaller
,onyChOPto cti’lel' with larvae and pupae. The efficiency of tracheal respiration,
"‘matsl'xe x ria“ size of insects (see also p. 296) is well brought out by some calculations
olfv::exander. These show that a larva with the same oxygen ce)nsumption asa goat
moth larva (0.3 cm’/g hr), and with the same proportion of its body 0(.:cup1e_d by
iracheae, could in theory reach a radius of 0.9 cm, whereasan earthworm-likeanimal,
distributing its oxygen, could only reach 0.3 cm.

relying upon a circulatory system for !
Two factors that modify this situation are size and activity. Many insects are
smaller than the larva mentioned, and are in an even more favourable position, but

conditions deteriorate with increased size, as Krogh showed. If, for example, the
linear dimensions increase by a factor of 10, giving tracheae 6 cm long and 6.7 cm?
in cross-section, the rate of diffusion could be increased by a factor of 10, but the
anjmal would be 1,000 times heavier, and its metabolism at least 100 times greater.
Diffusion would now be totally inadequate for meeting its needs, and this is why
!ra?heal respiration limits the size of arthropods. Conditions are at their most difficult
llrz)o mse(;ts. Thfa expenditure of energy during flight is formidably high, amounting to
deq::tlc/fvr}l: tissue hr, and _transport of oxygen by’diffusion isthought to become ina-
R, ;.n (t’he body weight reaches 0.1 g. Respiratory movements are now needed
Which vicigh "11 quuate Sl}pply of oxygen, ar}d so these are seen in bees, for example,
the Oxyge;% ol tn}:g. It is, of course, the flight muscles whif:h are mainly consuming
'hroughom’ e muey ]have a Sp'e(flallzed tracheal supply, w1tl_1 a main.trunk rutlln.ing

e 0, Alexand scle, and giving off lateral l-)ranches which continue to divide.
achieve, while sti]lf; §h0\.vs‘ that .thc greatest diameter tha_t a flight muscle could
¢ed, the limit o aintaining this rate of 9xygen consumption, is 0.5 cm. This is, in-
reachesalength otl_"l“ally foupd‘ But there is a tropical water bug, Lethocerus, which
ad#PtatiOn s 1 cm, being one of the largest of known insects. Thishasa further
as $ wing, in that air is pumped through the larger of the branchtracheae

Well as thr
( ; . .
thelagte,. ugh the main trunk, whereas in other insects it is only pumped through

. A special gj
the gie of t ifficulty arises in species in which the legs are unduly long relative to

oxee . Olthe body: reli % !
X y; reliance upon diffusion over such distances may result inthe

| COncentratj v
j l:: Hléss ip dal;:?'n in the. tracheae of these limbs falling to very low levels. Itis
8 leg, ion to this that harvestmen (Order Opiliones), with exceptionally

4 -
With t;":hi[;lraclcs on their tibiae.
thep 2 the regpy :;tgs with lungs, thcrc? is boupd to be some loss of water vapour
i ths em, par] ry membranes; _thxs constitutes a serious drawback in the tra-
& use o " lClllifrly as terrestrial animals must achieve maximum economy
‘.’fge the maiate}'. Since the general body surface is impermeable, the spiracles
ls’today inn sntf: of water loss. Primitively this loss was doubtless accepted, as it
Peripatus, but the extraordinarily successful exploitation of aerial
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Since oxygen diffuses much more rapidly through air th

of this will be to improve the supply of oxygen to the ca]]an thro

the opening-up of the capillaries in the active muscle o T
It remains to add that the possession of such a ;.O}t; t

system has not prevented insects from returning toan alg ly _SPecializeq

possession of lungs has prevented mammals from doj e, an

are adopted for this purpose. Some larvae obtain air f::g the same_ v,

common practice is to return to the surface to breathe ﬂr]n

case, hydrophobe structures or secretions must be pre rough the spigggy

openings to prevent flooding of the tracheac.ThisprocE dusfen,; :yrct))und the

esu

Tey,

5p

reservoir, which serves a hydrostatic function as well as being an ox
be retained beneath the wings, as in Dytiscus, or amon
3 " tiscu.
) g y , OF g hydrofuge

Another device is the use of spi i i ;

Anot piracular gills, mainly confin i
: s ’ ed

certain ﬂ:es. and beetles, in which they must have been independe:::l[he P I

many occasions. These structures, which are modifications of the spirzc‘;vo’ve: o

€, orbody [

wall, or both, usually bear a device called a plastron. This is an air store held jnp
Place

,/‘\\'\N\,\ Plastron network

DL
faae@kﬁ@‘?‘ 3
2 RN

Fig. 11-18.  Spiracular

gill, which is formed by

spiracles. B, diagram of

plastron. Vertical pillars g::t "stt,mm""e of the wall of the spiracular gill showing

horizontal struts. The interstigesu:,ed over the surface of the gill are connected o

From Hinton, 1968. Adv. /ns, Phy;zv 5, é’;" struts provide the air—water interec
- 9, 656—-162.

raculal
i of

ill i
gn ’:fufu:anydeflls wilsoni. A, lateral view of right SP!
growth of the body wall adjoining the first palthe

« Waler i
hhls result i an';lhtcfretl g
© Vertebryy y oy

pirﬂln i
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ore E
es.. g
Taculy f

carrying down under the water a temporary reservoir of air on the bodpplememedby b
Y Surface Thi | ;
Thi

ygen store, g, I
hairs, ag inNogy. :

RESPIRATION
327

hydrofuge structures, which may consist of hydrofuge hairs

s em Or y
it Comple ; uch more claborate. systems of tubercles, struts, and arches (Fig
z,be forme o vater interface of this structgrc is very large, facilitating gascous.
; jié ¢ in the permeability of the cuticle. The plastron can be

T i as
(18 1 L nout any incre : : ;
| ange “S’]ah‘phySical gill’, depending for its operation on the air store being main-
a

stant yolume. Give lhis.condilion, and provided that the ambient water
cond oxygen diffuses continuosly from the water into the plastron, replac-
fﬁ:e;tefed the tracheae; the animal can Fhus remain S}lbmerged foralong
ing W powever, the oxygen tension in the water 1s l(?w, the animal suffers because
’will diffuse out from it, through the p.lastron, into ‘the water. If the animal is
orygen air, the plastron no longer functions, except in so far as it can provide
¢ osed t;) ; ;Scous diffusion, but it does restrict water loss through the spiracles.
channels ooeftics have important ecological implications. Plastron respiration is
I l;esfricted to insects living in well-aerated water, subject to frequent changes
}lSUa t);r Level, with consequent periodical exposure to dry conditions.
in Wi;ina“y, any aquatic. insects hav? become fully :ctqugtic by developing tracheal
gils which make it possible to obtain oxygen by diffusion from the surroqnding
sence of many fine tracheae imme-

water. The essential feature of these is the pre
gately below the cuticle, ventilation being sometimes provided by the movements of

the animal, and sometimes by movements of the gills themselves. Krogh pointed out
in this connection a curious analogy between the respiratory system ofthe nymph of
the dragonfly Aeschna and that of the cephalopods. The former has tracheal gills that
lieinthe rectum, and that are ventilated by muscular movements that also provide for
the locomotion of the animal. In principle, thisis the same combination of respiratory
movement and locomotion that has been developed with such success in the opera-
tion of the cephalopod pedal siphon.




