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WTRODUCT|ON

aceous exchange in 'insects OC;UTS trfoﬁ_gh a system of air-filled internal tubes, the
trachea| system, the Ttner branc (?s of w ICh. extend to all parts of the body and may
ome sunctionally mtre'acell‘ular in |‘nuscle flbers.- Thus oxygen is carried in the gas phase
rectly 10 its sites of utilization. While the blood is not concerned with oXxygen transport in
nost insects, SOMe insects have I.’IOV.V been shown to have hemocyanin, an oxygen-carrying
signent, i the blood. In terrestrial insects an'd some aquatic species, the tracheae open to
e outside through segmental pores, the spiracles, which generally have some filter
structures and a closing mechanism reducing water loss from the respiratory surfaces.
Other aquatic species have no functional spiracles, and gaseous exchange with the
water involves arrays of tracheae close beneath the surface of thin, permeable cuticle.

This chapter is divided into ten sections. Section 17.1 describes the tracheal system, its
sructure, distribution and development. Section 17.2 deals with the number, structure and
distribution of the spiracles. Section 17.3 follows with cutaneous gas exchange; Section 17.4
reats respiratory pigments; and Section 17.5 describes gaseous exchange in terrestrial insects,
considering diffusion and ventilation in resting and flying insects and control of ventilation.
Section 17.6 addresses the gaseous exchange in aquatic insects, with oxygen uptake from the
airand by gills. Section 17.7 gives attention to insects subject to occasional submersion. Section
17.8 refers to the gas exchange in endoparasitic insects. Section 17.9 is concerned with other
functions of the tracheal system, and Section 17.10 with gas exchange in insect eggs.
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17.1 Tracheal system

17.1.1 Tracheae
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the body. Most Collembola have no tracheae at all.
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The spiracles of most terrestrial insects have a

closing mechanism, which is important in the control
of gas exchange and internal pressures. The cl
mechanism may consist of one or two movable valves
in the spiracular opening, or it may be internal,

0sing

closing off the atrium from the trachea by means of a
constriction. In most insects, closure results from the
activity of one muscle; opening is produced by the
elasticity of the cuticle associated with the spiracle, an
elastic ligament or a second muscle. Even where there
is an opener muscle, its activity is often associated
with an elastic component so that, in the absence of
any muscular activity, the spiracle opens.
The metathoracic spiracle of grasshoppers is an
example of a “one-muscle” spiracle (Fig. 17.11). It
lies in the membrane between the meso- and

cuticle

closer
muscle

opening of
~ spiracle

trachea
atrium

acle of a louse, ‘
nd branched spinest

frer Webb, 1948).

Figure 17.10 Section through a .Splr
Haematopinus, showing the atrium a
which dust accumulates {a




3
-~ A ~ ——m&\
: —
512 Gaseous exchange o
metathorax and has two moz ahle s‘(‘mi(‘innl;n | vl 1l Sl s .
valves, W hich arc 1111<(‘(‘1’ﬂli/(‘d except for the hinge o 35 gl e ﬂigh)‘r"x -
and a basal ]wd into which a muscle i< inqqiml This ed tod rune al(‘m m”\(“r‘\( mmul
i . valves, causes them nosteric oo e g g th o
muscle. by pulling down on the va sl oy
to rotatc and sO to close. The spiracle normally "‘I“‘”‘ mnn WY V(‘nlr;“wﬁon y r‘: )
because of the clasticity of the <m'rmlndin§t (‘111.1(‘1(‘, svises it 8 enlienl inﬂ(‘;. ing " (.‘w .
but in flight it opens wider as @ result of I?u* slight ;mq is inserted into a F)rn(/'(“:: hnm‘:”h?; - ‘I
ceparation of the nu‘cvvinu‘mn and 111(‘1(‘))1\‘1(‘71111”1, ?,«,h‘]r the opener ey OF th ‘;r\h:n mym’
These two cclerites. which curround the <Pi"'“'](‘- are inflexion, is inserted onte ‘h” from the mm_"ml
normally held togcther by an clastic hridge, but, posterior valve. When the in(‘ POster,, ‘n“ i |
when the hasalar and subalal muscles contract, the closer muscle relaxes, the < :O” ' at rest in
<clerites arc pulled apart. This movement is 20-30% of its maximum quD racle Obens 'r,m
argely {hrough a ligament of the cuticle; the opener A result e ‘hp,
Contraction of the muscle Plays . ®lagy;
) Dy

Jemitted tO the spiracle ]

ting the metepisternt
acle open wide.
¢ of grasshoppers

12a). It is unust
tly from the

trai
ym to the an

(‘OHH(‘C
making the spir
esothoracic spiracl
spiracle (F18: 17.
heae leading direc
The dorsal opening

The m
«rwo-muscle”

h
external opening.

IVINE two trac

Pel

@) (b)
mesepimeron metepisternum
bridge
trachea —
ligament / cut away
opening opening
antefior posterior sclerotized
valve valve pad
closer
\ muscle
cuticular
process
mempo
iemporane pad )

(c)

anterior

valve \ :

<

mesepimeron

ligament

{erior valve,

is a spiracle opening fully. nthe
1al in Closure of abhdominal spiracle
— S usually, ;
constriction method (Figs. 17,12y, :‘711\17 v,
] ’ 13] Cq
“LOmmon

is connected

/% posterior
valve

closer
muscle

()pf‘ner m
. uscle ¢
sa1 venitils )
deep ventilatory movements ang ccurs gy,.
d resy g
iltg oy

the atrium is pinched between twq |
‘ err"iﬂ‘r}
o

scle spirac:
e of a locwt
er, 1960
| views

Figure 17.11 A one-mu
second thoracic spiracl
(Schisrocerca) (after Mill
(a) External view: (b) internal v
(c) diagrammatic section througd ¥

metepisternum
mesepimeron (

to open wide (dotted)-

B



L 4 172 Spitaclee 13
~
\~ ‘
i (H
" png?n"ﬁ7 lf"‘?‘}\ Qi ha
valve £ "—J
A
sclerotized , | .. 2 }
rod W
% 3
ventral
orifice
cloaay
opener Nuscle Fiaurae 17.10 Twn muscle spiracle ¢
ml!.Q(“(-‘ grage \-nnvn"l' {a) ¥ st thaeg ie ‘«‘ \ ‘
A CIC sPiracie
DA A » SCCN roym Meide (| 1qed an nndgracs
Tiscle 193 \"”"T‘( \"(.[\1\ M Ao K ‘ "
. ydamina
Al SPiracle (aftey MOddgragg 1qac \
wele
sclerotized
) / band
(A 3
~ closer
muscle (c) closer
muscle
ssass! = :\:\_\ -
R movable e, — — — &3
\\vlever
: elastic N
E [ flexibla
\\\\ opening o
ligament
trachea
hinge
spiracle _
opening atrium
g (@)
trachea
flexible
rod
g0 car epidermis
closer
movable muscle
rachee ——=——

lever

figre 17.13 Closing mechanisms internal to the spiracle. (a),(b) Abdominal spiracle of a caterpillar seen from inside (a) at

i norizontal section (b) (from Imms, 1957). (c),(d) Constricting mechanism on a trachea of a flea seen in horizontal
son (¢} and from above (d) (after Wigglesworth, 1965).



514 Gaseous exchange

Ne11rol | centers ofte
N Overy
Tric

i stractio
fthe €O V -
‘ (Hl“” N rhythms in the segme Sitm:
~ rod s the T ) 1",“h(')lg oien ove N
e B o : s, the qtrium o7 the spiracle muscles j Ean'zli;n \ i Fogy
e i N each gog,. Moty
v . ”H‘h”h\d £ 1 of the same seo SMeny hrw,, '
| T’ | m -Q«
-~ - ”‘( - t. Il 1 sinent Or ¢ Figa )y
he front. The closer muscles in 4 hat o n!
“ ! l=]s; e "
eriplancta (Blz 2 gonp. ;.
f ﬁrade Oppn’ng e todea) ang Schi "fieg () "t
| ‘ A o )
rO' o1 3 : are innervated - i k
17.2.3 Cont - (H‘immliv oo s T
o S | i > yass along the mediz ITong thy
| i - . . o) conters in the P- an nerye and Wheye i,
o g " u’ qum]”“\). ( <ending a branc h to either < | C Thf‘n hir ® Ay
g e ‘ . it -(’”(‘ n Sic \ Ura h.
Jocusts. cOL kro ‘]d -m‘ﬂ'?' gﬂm—:‘hﬂ g ncet 1 \')”:” i st e o ‘h;” yhlh;”h
’ yret ab 01 il . jon ant r s, .
thoracic 0T first that mmmic yentilati I e e e, o : :
. ., phythm the . ~ contra ‘ part | ’]
espiratorn rh [ the gpiracles Thest na . g
ings 0 ‘ g |
fnupl(‘d opcnits : |
i |
rentral jongituding
e uscles
muscles m
jratory .
(a) insmrsfo\‘r\r GXP\\X‘H“G_E{ inspiratory
o ~ . 4
‘ T iratory
ATION NS S exp
/ENTIL (C ‘ :
\ /,S )
N

Figur'e 17.14 Contro] of ..
ventilatory movemengs i?mﬂe‘ g
(Schistocerca). (a) Innerva: Incyg;
ventilatory muscles top) .
muscles (bottom). The ce), b‘oggr-m
S of

perikarya of mOtOr neurons controlling y,
e

ventral
connective

T
[

rons
SPIRACLES Ty motor neuro of one segment are not copf, Muse]g
, fi " 1 {
closer —EC:—« ganglion of that segmen;: Ned 1y,
muscle == muscle . T some gre
the ganglion of the next anger; in
or
segment. The axons in the Mediay
. . nen;
Sominal divide (arrow) so that homolo%mﬁ e
: bdomina : °
(b) metathoraciC aganglion muscles on the two sides are innery,
by the same neurons. Notice thar
. ventilatory muscles and spiracular
inputs from to posterior muscles are not controlled by the san,
anterior gangla ' “ e
=y neurons. Numbers adjacent to cell
bodies in ganglion 5 relate to the celks

centers
shown in (b) (based on Lewis eral,

1973). (b) Diagram showing the conni
of ventilatory muscles. The
,@ 2 interneurons (2) are driven bya centrl

pattern generator and extend to all e
abdominal ganglia. Motor neuronsdt
numbered to correspond with the same
numbers in (a). See X for further
explanation (based on Lewis ef Gk

1973; Pearson, 1980).

O interneuron
,‘/
) motor neuron
— excitatory synapse
—e inhibitory synapse

i

to expiratory to inspiratory
muscles muscles




T

\ he n]u‘n(‘l‘ muscle when it is
"

xom 4 one or two ne ons wi
N

1in the ganglion and the

o ATe indcp(‘nd(‘nﬂ\
& g1t
ol .-l.‘ N1 . ! N
it (1(.1\ _ qaﬂd N]m(d
of 2ﬂhﬂ”‘ . X
”1.0“ innmgc

cockroaches, a

rvates a nun her of
nC
vyl .
ener nmq‘l( S.

0

used 10 contract by the

. arons put the frequency of
N S. ‘ ‘
nining the degree of

‘1(‘]‘] . - <
e arious factors acting

mﬂi' e a]rcrcd by V ‘
us cystem. Ot pm'h(nlnr
EPAILRIRS
et
nigh
(hypoxid

1evel of carbon dioxide and a

) in
hile the spiracles are

{he tissucs. Both of
J ol \\i:l;d to arise W '
) gioxide is produccd and oxygen is
oM. Both conditions lecad to a

qin rcspu‘ﬂ ) otential frequency and so 1o
,Cﬂ-o n 1wo—musclc spiracles the action
l-opc'ﬂng. oy 10 the opener muscle is increased
ontia Vdi(;xide levels and hypoxia. ln_creases
4 or rhythm and spiracular opening can
feed—forward regulation from the
ght motor behavior.

directly on the closer muscle

s: with direct effects on muscle

control fli
s That

n dioxide acts
scle Spirade

a:-one—rﬂ ool with neuromuscular transmission,

jon potential fall
e opens. The threshold of the

6 peral response to carbon dioxide is set by the
ohe

i ncy of motoT impulses from the central

freque

s, muscle tension is reduced

173 Cutaneous 9as exchange

Some gaseous exchange takes place through the

aticle of most insects, but does not usually amount
o more than a small percentage of the total gaseous
novement. On the other hand, Protura and most
(ollembola have no tracheal system and must depend
o1 cutaneous respiration together with transport by
lbe hemolymph from the body surface to the tissues.
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17.4 Respiratory pigments

Until rece i
‘ ently it was thought that only a f
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standing of the function of
most of these respiratory pigments remains limited.
Most insects that have been studied possess
intracellular hemoglobin, primarily expressed in
tracheal cells and fat body. Molecular analyses
indicate that these proteins do bind oxygen, although
their function remains controversial. In Drosophila,
hypoxia exposure decreases expression of these
hemoglobin genes, while hyperoxia increases
expression, suggesting that these hemoglobins may
function in protection against oxidative stress rather
than as oxygen storage proteins.

Larvae of the genus Chironomus (Diptera) are the
only insects yet known to have hemoglobin in the
blood. Chironomus larvae live in burrows in the mud
under stagnant water, which is commonly poor in
oxygen. The hemoglobin of Chironomus has two
heme groups, and is 50% saturated with oxygen at
less than 0.1kPa, compared to more than 3 kPa in
vertebrates. A flow of water is directed through the‘
burrow by dorso-ventral undulating movem‘ems ?t
{he body, and the currentso produced p“_mdes toog

1 bouts of irrigation, the

and oxygen. During suc
comes fully saturated

hemoglobin In {he blood be
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Diving beetles of the genus Anisops also have
intracellular hemoglobin that aids in oxygen storage.
When Anisops dives, it carries with it a small ventral
air store, which is continuous with air under the
wings. All the spiracles open into the air store, and
the spiracles of abdominal segments 5-7 are very
large and covered by sieve plates. From the atria of
these spiracles several tracheae arise, branching

repeatedly to form “trees,” the terminal branches of
which indent large cells, called hemoglobin (or
tracheal) cells, which are filled with hemoglobin. The
hemoglobin becomes oxygenated when the bug is at
the surface and deoxygenated during a dive. The
oxygen released enables the insect to remain
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possible, while at the same time affecting its
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17.5 Gaseous exchange iy
terrestrial insects

O%ygen passes through the tracheg] system frq, .

spiracles to the tissues and ultimately muss r:n‘l ik}&
mitochondria in order to play 3 part in OXidaz\cjn e
processes. There are thus two distinet phases in?h

transport of gases, one through the tracheg] ws{e;
known as air-tube transport, and one t}uoughu[he;;s‘m
in solution in the cytoplasm, known as tissue (th:

17.5.1 Diffusion

The rate of diffusion of a gas depends on a numberoi
factors. It is inversely proportional to the square i
of the molecular weight of the gas, so that in i
oxygen, with a molecular weight of 32, diffuses 1!
times faster than carbon dioxide, with a mole
weight of 44. The rate of steady-state diffusion
(J, with units such as moles s~ ) of a gas deper®s”
the area available (A), the distance over which
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The importance of diffusion in insect gas exchange
remains @ controversial topic. In the 1920s, Krogh
<lculated the partial pressure gradient for oxygen
for 2 caterpillar by measuring oxygen consumption
e and the diameters and lengths of many of the
ncheae. He concluded that diffusion should suffice
froxygen delivery, and for many years it was often
sited that diffusion was the major mechanism of gas
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constant o cchon dloside b e s 535
e in the tissues is 36 times
greater than that for oxygen, so that despite its
higher molecular weight, carbon dioxide travels
more quickly than oxygen through the tissues for the
same difference in partial pressure. Hence a system
capable of bringing an adequate supply of oxygen to
the tissues will also suffice to take the carbon dioxide
away. As carbon dioxide is more soluble, it is present
in much higher concentrations in the blood and
tissues than oxygen, generally in the form of
bicarbonate. Carbonic anhydrase is required to quickly
convert bicarbonate to carbon dioxide; this enzyme is
reported to occur in the tissues but not the blood.

17.5.2 Convection

We now know that many (likely most) insects,
large and small, ventilate their tracheal system by
convective movements of gases. Convection is the
pulk flow of fluid, driven by & pressure gradient.
Given that diffusion can suffice for gas exchange ¢



N\

518 Gaseous exchange

on so common?

cti
ated that usce of

many insects, why is conve .
) . ~ demonsti
Theoretical studics have e jecre
Tusion can ¢
addition,

allowing cells in

ase water
convection rather than dil .

] insects. 11
loss rates, cven 1m <mall insc !
important for .

~y 160 ~c S
¢ hody to experience Sl
Is. Ventilatory
pumping

e system:

convection is likely slar

different parts of th ! §
hon dioxide Teve

oxygen and car  VER
» ally occurs by dis¢ refc

~anvecti ener .

convection get
~tely convecty

movements. For a completely ¢t

. oot [Bn’]
V o TV ~ (inspired Coo expired Cop
0 J

i< the rate of oxygen consumption (in u_ni1.s‘
l ‘ ntilatory frequency, TVis
yer pumping event) and

1in the inspired and

where Vg
such as moles s ). fis the ve

tidal volume (volume of airy

Co» is the concentration of oXygel Lo

expired air. For some insccts (€.g., locusts expose
hanoxial. it has been demonstrated that gas cxchange
through the spiracles is virtually completely .
con\'(;cti\'c. However, it is likely that for most insects
cas exchange through the spiracles is a mixture of
\com'ection and diffusion.

Ventilatory convection can be accomplished by
compression of the air sacs or tracheae. Some
tracheae are circular in cross-section and resist any
change in form because of their taenidia; these
appear to be suitable to serve as conducting tubes for
gas exchange. However, thanks to X-ray synchrotron
imaging that allows visualization of the tracheal
system of intact, living insects, we now know that
many tracheae in a variety of insects compress
substantially. apparently producing tidal ventilation,
This phenomenon has been best studied in carabid
beetles, in which longitudinal and secondary and
tertiary tracheae of the head and thorax
significantly (whi]
Combin

compress
¢ abdominal tracheae do not).
g measurement of such tracheal

preésion with high-resolution measurement of
€mission has revealed that these tracheal

com
Co,

Majority of CO. o
i Jonty of CO, emissiqy, (which may he diffusive)
€Cause air sges ¢ i .
an be quite Jgry '
e . e, th i
and inflation cay produce e v "

extensjye Convectign,

SSic
tracheac in multiple way ['h‘n the .,
. . Ny
bl ] : o o
abdominal pum o -~
] Ping. Ah‘l”mi t l'h'|n,., g
arcduction of hody Volum o r Mg
e 5 Oge ‘
pressure that Canses E‘errn- dy rm(‘i lm\." .
: Mon g i
sacs and ins n.F My

Spiration resul

XDame.
frr)m i h“’m
pressure due to the muscy)

ar ¢ ey,
T lasti

the abdomen Changec : . g
| | y Besin ah(]()min nkr"rm i
2 ar \ r
produced in varioys ways. n Her H'I'”hr. !
Coleoptera, the terg, Cropta My,
“ Im T3 !
g m()vpg up 5 g

(Fig. 17.15a): in Odon
and Diptera, hoth tergum
(Fig. 17.15h), and thif mn:,\:::]::rhu Moy
with telescoping movements rhr:ﬂ‘/ he o
segments (Fig. 17.15¢). and i arlu\ha[ ming
movement is complex ang involye, -eplrlrmu.m
pleural regions as wel] 45 terga ang gt’)vempmg
Another mechanism for pmduciﬁ eTny
by transfer of hemolymph back andﬁﬁ\:?m“‘m ;
thorax and abdomen (Fig. 17.16). For . h"“v‘/\’mnh
Lepidoptera and fljes, Septal strycty, Ample,
connective tissue and fat body or - uchg
of the abdomen occlude the hemocoel_ Wher
heart pumps forwards, it draws hemolymphns .
the abdomen and transfers it to the .
The effect of this is to cause expansi
the abdomen and to compress those
compartment. When the heart revers
blood into the abdomen and the cha
tracheal system are reversed. During forwarg beaing
of the heart, air is sucked in through the abdoming
spiracles and forced out through thoracic spingi
when the heart reverses, the converse is true. Tye
volume changes of the cephalic air sacs could be
visualized in Drosophila and Calliphora using
synchrotron X-ray videography (Fig. 17.16d¢. T
hemolymph shift produces an alternating chang !
tracheal pressure and tracheal Py, At the transiion
from backward to forward beating, the abdons!
performs a pumping stroke, which exerts ap“"“\‘“f
pulse restricted on the abdominal tracheal sysmmsf
the moment when most hemolymph is accumuli®

in the abdomen ang the hydraulic effect of the

ata. ( Doy,
Ithoprer,
’ \

?iv,r,,J

hflr)mi "\'4

o} .

AT SCS gt g e

ead ang thm‘{
0n of g Sacs
in the app,
8S, it pumps
nges in the



g,

1755 Gaseous exch
-

ange j H
9e in terrestrial insects 519

(Blattod i

€a), in the wi
| L”ﬂ cw > .
. p|euron “a i NG tracheae of |
yiral air sac of scaral

epidaptera and
insects, he
nsects, however. includ

aeid Colenptera. In many

e NG other species of
1ACh, opening and

ek s
losing of certain spiracles is

1th the vent;
entilator i
movements of the ¥ pumping

synchronized w

abhe ;
domen, so that aris sucked in
acles and p\!mpﬁ(‘ out (hr(,\]g’h

a directe 3
ected flow of ajr through the tracheal

system is prod Thi

uced. Thisis a m e efficien m
o . or ficient f
ventilation than tic oot

throuoh <

on some i
oo e spir
others and

) tergum

a4 | 1al flow as much of the “dead” air,
apped in the inner parts of the system by tidal

movem i
o ents, is removed. In most insects the flow of
a

ir is from front to back and, in Schistocerca

(Orthoptera), spiracle movements are always coupled

with ventilatory movements. In many insects,

however, the two activities may become uncoupled

so that they are not always synchronized and the
coupling may even be modified so as to produce a
reversal of the airstream. In Schistocerca, spiracles 1,
2 and 4 are open during inspiration, but closed
during expiration, when spiracle 10 opens

(Fig. 17.17a). When the insect is more active,
expiration takes place through spiracles 5-10. The

o

posterior
Segment

\

€0 persegmental

spiracles for inspiration open immediately after the
el membrane expiratory spiracles have closed and remain open for
1 movements of the abdomen. about 20% of the cycle while air is drawn in. Then,
1115 V0 :Kirtyhe contracted position, compressing for a short time, all the spiracles are closed. The
e hn?;;;‘-z?rfssacs and causing expiration. ArTows abdomen starts to contract while the spiracles are still
m?iiﬂi;ecﬁons of movement in the compression_ phase closed, so the air in the tracheae is under pressure;
i?m Spodgrass, 1935). (@) Dorso-ventral chpressnon ) this is known as the compression phase. Then the
o ergal depression, (ransverse section. (b) Dorso : ' ir is forced out. The
pvolving tergal GEF volving both tergum and sternum, expiratory spiracles open and air 1s for
“ Comprfizsrllor(lc;nLongitudinal compression by expiratory spiracles are only open for some 5-10% of
Sn;\:;?:gszcne ségment within another anterior to it the cycle. During activity the frequency of

' ilati i ents is increased.
torgontal section- ventilation and spiracular movem

The periods for which the spiracles are open remain

. ; i between openings are
temolymph is maximized, compressing air sacs the sarr(lie, bgt ;he mter\raslssion e el\)i(uina[ed
{dpiving g : i reduced and the compre
and driving air through spiracles. In a resting _ . I —
. ch the spiracies a
jonfly at about 23°C, heartbeat reverses about (Fig. 17.17b). The net ““: for whi P
oo : : : i 1 increases as a resuit. .
tice each min rosophila about five imes ope _ s
i e . Do A variety of mechanisms are known for producing
tach minute _ :
’ R cerca somelmes
Airflow may be tidal, moving in and out of the ventilation of the head(i SC:;;SCTSM e head on e
| Lt 1 e
j e spiracles, or unidirectional through the insect. exhibit protraction and



520 = Gaseous exchange

scutellar heart below (c)
air sac tergite 3
g e
| O
i a)
| =
| @ ¢
Q&
G E
o O
= T
O
o
. >
o O
o o
=
[
=2
1
® ' |
.9._ < 2 1 | e \\
3 g | \ U\i '
gt ol |l
o 3 ) \ t—
I B v Py H
o 3 1 UD ' :pump‘mg‘ . |
2 2 - J\ stroke i
@ 2 1 | N
Ee | i :
> 5 0 {down: ! P
o3 r \b i
£ ® _+ |back! forway,
time (s)
(e)
;f7
\ ;
RS
y's
¥
P4
labellum

shrunken air sacs
during forward beating

= air sac area
replaced by blood

hemocoel and tissues




“ o
1ASP00S o
XCha [
“T]|trr',?r'||i"\'tﬁ 521

n e open
4e 10 -
ex : IRIRYRIRE
open ! bl
B Figure 17.17 Spiracle activity during

abdomin: ; 4
] yminal ventilation of a locust (after

- Miller, 1960a). (a) Normal ventilation:
(b) hyperventilation. ‘

e esothorax (p].mhm-acic V(‘mi‘lmi(m]. phenomenon is known as discontinuous gas

"ﬁ:,l\.cmﬂafe cheir head al.1d 111;)\«?)( du’r.mg[;]' exchange (DGE) or discontinuous Vemila:'mn. It is

-\n';"":umpmg fthe p.robOSU‘S u.ndm .cm.Mm ight common in adult insects when they are inactive at
‘ :.\N\ . mcchamsms for producing moderate to cool temperatures, that is, when their
:“__ﬂ : fight arc covered below. metabolic rates are low. The pupae of many insects

iian0

also exhibit DGE.

The periodicity of ventilatory bouts varies from

tinuous gas exchange | . ‘
insect to insect and with environmental conditions.

.= piscon
-“.5-3 Disc

gn ventlation s often continuous, there may In diapausing pupae of the moth Hyalophora, the

‘_',“,]: g ) . . . . s <

i k Jeriods quring which all the spiracles are  interval between spiracle openings is as long as eight

woxl 1 . D
+ of oxygen into the tracheae hours. In some resting grasshoppers at 15°C, carbon

;};e(i. The movermen

. bon dioxide emission then occur in discrete dioxide is released about once per hour, but at 30°C
( ? enthe spirad es open; relatively little gas the period of spiracle closure is reduced to about five
ursts i i

urs while they are closed. This minutes. In the beetle Psammodes, each cycle fasts

change 0CC
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Jnotheses for the occurrence of DGE, including the

p;ﬂucu‘on of respiratory water loss (hygric

othesis), facilitation of underground gas

wiange (chthonic hypothesis) and reduction of
sudaive damage. In addition, it has been proposed
izl the occurrence of DGE need not be adaptive, but
wid be simply a consequence of having

newrosensory systems for the control of ventilation
id spiracular opening by carbon dioxide and

wygen (or for matching oxygen supply to demand).
lie ides that DGE s adaptive because it reduces
"Spiratory water loss has heen prominent since the

with time during the closed phase, remains
T n‘ear 3-4 kPa during the flutter phase and
TISes 10 near atmospheric during the open
phase (after Hetz and Bradley, 2005). »

papers of Buck and Schneidermann and colleagues in
the 1950s. There are two basic mechanisms by which
DGE can reduce respiratory water loss. As a

consequence of DGE, the spiracles are closed for mos
of the time, greatly reducing respiratory water loss.
Prolonged spiracular closure leads to greater
gradients for oxygen diffusion, allowing more
oxygen uptake relative to water loss during the op
phase (for either diffusion or convection). ln addit
during the flutter phase, convective inw ard airflo
can allow oxygen uptake with reduced outw ard
diffusion of water. This adaptive argument for
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ventilated by muscular compression.

When Schistocerca starts to fly, the pattern of
spiracle opening also alters (Fig. 17.20). At first,
spiracles 1 and 4-10 close, but then they open and
close rhythmically in synchrony with abdominal
ventilation so that there is a flow of air via the head

to the rest of the central nervous system. Increased
abdominal ventilation may also improve the blood
circulation and hence the fuel supply 10 the flight
muscles. Spiracles 2 and 3 remain wide open
throughout flight and although they show some
incipient closures after a time these do not affect the

airflow through the spiracles. These spiracles supply
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Hawk moths, with their powerful and lon

flight, have very high metabolic rates. The O,
content of the flight muscles during steady flight
exceeds even the resting Jevel. This is facilitated by
airstream with inspiration through
hrough the second
y the

g-lasting

2 unidirectional

the first spiracles and expiration t
les. The directed airflow is generated b

flight apparatus and abdominal up-and-down
movements while inspiration is prevented through

the posterior thoracic spiracles (Fig. 17.21). The
ture of the meso- and metathoracic

spirac

different struc
spiracles reflects this unidirectional respiratory

airsiream: The inspiratory mesothoracic spiracle is
protected by dense filter Jamellae. The expiratory
metathoracic spiracle is devoid of filter structures
and has an external valve lip, which is directed
outwards. During warm-up shivering of hawk
moths, wingheat amplitude and the deformation of
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This tidal in- and outflow through borh 'dn:; A
and posterior thoracic spiracles occurs alsg nn
steady flight of saturniid moths, with their Ove

wingbeat frequency.

17.5.5 Control of ventilation
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; osPIT jrstream it i
o umdiﬂ’f”o”al rcspnat.o}:y al 1.th(‘ flying hawk moth Manduca based on the pressure difference
Ay it spiracles (Sp 1) with a mean negative pressure and the mesoscutellar air sac with a mean positive
s an L :

el " pematic Jateral Views of the thorax showing the deformation of the thorax (arrows) during (a) downstroke
e, O ° *

__ﬂﬁ.;m; .mokﬂ’ of the Wings: This affects the adduction and retraction of the metathorax (arrowheads) enclosing or

il UpP? - - 1

b fpvhc ] in the subalar cleft, and up-and-down moving abdomen. (a) Downstroke: volume increase of the
mimr ’

»wm‘ of t
Jqugh e ©
ip pormal ventilation by Schistocerca, involving

v-.\‘v dorso—ventral movements of abdominal

mres expiration is produced by tergosternal

_ ies innervated by motor neurons from the

)

mise

nglion of the corresponding segment. Inspiration is
@duced by muscles inserted low on the tergum and
mevated by axons in branches from the median
«ral nerve. The perikarya of these motor neurons
yein the ganglion of the preceding segment, so the
Jemation of inspiratory and expiratory movements
scontrolled from different ganglia (Fig. 17.14).
(rdination is achieved by a coordinating

nemeuron, one in each ventral connective (cell 2 in

fig. 17.14b), which originates in the metathoracic

ganglion y i
nglion and extends to the last abdominal ganglion.

These ,
¢ interneurons are driven by a central pattern

- gir sacs and decrease of intratracheal pressure. Inspiration through Sp 1 while Sp II are closed. (b) Upstroke:
he metathoracic tracheal volume by flattening the thorax and increase of intratracheal pressure. Expiratior-\
pen and exposed Sp 1. I prothorax; 11 mesothorax; 11l metathorax (modified after Wasserthal, 2001).

generator, probably in the metathoracic ganglion,
whose activity is regulated by inputs from the head
and other parts of the body. Action potentials in the
interneuron have an excitatory effect on a local
interneuron (cell 3) and probably have a weak direct
inhibitory effect on the inspiratory motor neurons
(cell 5 in Fig. 17.14b). The local interneuron excites
the expiratory motor neurons (cell 4) and strongly
inhibits the inspiratory motor neurons (cell 5).
Inspiration occurs when the intersegmental
interneurons are silent and the inspiratory motor
neurons become spontaneously active, at the same
time inhibiting the expiratory motor neurons via
another local interneuron (cell 6).
The rate of ventilation is altered by reducing the
interval between inspiratory bursts and is atfected by
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that obtain oxygen from water nea
tracheal system so that the oxygen must come ou
solution into the gaseous phase. This is important

because the rate of diffusion in the gas phase is very
much greater than in solution in the hemolymph or

rly always retain a properties of the cuticle and, iy part
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t of resistance to wetting. When 3 liguig Cular, o, it

res

or a solid dips into a liquid, the liquid-g;;
meets the solid-air interface at g deflnite: Mterfyee
constant for the substances concerneq. Thrilgle thatig
measured in the liquid, is known g s COnSt angle,
(Fig. 17.24). A high contact angle indicatesi;t "‘I}‘%le
surface of the solid is only wetted wity diffm} he
such surfaces are said to be hydrofuge. Unger Eelse

S

1S on a S0l

tissues. Gaseous exchange with water takes place
through thin-walled gills well supplied with tracheae,
but in other cases a thin, permanent film of air is
present on the outside of the body. The spiracles open
into this film so that oxygen can readily pass from

the water into the tracheae.
water surface spiracles

17.6.1 Aquatic insects obtaining oxygen
from the air

Most aquatic forms obtaining air from above the water
surface must make periodic visits to the surface, but a
few have semipermanent connections with the air that
1ena ble them to remajn submerged indefinitely. The
t:;]aj r?af] rilje):zver }I]]y Eristalis (Diptera) has a telescopic
s jnya ]arrlvw ]:Jh Can extend to a length of 6 cm substratum
Sihon e 23(;] Y 1 em long. By means of the
reach the water surface with its

posterior spiracles, whi
, while the i
bottom muyg (Fig. 17.22). e e

Figure 17.22 Semipermanent connection with e ¥
surface, The larva (rat-tailed maggot) of the hover Y "
Eristalis, with its respiratory siphon partly extended
Imms, 1947),



v siphon

trachea

17.3 emipermanent connection with the
e ".ma of a plant. The respiratory siphon oF 4
zireﬂ?h } Jarva (Mansonia) which connects with the
el f aquatic plants (after Keilin, 1944). (a) Lateral

prenchyma 0 : .
. showing saw which cuts into the plant tissue and
it

aprved teeth which hold the siphon in place.
m | pgirudinal section showing a terminal spiracle
0 LUile

ad 2 rachea.
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; contact . water” i
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fiwe 17.24 Diagrams showing low and high contact
angles,
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. atiomyic ae? ls.suhmergcd and at the surface. T.‘ne
ent of the hairs is entirely passive, depending on

phySlFfll forces acting between the hairs and the water
(modified after Wigglesworth, 1965).

Fonditions, the cohesion of the liquid is greater than
its adhesion to the solid, and so, when an insect
whose surface properties are such that the contact
angle is high comes to the air-water interface, the
water falls away, leaving the body dry. The whole
surface of the cuticle may possess hydrofuge
properties, so it is not readily wetted at all, or these
properties may be restricted to the region around the
spiracles. In dipterous larvae, for example,
perispiracular glands produce an oily secretion in the
immediate neighborhood of the spiracle. Often,
hydrofuge properties around the spiracle are
associated with hairs, as in Notonecta (Hemiptera), or
valves, as in mosquito larvae, which close when the
insect dives, but open at the surface (Fig. 17.25),
being spread out by surface tension.

In many of these insects, only the posterior
spiracles are functional and they are often carried on
the end of a siphon extending from the posterior
body, as in larval Ephydridae and Culicidae (Diptera).

only the tip of the siphon breaks the

In these insects, .
(Hemiptera, Nepidae),

surface film. In water scorpions

the spiracles are at the base of an air-filled tube.
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pe air store as @ gill may be adequate

ey O;tto remain submerged for a long time.
for e mSEUS (Coleopfera) can remain submerged
s H\'dfoomhs during the winter, but in more
forﬂo“_'e H;IS with higher oxygen requirements, the
Ve 1111::6 f.or only a short time and the insect
ome to the surface more frequently. If the
cqperaTure is above about 15°C, Notonecta

eniptera) USES oxygen so rapidly that the gill

is of negligible importance and the insect

a
bble

st €

effect
on surfaces 10 replenish its air store. At 10°C,

jowever, it remains submerged for twice as long as
\aild be possible with the initial oxygen supply,

i below 5°C it can survive for a very long period
yithout access to the surface.

The efficiency of the bubble as a gill depends on
ie oxygen content of the water adjacent to the gill.
b water devoid of oxygen, or containing only a
iey litle, the gas tends to pass out of the bubble
o solution and will be lost to the insect. Even if
lie oxygen tension in the water exceeds that in the

air bubble ?cn.ng as a physical gill. As the insect dives, the gases in the bubbl i ili
water. As the insect uses oxygen, the equilibrium is perturbed. It is rest;re(\ebare}lxn ot
Tt is res y the inward

o nitrogen £0¢S in. The bubble shrinks continuously as nitrogen goes into solutio
n.

bubble, the amount entering the bubble will depend
on the difference in tension. Hence, the higher the
oxygen tension of the outside water, the rﬁore
effective will be the bubble as a gill, and this must
be true of any type of gill. Consequently, the
frequency with which an insect visits the surface

will vary inversely with the oxygen tension of the
water (Fig. 17.27).

17.6.2 Insects obtaining oxygen from
the water

In all insects living in water, some inward diffusion
of oxygen from the water takes place through the
cuticle, and in many larval forms gaseous exchange
takes place solely in this way. Cutaneous diffusion
depends on the permeability of the cuticle and a
lower oxygen tension in the tissues as compared with
the water. In many larval forms the cuticle is
relatively permeable and in Aphelocheirus

(Hemiptera: Heteroptera), for example, the cuticle of
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cutaneous diffusion into the hemolymph meets the

whole oxygen requirement of the insect. In general,
however, blood circulation is poor and the rate of are covered by very thin cuticle With 2 neny,
diffusion through the blood slow, and diffusion into tracheoles immediately beneath and are know:
the blood would not suffice for most larger insects. tracheal gills. In most larval Zygoptera there “rlg
Hence the majority of insects that obtain oxygen caudal gills (Fig. 17.28); larval Trichoptery hav,«em
from water do have a tracheal system, although the filamentous abdominal gills, while, in larvg
spiracles are non-functional. This is called a closed Plecoptera, the position of the gills varies frop
tracheal system. As oxygen is used by the tissues of species to species.

Larval Anisoptera (Odonata) have gills in the

the insect, its partial pressure within the tracheae

falls, creating a pressure gradient between the anterior part of the rectum, known as the branchia

tracheoles just beneath the cuticle and the adjacent chamber (Fig. 17.29). Water is drawn in and outoi
chamber by the activity of muscles largely

water. Under these conditions, oxygen from the water
diffuses into the tracheal system, within which it can unconnected with the gut. The hemocoel in the
ra;;JdJy diffuse around the body to the tissues. An posterior part of the abdomen is isolated from e
incompressible tracheal system is essential for this |
type of gas movement to occur as, otherwise, the
tracheae would collapse under the pressure of water

as oxygen was used.,
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Water is forced out through the partially open anus and
drawn in again when the volume of the abdomen is
y by the elasticity of the cuticle and partly

Jes in the diaphragm and of a
g inspiration the

restored, partl
by contraction of musc
transverse subintestinal muscle. Durin
anal valves are wide open (Fig. 17.30). A muscular
prebranchial valve presuma bly prevents water from
moving forwards into the midgut. Some 85% of the
water in the rectum is renewed at each cycle of
compression and relaxation, and the frequency of
pumping in Aeschna varies from about 25 to 50 cycles
per minute. At the higher rates the interval between
inspiration and expiration is reduced.

In general, although a good deal of gaseous
exchange probably takes place through tracheal gills
(in Agrion [Odonata] larva 32-45% of the oxygen
absorbed normally takes this route) some insects are
able to survive without gills under normal oxygen

tensions. Where the oxygen tension Of the
however, gills are of importance as fheyun at'emiﬁw
; . NSiders:,
increase the area available for gaseous eycp derg,
ange,

Plast:pndrespiration Some insects haye
specialized structures i
OI; air on the outside of}icl)lled;)r:)gd; ;e;?clnem iy
. . d Way tharg
extensive air—-water interface is always present for
gaseous exchange. This film of gas is called a
plastron and the tracheae open into it so that oxys,
can pass directly to the tissues.

The volume of the plastron is constant and usually
small as it does not provide a store of air, butacs
solely as a gill. The constant volume is maintained by
various hydrofuge devices spaced very close together
so that water does not penetrate between them excedt
under considerable pressure. Excess external
pressures that may occur during the normal life of
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all pores. These canals are lined
entry of water into the tracheal
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surace.

Tne plastrons of other insects are generally less
ficient than that of Aphelocheirus as they have a less
dense hair pile from which the air is more readily
displaced. However, a number of insects with a hair
density of 3 x 10% 10 1.5 x 10° mm 2 have plastrons

that are usually permanent and adequate for the
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f \P‘(wvr!.( uticle liable to wetting, To avoid this. these
:”r\((‘q groom their hair pile and. in Fimis rhr'vrn : ‘
yrushes on the legs for this purpose. [’hn"\o‘hrmhpzrp >
also used to capture air bubbles and add them to i}::
macroplastron. Insects that only have a pla%trrm do
not make grooming movements of this type.

17.6.3 Ventilation in aquatic insects

The region Oflaminar ﬂO%v iestween successive 18}/61‘5.
°8 called a boundary layer

and, .m general, is greater in depth in still or slowly
moving water than in fast-flowing, turbulent water.
This has important consequences for the availability
of oxygen at any respiratory interface. In turbulent
water, oxygen is moved by convection and tends to
be uniformly distributed. Movement across the
boundary layer, however, depends on diffusion. As a
result, water adjacent to an air bubble or a gill will
tend to become depleted of oxygen because the rate
of diffusion into the layer adjacent to the gill surface
may not match the rate at which oxygen is taken into
the gill. As movement into the gill is also a passive,
diffusive process, it is obviously important to
maintain the concentration of oxygen in the
boundary layer at a high level. This is achieved by the
insect making ventilatory movements that renew the
layer of water adjacent to the gill.

In many insects this is achieved by movements of

the gills themselves. In Ephemera (Ephemeroptera) a
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y the true plastron remains

compressed so that onl

good deal of gaseous exchange takes place through
the gills, but in Cloeon (Ephemeroptera) they function
almost entirely as paddles, pushing water over the
real respiratory surface on the abdomen. The larva of
Corvdalis (Neuroptera) ventilates the gills using
rhythmic movements of the tubercles on which the
gills are mounted. Anisopteran (Odonata) larvae
achieve the same result by pumping water in and out
of the rectum. Zygopteran larvae also pump water in
and out of the rectum, and, in most species, this is

A
plastron
hairs
cuticle S
L
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5 pm
(c) Elmis
hairs erect
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/e i,
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hairs flattened

Aphelocheirus (Hemiptera). Section through a spiracular rosette showi, N
f channels in the cuticle connecting with the plastron. Below righ, detil‘ :
). (b) Macroplastron of Hydrophilus (Coleoptera) (after Thorpe and Cris of the
g the hairs erect, forming a macroplastron (above) and with th; haie

194g)

(after Thorpe and Crisp, 1949).

associated with ionic regulation (see Chapter 13,
Calopteryx (Odonata: Zygoptera), however, pumi
activity is enhanced in water deficient in oxygen.™
flow of water from the rectum probably strs the
water around the caudal gills, but it is possible tu
some gaseous exchange also occurs in the recut.
Some insects using an air bubble as a gillor tha
have a plastron also ventilate. For example, te D
Naucoris (Hemiptera: Heteroptera) holds o |
vegetation and makes swimming moverents Wi
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figwe 17.32 Ventilation. The relationship between gill beat
and oxygen uptake in relation to the oxygen content of the
water in a mayfly larva (Ephemera) (after Eriksen, 1963).
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?ppear on. the gill surfaces, and this phenr)men”r:: of
out-gassing” appears to maintain an air bubble
éround. the adult beetle Potamodytes (Fig. 17.33h). Tt
is poss.lble that the facilitation of gas exncha'n‘;e) ‘n.
reduction in water pressure is a widespread o

- : .
pnenomenon in aquatic insects living in flowing
water. " 7

17.7 Insects subject to occasional
submersion

It is relatively common for terrestrial insects to fall
into water, but in general this does not occur
sufficiently regularly for special respiratory
adaptations to have evolved. Insects living close to
the edge of water are, however, subject (0 more
frequent alternations of submersion and emergence
and so tend to be adapted for respiration in air or
water. This is true for insects living intertidally,
where submersion occurs regularly, and for those
living at the edges of streams, where submersion is
much less regular.

Some intertidal beetles, such as Bledius and
Dichirotrichus, effectively avoid submergence by
living in burrows and crevices where sufficient air is
trapped to enable them 1o survive aerobically for

e ——— e TR ]
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Figure 17.33 Insects in fast-flowing water are oriented with respect to the current. The oTientation

m'f flow. These result in regions of reduced pressure so that gases tend to come out of solution (a)Drr)duceg Vore.
blackfly (Simulium) from above and the side. The orientation of the cocoon in the water Currer;t r Pupy| gy
of vortices around the gills (after Eymann, 1991). (b) The beetle, Potamodytes, holds onto the Sub;SUhS N the,
current. The flow round the legs and body creates regions of low pressure and gases come oy; Of;(rjm-m acing
bubble round the posterior part of the insect (after Stride, 1955). ution g ¢,

the atrium of the spiracle. Thys in 3
through the spiracles is scarcely gre
terrestrial insects. )

several hours. If they do become submerged they
become quiescent as a result of anoxia. The time for
recovery when returned to air is then proportional to

Ir, Water

the period of anoxia. Lice living on aquatic mammals Spiracular gills occur in the pupal
o . . Stages of
live in the layer of air trapped in the fur, so that these, flies and beetles living intertidally or Hg‘es
) _ atthe s
too, probably encounter no particular respiratory streams. They also occur in the larvae of e‘v‘
ak

Coleoptera and in Canace (Diptera). Where
in pupae, the basal structure of the gill is m
permit respiration by the pharate adult (Fig
The spiracular gills of most dipteran pupae

problems.

17.7.1 Spiracular gills

A spiracullar gill ?s an extension of the cuticle prothoracic and connect with the prothora
:(‘)‘;’::(’t‘f;”i ihf’:ltr;(:;ezl;(i lzft.’arinbg a plastron spiracles. In the cranefly, Taphrophila Dip-
wates, the: plastron pmwde:ai;nrgey aeropyles. In example, there is a single gill on eachside
interface for diffusion. while iy . gas.—water branches (Fig. 17.34a). The whole gill is at

» while In air the interstices of 1.5 mm long. Blackfly pupae (Diptera: S

the gill provide a dij
Irec :

and veter Tos I ilidr(;uele for the en'try of oxygen, also have two prothoracic gills. In this cas
m cause the gill opens into at least two main branches and in some
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mection of gill to the tracheal system;

e layer of cuticle removed to show the exte

ocecur in the larvae of beetles of the genera
Torridincola, Sphaerius and Hydroscapha.

The form of the plastron differs in different insects.
In Eutanyderus (Diptera) and many other species it 1s
held by hydrofuge cuticular struts running at right
angles to the surface of the gill. These struts branch at

s sundant secondary branching. In the pupae of
Kephenidae (Coleoptera), however, the gills are
ssuciated with the abdominal spiracles and in
Psephenoides volatilis (Coleoptera) they are on
ddominal segments 2-7. Each gill has 4-10 long,
sknder branches. Abdominal spiracular gills also
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into the atrium. Running from cach aeropyle, on
the outside of the gill. is a shallow canal about 4 um
wide. which is crossed at intervals of about 1.0 um
by curticular bridges about 0.5 um wide
(f‘jg‘. 17.34c¢). The lining of the canals is strongly
hvdrofuge, so that in water each holds a long
cx‘*J‘inder-of air, known as a plastron line, which is
nbt easily displaced because of the cuticular
bridges. The plastron lines provide a relatively large
air-water interface over which gaseous exchange
occurs.

For the plastron to function efficiently it is
important that the gills are turgid when the insects
are submerged. In many species of tipulid (Diptera)
and in Psephenoides (Coleoptera) the gills are rigid,
but in other species turgor is maintained by the high
osmotic content of the gills, which results from the
hemolymph and epidermal cells that they contain. At
the pupa-adult apolysis the pupal cuticle becomes
separated from that of the adult, but the gills become
cut off from the rest of the tissues by a basal
occluding membrane so they are still lined by an
gpirheJium and contain hemolymph (Fig. 17.34a).
The epithelium withiy, the gills disintegrates and (he
cells form loose, irregular cJusters in the middle of
forming cuticalyy - o U1TCC of the gill
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17.8 Gas exchange in endoparasitic
insects

Endoparasitic insects may obtain their 0Xygen
directly from the air outside the host or by diffusio;
through the cuticle from the surrounding host tissus
In many ichneumonid and braconid (Hymenopeer)
larvae, the tracheal system of the first instar is
liquid-filled and, even when it becomes gas-illi,
the spiracles remain closed until the last instr. T
these insects and the young larvae of most parsi
Diptera depend entirely on cutaneous diffusion }ll
braconid larvae the hindgut is everted throug ¢
anus to form a caudal vesicle. This is variousy
developed in different species, but in some, Sufh“‘
Apanteles, it is relatively thin-walled and closel
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' Parasites of vertebrates also often use atmospheric
anﬂ. The larva of Cordylobia (Diptera) bores into the
skin and produces a local swelling, but it always
retains an opening to the outside into which the
posterior spiracles are thrust. Similarly in the larva of
the warble fly, Hypoderma, the warble opens to the
outside, but here the larva bores its way out to the
surface from within the host's tissues.

17.9 Other functions of the tracheal
system

Apart from gaseous exchange, the tracheal system
has a number of other functions. The whole system,
and the air sacs in particular, lower the insect’s
specific gravity. In aquatic insects it also gives some
degree of buoyancy and in the larvae of the phantom
midge, Chaoborus (Diptera), the tracheae form
hydrostatic organs enabling the buoyancy to be
adjusted.

The tracheal system in some insects has a major role
in hemolymph circulation (Section 5.2).

Air sacs, being collapsible, allow for the growth of
organs within the body without any marked changes
in body form. Thus, at the beginning of the final-stage
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Expansion of the tracheal system may also assist

when an insect inflates itself after a molt. Thus, in
dragonflies, spiracle closure, preventing the escape of
gas from the tracheae, accompanies each muscular
effort of the abdomen during expansion of the wings.

The air sacs of some insects insulate the thorax,
and therefore the flight muscles, from the abdomen.
This makes it possible for thorax and abdomen to
have significantly different temperatures and gives
the insects the capacity to regulate thoracic

temperature (Section 19.2).
An important general function of tracheae and

tracheolar cells is in acting as connective tissue,
binding other organs together.
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Most insects utih7e t ve air throterh *
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qystem Usually, ¢ d by skelatal muscle driven hady volume
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° T a(h(‘ﬂl ?VQH‘I“ ] jrowth 1s controlled '.'\\_{ interactions hetween ‘.»”P"th
feictors secreted by the tissues and receptors on the tracheal cells. Local hypoxia
ctimulates INCreases in growth factor receptors on the tracheae, increasing
diameters, branching and proliferation

., Aquatic insects commonly modify their tracheal system to enable oxygen uptake

from the water, such as via a thin cuticle (gills) or structures that hold air against a

spiracle (plastrons or bubbles). Gas exchange across gills is enhanced by pumoing
mechanisms that move water across the gill.
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