Design of the insect respiratory system:

a test case for symmorphosis

Edward Snelling
Presented for the degree of Doctor of Philosophy
School of Earth and Environmental Sciences

University of Adelaide, South Australia, AUSTRALIA

August 2011



CONTENTS

ADSTFACT. ...ttt bbbt bbb bbb iv
ACKNOWIBAGEMENTS........eiiieeiece et ta et e e s e e sneeraesnaesteeneesreas vi
Chapter ONe: INFOAUCTION ........coiiiiiiece et esreeras 1
Chapter Two: Scaling of resting and maximum hopping metabolic rate throughout the
lifecycle of the locust LOCUSta MIGratOria. ........ccecveiieiiiiieceeie e 6
PreambBIE ... bbb 6
Lo ADSTITACT ..ttt bbbttt bbb ans 7
2. INEFOTUCTION ..ot b et e bbb bbb e enes 8
B MBENOUS ...ttt b e ere s 10
A RESUITS ...ttt bbbt bbb reenes 15
ST I S0t X [ ] o S USRSPROSN 20
6. ACKNOWIBAGEMENES ...ttt bbbt 24
Chapter Three: Resting and maximum metabolic rate during tethered-flight in the adult
Lo Tol U oot S r= W 1 To] o1 (] = OSSR 25
IO 01511 - Vo TSR 25
P20 | 10T L1 [ o USSR 26
TR 1Y =11 T o USSR 28
A RESUILS ..ttt ettt a et n R et een e nne e neene e ne e e neenneeen 35
ST I 1S 1 [ ] o USSR 39
6. ACKNOWIEAGEMENTS ...ttt bbbt 44
Chapter Four: Symmorphosis and the insect respiratory system: allometric variation........ 45
e =T 00 o] SR 45
IO 1511 - Vo SR 46
P20 | 10T L1 T [ o USSR 47
TR 1Y 1=11 T Lo USRS OPRRN 50
A RESUILS ..ttt nb et ne e R e b e nne e 61
ST B ES{oL 0T [o] o TSP URRTR PR 75
6. ACKNOWIBAGEMENTS ... e e e aeeennas 82
Chapter Five: Symmorphosis and the insect respiratory system: a comparison between
flight and hoPPING MUSCIE........ooiiie e 83
I 0111 - T ST PR PR 83
P20 | 1o (1T { o] o SRR SPRR 84
TR 1Y 1= T Lo SRS OPRRN 86



B RSUITS. ... ettt e et e e ————r e e e e e ——— 91

D, DISCUSSION ...ttt ettt bbbttt ettt b e bbbt et e st e et e nbesbenbesbenbenre s 104
6. ACKNOWIEUGEMENTS......ecuiiiiieie ettt ettt e e e sae e nreenreeneeas 110
Chapter SiX: DISCUSSION.....c.uiiiiiiieieciesteesieeieseeste et e e e eae e e teaee s e e sseaseessaesseeseesreessaensens 111
Appendix: Moulting of insect tracheae captured by light and electron-microscopy in the
metathoracic femur of a third instar locust Locusta migratoria...........cccceeevvereiieeseeseennnn 118
PrEAMDIE ... bbb 118
1 ADSTIFACT ...ttt bbb 119
pZ |1 (oo [F T [0 o OSSP SSRTPPRN 120
K TR 1Y/ 1= 1 T Lo PSSP 122
4. RESUILS AN QISCUSSION .....eeuviiiiiiieiieeiie sttt te et ene e sbe e e s e sne e e eneenreeneens 124
5. ACKNOWIEAGEMENTS. ... .ottt bbb ene s 138
] (= =] (00U 139



Abstract

The idea that animals are designed economically follows the line of reasoning that building
and maintaining superfluous structure is energetically expensive, and should therefore be
selected against. It was on these foundations that Taylor and Weibel introduced the theory of
symmorphosis, which posits no more structure should exist in an animal than is necessary for
the structure to fulfil its maximum functional task. In support of the theory, the volume of
mitochondria in mammalian muscle appears perfectly matched to the muscle’s aerobic
capacity. But contrary to the predictions of symmorphosis, the mammalian lung is capable of
oxygen delivery rates that exceed the maximum needs of the mitochondria. The purpose of
this dissertation is to examine whether the insect respiratory system conforms to the economic
principles of symmorphosis, such that the capacity of the tracheal system to deliver oxygen is
matched to the aerobic capacity of the mitochondrial sink. The insect respiratory system
conveys a number of attributes that make it well suited for such a task. Perhaps the most
important of these is the fact that insects achieve the highest mass-specific aerobic metabolic
rates of all animals, and in theory, the strong selective forces acting on such a system should
push it towards an optimal design. The insect used for this purpose is the migratory locust
Locusta migratoria where the delivery and consumption of oxygen increases significantly

throughout development and also once adults take to the wing.
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