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The small English mining* town of Bolsover in Derbyshire™ enjoyed an
unexpected 15 minutes of fame in 1979. While working a coal seam™ 500 meters
beneath the surface, local miners dislodged® a gigantic fossilized™ dragonfly™ with
a wingspan® of half a meter, rivaling that of a seagull®*, Experts from the Natural
History Museum in London confirmed that the fossil dated to the Carboniferous®
period, about 300 million years ago. The giant was dubbed the Bolsover dragonfly,
but although one of the oldest and most beautifully preserved of fossil insects, it
was far from unique. Similar fossils from the coal measures™ of Commentry of
south-east France* had been described by the French palacontologist™ Charles

Brongniart as long ago as 1885, and giant dragonflies had since been unearthed® in

North America, Russia and Australia. Gigantism® was unusually common in the
Carboniferous. o

The Bolsover dragonfly belongs to an extinct group of giant predatory™ flying
insects, thought to have sprung from the same stock as the modern dragonflies
(Odonata™®) and known as Lhe Protodonata™. Like their modern counterparts, the
Protodonata had long narrow bodies, huge eyes, sirong jaws and spiny™® legs for
grasping prey. DPride of place went to the largest insect that ever lived, the
colossal® Meganeura®, which had a wingspan of up to 756 centimeters and a
diameter across the ﬁpper hody — the thorax*—of nearly 3 centimeters. For
comparison, the largest modern dragonlly has a wingspan of about 10 centimeters
and thoracic* diameter of about 1 centimeter. The prototype giant dragonfly
differed mostly from its living relatives in the structure of its wings, which were
primitive in the number and pattern of veins. The giant size and primitive wing

structure led the French scientisis Harle and Harle to propose in 1911 that
®

Meganeura could never have managed to fly in our thin modern atinosphere. This

startling claim echoed down the corridors of twentieth-century science, to be
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repeatedly and vigorously rejected by the palacobiological® establishment. In 19686,
the Dutch geologist® M.G. Rutten could write, in a charmingly antiquated® style

that has passed forever from the scientific journals;

Insects reached sizes of well over a meter during the Upper Carboniferous. In
view of their primitive means of breathing, by way of trachea™ through the external
skeleton, it is felt that these could only survive in an atmosphere with a higher O,
level. As a geologist, the author is quite satisfied with this line of evidence, but

other geologists are not. And there is no way of convincing one’s opponent.

The idea that giant insects may have required hyperdense®, oxygen-rich air to
fly was never quite discredited, and stubbornly refused to go away. We shall sce
that empirical® measurements may yet succeed where theory has failed. Other
factors imply that oxygen levels fluctnated® during the modern era of plants and
animals —the Phanerozoic*. Unequivocal® geological evidence shows that the
deep oceans contained little dissolvéd oxygen for at least a short spell,
corresponding to the mass extinction at the end of the Permian® period (250 million
years ago); and [or this to have happened we can only presume that atmospheric
oxygen levels fell, at least slightly. Conversely, if we are to believe the principle of
mass balance, the vast amount of coal —which is essentially organic matter —
buried in the Carboniferous and early Permian period musl surcly have forced the
oxypen levels to rise.

The chief difficulty in calculating changes in the air is to identify which factors
control the composition of the atmosphere over geological time, and which are
relatively trivial. Tale fire as an example. Because fires consume oxygen they are
assumed to limit the accumulation of oxygen in the atmosphere. In the absence of
human meddling*, fires are typically ignited* by lightning strikes. Under present
condition, most lightning strikes do not start fires because forest vegetation® is
damp®, especially when electrical storms are accompanied by torrential® rain. But
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if wet organic matter burns freely in air containing more than 25 per cent oxygen,
given an atmosphere with such levels, lightning could trigger conflagrations® even
in rain forests. The higher the oxygen level, the greater chance of fire; and as the
fires rage they use up excess oxygen. If oxygen levels rise too high, fire would
restore the balance.

This simple scenario tends to be accepted uncritically®, but is in fact quite
misguided®, Only if the forests are vaporized™ will the balance be maintained Gust
as we vaporize food when we burn it for energy during respiration, giving off
carbon dioxide gas and water vapor® in our breath). Anyone who has seen the
gutted remains*® of a forest after a fire lmows that a large amount of charcoal®* is
formed. Charcoal is virtually indestructible™ by living organisms, including
bacteria, No form of organic carbon is more like to be buried intact.

We have already seen that oxygen can accumulate in the air only if there is an
imbalance between the amount of oxygen produced by photosynthesis* and the
amount consumed by respiration®, rocks and volcanic gases. Permanent burial of
organic matter is the most important way of disrupting this balance, because it
prevents the consumption of oxygen by respiration. Organic remains that are
buried are not oxidized® to carbon dioxide, so the oxygen is left over in the air. As
charcoal is more likely to be buried intact than normal decaying plant matter, the
net result of a forest fire is to increase carbon burial, and thus to raise atmospheric
oxygen. This in turn makes fire more likely and pushes up oxygen levels until
finally life on land is destroyed. Only then, when all organic production and
photosynthesis on land has ceased, can oxygen levels dwindle™ slowly, as the gas is
removed by reaction with eroded minerals and volcanic gases,

As cited the Dutch geologist M.G. Rutten above, he argued that the primitive
means by which insects breathe might limit their size and flight performance.
Insects take in air by way of fine tubes or trachea that open directly to the air
through pores™ in the external skeleton and the branch to penetrate every cell in
the insect's body. The idea is that the size of flying insects is restricted by the
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need for oxygen to diffuse* through the tracheal* system. Any increase in insect
size means that oxygen must diffuse over greater distances through the tracheal
system, and so makes flight less efficient. The effective upper limit to passive
diffusion® down a blind-ending tube (at modern atmospheric levels of oxygen) is
about 5 millimeters. According to Robert Dudley, a physiologist* at the University
of Texas, an increase in the oxygen content of the air to 36 per cent would increase
the rate of oxygen diffusion by approximately 67 per cent, enabling it to diffuse
over longer distance. In other words, air that contains more oxygen allows the
minimum amount needed for respiration to reach further into the insect’s trachea.
This would improve the oxygenation® of flight muscles, allowing thicker
constructions and permitting insects to grow larger. While other selective
pressures, such as predation®, probably drive the actual tendency to get bigger,
higher oxygen levels raise the physical barrier to greater size.

So far so good, but there is one problem with this line of reasoning: the
tracheal system may be primitive, but it is far from inefficient —with it, flying
insects .achieve the highest metabolic* rates in the whole of the animal kingdom.
Almost without exception, insect flight is totally aerobic*, which means that their
energy production is dependent entirely on oxygen. In spite of our ,
we are less efficient.

The reason the tracheal system is so efficient is that oxygen remains in the
gas phase, where it can diffuse rapidly, and need not pass into solution until the
last possible moment, as it enters the flight muscle cells themselves. As a result,
the ability of the tracheal system to deliver oxygen typically exceeds the capacity
of the tissues to consume it. The only real inefficiency is the blind endings of the
trachea, which branch into fine tubules* in much the same way as the blind
bronchioles* in our own lungs. Just as we suffocate® if we cannot physically draw
breath, so too insects are limited by the diffusion of gases in the blind alleys® of
the tracheal system. Most insects get around this difficulty, as we do ourselves, by

actively ventilating® their trachea.
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In principle, a rise in oxygen levels should enable dragonflies to beat their
wings less actively to achieve the same flight p_erformance or, for a constant rate
of beating, the body size might be increased. In a detailed study published in the
Journal of Experimental Biology in 1998, Hon Harrison of Arizona State University
and John Lighton of the University of Utah put these ideas to the test, and finally
produced solid evidence that dragonfly flight metabolism* is sensitive to oxygen.
They measured carbon dioxide production, oxygen consumption and the thoracic
temperature of freeflying dragonflies kept in sealed respiratory® chambers.
Raising the oxygen content from 21 to 30 or even 50 per cent increased the
metaholic rate. This means that, in today’s atmosphere, dragonfly flight is limited
by oxygen insufficiency®. If dragonflies can fly better in high-oxygen air, then
presumably larger dragonflies, which could not generate enough lift to become
airborne® at all in today’s thin air, would have been able to fly i:ﬂl)}the postulated*

oxygen-rich mix of the Carboniferous. It seems that the Bolsover dragonfly really

was only able to fly, and so hunt its prey.and survive, in an oxygen-rich
atmosphere.

Dragonflies were not only giants of the Carboniferous — many other creatures
attained sizes never matched again. Some mayflies® had wingspans of neurly half
a meter, millipedes® stretched for over a meter, and the Megarachne®, a spider-like
nruchni;l"‘ with a leg-span of nearly half a meter, would have chilled the marrow™
of Indiana Jones. Lven more tervilyingly, scorpions® reached lengths of a meter,
dwarfing thelr modern cousins, the largest of which barely manages a fifth of that
length, Among the terrestrial* vertchrates®, amphibians* grew from newt*like
proportions to reach body lengths of 5 meters. They left some of the oldest
footprints in England, at Howick in Northumberland™® ~— 18 centimeters long and 14
centimeters across. In the plant world, ferns™ turned into trees, while the giant
lycopods™® reached heights of nearly 50 meters. Their only survivors today are the
diminutive* herbaceous® club-mosses®, such as the ground pine, which rarely grow

higher than 30 centimeters.
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Tucked away™ in the 'Scientific Correspondence’ section of Nature in May 1999
was a short paper on the size of crustaceans®*— the class that includes shrimps,
crabs and lobsters—-;in polar regions, This paper solved a long-standing riddle
rather neatly: the relationship between gigantism and oxygen availability. The
authors, Gauthier Chapelle of the Royal Institute of Natural Sciences in Belgium,
and Lloyd Peck of the British Antarciic Survey, examined length data for nearly
2000 species of crustaceans from polar to tropical latitudes and from marine to
freshwater® environments. They focused on a single group, known as amphipods®,
which are cold-blooded, shrimp-like creatures, ranging in length from a couple of
millimeters to about 9 centimeters,

The thousands of marine species of amphipod are cornerstone® of polar food
chains, being the staple diet* of juvenile cod®, which are in turn preyed on by
seals*, and the seals by polar bears. In some bottom sediments®, amphipods are
found at an extraordinary density of 40 000 per square meter. These tiny creatures
offer even more of square meal® in polar waters: the largest Antarctic* species are
some five times larger than their tropical cousins-—true giants by amphipod
standards. In this respect, amphipods are not alone. For the past hundred years
or so, scientists have calalogued numerous giant species in polar seas. Although
polar gigantism is usually ascribed to* the low temperatures and the reduced
metabolic rates of cold-blooded animals, the relationship is not straightforward,
Surprisingly, polar gigantism had never been satisfactorily explained. The trouble
is that the inverse® correlation® hetween size and temperalure is curved

rather than linear®, and has a number of puzzling® exceptions (Figure la). In

particular,) many species achieve far greater sizes in freshwater environments than
(E—1
they ought to on the basis of temperature alone. Freshwater amphipods from Lake

Bailal in Russia, for example, are about twice as larpe as those in the sea at the
same temperature.

Then Chapelle and Peck had a clever idea and applied it to their amphipod
data. What if the true correlation was not with water temperature at all, but with
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the dissolved oxygen concentration? Oxygen dissolves better in colder water and is
D]
nearly twice as soluble in polar seas than in tropical waters. | E—2 |. When

Chapelle and Peck re-plotted their length data against the oxygen saturation™ of the
water, they got a nearly perfect fit (Figure 1b). While it is true that a correlation
says nothing about mechanism, it seems likely that inadequate oxygen availability
limits size in many species, or conversely, that high oxygen raises the barrier to

gigantism.

— 7 — <M26(707—198)

49



RiExE—E

CORE-EI RMERMAOCY ST, MOAUTERALTIEI N,

mining : #LLEFED

coal seam ! ARG

fossilized : {bEIL L7
wingspan : BE

the Carboniferous : iz
Commentry of south-east France : #i4
unearth ! 10 HF

predatory : JH&MED
Protodonata : ## b >R H
colossal : EK7

thorax : flg&f
palaeobiological : B2EWIEREY
antiquated : HHM L
hyperdense : BEED
fluctuated : 258192
unequivocal : & B Dlain
meddling * LU TH
vegetation : ¥4, EK
torrential : #(L ¥
uncritically : WKz
vaporize : SILS ¥ S

gutted remains @ & U&7
indestructible : M TERWN
respiration : MK

dwindle : #h % 2T 5
diffuse : KR EE 3
diffusion : #LHL

Bolsover in Derbyshire #i4

dislodge : D HT

dragonfly : b /iR

seagull : HEA

coal measures : G R/E

palaeontologist : H4:W%eH

gigantism : B XJE

Odonata : b >iRH

spiny : &FDH 3

Meganeura : AHRT I (LA FR)

thoracic : [[9fl®

geologist : HIESEH

trachea : &&

empirical : &k EO

the Phanerozoic : BIE4L

the Permian : “X)VAHT

ignite : K EES

damp * {2 X1y

conflagration ¢ K&k

misguided : R¥4EWNOD

vapor : SafbfF, #EK

charcoal : 7f%

photosynthesis : Y& R

oxidize : B85

pore : /NFL

tracheal : KE®D

physiologist : 4= H%kE
OM26(707—199)



oxygenation : FF{L
metabolic : A D

tubule : /NG

suffocate : RT3
ventilate : #1593
respiratory : IR D
airborne : ZEFIZ LAYS
mayfly : FEFS, hyay
Megarachne : AW 57 3%
marrow ¢ il

terrestrial : #IER D
amphibian : F[ZE¥H
Howick in Northumberland : Hlif5
lycopod : J4 O—f&
herbaceous : EED

tuck away : U E VAL
freshwater : J/K®D
cornerstone : fif

cod: ¥ %

sediment : JTREM
Anlarctic : O
inverse : WO

linear : #JED

saturation : 82F0

predation ! &

aerobic : F&IED
bronchiole * f&KEZ
blind alley : $8/N\B%
metabolism * {&Hf
insufficiency : A&
postulated : REEE NS
millipede : ¥ AT
arachnid : 27 BN
scorpion : BV 1)
vertebrate : FHEN)IH
newt : €Y

fern: %

diminutive : /NE
club-moss : O34, EAT I AXT
crustacean : AT
amphipod : 32T
staple dict : 2%

seal : 75

square meal : T4-ER Y
be ascribed to ~ ¢ ~{Z k3
correlation : HiJRB{R
puzzling : K< AN 5N

<M26 (707—200)




(a) 60

50 |-

40 |-

TSusss (mm)
g

20 -~

Lake Baikal o

Caspian Sea e

Black Sea ®

1 1 1 1 " i

50 |

40

TSesis{mm)
2

2 r

10

25 20 15 10 5 0
Mean annual surface temperature(‘C)

Lake Baikal

@ Caspian Sea

®
® Black Sea

0
160

200 250 300 350 400
Water oxygen content(umol/kg)

450

Figure 1: Correlation between hody length of amphipods in millimeters
(given as an index of average length, TS 95/5) and (a) temperature and (b)
oxygen concentration.

(Nick Lane 2, “Oxygen” Oxford University press #:d& 0, —{ifiazs)
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