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“Biologists are seeking to integrate studies of morphology, development, physiol-
ogy, ecology, systematics, and behaviour in order to understand how species and
lineages deal with their environments and how they have diversified.” Wake

(1990)
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Preface

“Amongst animals, diversity of form and of environmental
circumstances have given rise to a multitude of different adap-
tations subserving the relatively unified patterns of cellular
metabolism. Nowhere else is this state of affairs better exem-
plified than in the realm of respiration”. Jones (1972).

The field of comparative respiratory biology is expanding almost exponentially.
With the ever-improving analytical tools and methods of experimentation, its
scope is blossoming to fascinating horizons. The innovativeness and productivity
in the area continue to confound students as well as specialists. The increasing
wealth of data makes it possible to broaden the information base and meaning-
fully synthesize, rationalize, reconcile, redefine, consolidate, and offer empirical
validation of some of the earlier anecdotal views and interpretations, helping
resolve the issues into adequately realistic and easily perceptible models. Occa-
sional reflections on the advances made, as well as on the yet unresolved prob-
lems, helps chart out new grounds, formulate new concepts, and stimulate
inquiry. Moreover, timely assessments help minimize isolation among investiga-
tors, averting costly duplication of effort. This exposition focuses on the diversity
of the design of the gas exchangers and gives a critical appraisal of the plausible
factors that have motivated or constrained the evolvement of respiration. The
cause-and-effect relationship between the phylogenetic, developmental, and en-
vironmental factors, conditions, and states which at various thresholds and under
certain backgrounds conspired in molding the gas exchangers is argued. Conver-
gence as well as divergence, retrogression and progression, parallel as well as
serial developments have occurred in this stochastic process manifest with recur-
rent catastrophic crises. Gould (1994) asserts that “life’s pathways are more
contingent and chancy than predictable and directional”. Such a caveat notwith-
standing, with judicious use of data, an integrative multidisplinary approach into
the evolvement of the gas exchangers should help develop a conceptual frame-
work of the appropriation and synthesis of the myriad parameters and compo-
nents involved in the assembly of the gas exchangers. The repertoire of the
functional mechanisms conceived, the investments made to support such devel-
opments, the losses incurred, and the gains reaped in the course of the develop-
ment of respiration can be grasped. The adaptive attributes common to or unique
to broadly defined groups of organisms can be adduced. On that basis, the con-
nectivity, the diversity, and the chronology of the changes that occurred during
and after the incorporation of molecular O, into the respiratory process can be
gauged. To place the historical developments of respiration in their proper per-
spective, an ecopaleobiological approach has been adopted. Borrowing heavily
from works of others, pertinent past and present states, events, and circum-
stances have been associated. I have been consciously eclectic in order to remain
both brief and focused on the subject matter. The embracing approach adopted
provides instructive parametric insights into the permutations and spatial and
temporal vectorial shifts of the causative factors during the genesis of the respira-



tory processes. This should explain how and why particular respiratory traits
were acquired, some lost, and the means by which solutions to attendant chal-
lenges were found as the respiratory machines were forged. In evolutionary
terms, contemporary animals are living edifices of past events and developments.
They give us a narrow, nebulous window through which to espy and presage the
assaults that life has endured and the changes which may have occurred. Kardong
(1995) observes that “the architectural design of an organism expresses some-
thing about the processes that produced, it, the history out of which it came, and
the functions its parts perform.”

To present a truly comparative account, detailed considerations of individual
animal species have been avoided. Instead, broad taxonomic groups are consid-
ered. The shared and dissimilar strategies, principles, mechanisms, and themes
are instead rationalized. Data on individual species are given only to explain a
feature, a process, a concept, or a theory. Effort has been made to balance out
physiology with morphology, the latter having been largely relegated to the back-
ground in practically all earlier publications on the subject. This approach is
adopted in the firm belief that morphology is not simply a synonym of anatomy,
i.e., a description of the structure, topography, and composition of inert biologi-
cal entities for their own sake. The discipline delves into the logical basis of form,
casting back on the true spirit of the etymology of the word. Perceptively, Thomp-
son (1959, p.14) expressed this notion as follows: “morphology is not only a study
of material things and of the forms of material things, but has its dynamical
aspect, under which we deal with the interpretation, in terms of force, of the
operations of Energy.”

This book was written with a broad readership in mind. Graduate students as
well as established biologists, be they zoologists, physiologists, morphologists,
paleontologists, or ecologists who work or may contemplate working on materi-
als and aspects of respiration in whole organisms will find it useful. Scientists in
Earth Sciences with an interest in the interactive developmental processes be-
tween the physical and biological realms will find the book of certain interest and
perhaps stimulating. No apology is made that a rather lengthy section of the work
has been devoted to the biophysical aspects of the respiratory media, habitats,
and the accretion of molecular O,. The “history” of the evolution of the respira-
tory processes and that of gas exchangers in particular would be in great default
without a clear grasp of the setting in which the changes occurred, the intractable
challenges faced, and the successes and failures encountered as animals strived
not only to survive but also to establish themselves and flourish in alien habitats.
Some of the aspects covered here have taken me outside the limits of my personal
experience and expertise. In such cases, I well realize that I may not have articu-
lated the issues with the competence required by the specialists in those fields.
Should any infelicities of judgment, inference, or omission have occurred, I beg
the reader’s indulgence, and would be most grateful if such aspects were pointed
out to me. While consciously avoiding teleology, a rather difficult thing for one to
do especially when rationalizing design, I have not hesitated to use explicative
interpretations and suppositions where firm data are lacking. Fishman (1983)
observed that “the understanding of biological systems rests on a combination of
mechanisms, which deal with beginnings, and teleology, which deals with the
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concept of purpose and end”, while jones (1972) asserts that “frank and self-
controlled (teleological) speculation is an essential part of the comparative ap-
proach”. In such a long process, and one which has to be studied indirectly (due
to lack of fossilized materials of soft tissues like the gas exchangers), it has to be
conceded that “background noise”, discernible as anomaly between the expected
outcome and the reality, is to be anticipated. Evolutionary reconstruction of the
history of a natural process is one of the most challenging problems that biolo-
gists have been called upon to solve. The skepticism with which such accounts are
received was voiced by Rancour-Laferriere (1985), who stated that “anyone who
attempts to narrate the evolution of something over geologic time is telling a
story”. Although, given the limitations imposed by the wide gaps in the fossil
records, such skepticism is warranted, I consider such sentiments extreme and
perhaps somewhat misplaced. When presenting a chronological account of a
classical natural event, a measure of subjectivity should be allowed. More often
than not, the best that can be accomplished is to build as complete a case as
possible - based on intuitive sense, logical inferences, and known facts. A histori-
cally realistic model or a simulation of what could have happened should be
fabricated and tested. This should show that, given specified conditions and
circumstances, particular events were not only inevitable but most likely oc-
curred. In the general purview of biology, Stebbins (1984) realistically observes
that “the only law that holds without exception in biology is that exceptions exist
for every law”. I have explicitly stated where experimental facts are lacking and
personal view has been proffered. I hope that such thoughts will provide areas for
consideration and debate.

Due to limitation of space, it is not possible to give an encyclopedic review of
the utterly immense aspects of the evolution and comparative respiratory mor-
phology and physiology of the gas exchangers in a single work. There are excel-
lent accounts, monographs, treatises, and perspectives on different areas of these
aspects, especially on the vertebrates. The key publications are included in the
reference list; they should be consulted where particular details are desired. While
offering a synthesis of more recent findings, this account is meant to complement
such comprehensive publications and not supersede them. I have purposely
placed particular emphasis on the respiratory processes of the invertebrates, a
group on which relatively less is known. In doing so, I hoped to avoid the conven-
tional “prejudice” (against the group) and the parochial but somewhat legitimate
interest and popular emphasis on the vertebrate aspects. In most people, mention
of the word animal conjures up a vertebrate in their mind. With real setbacks,
mammals in particular (a highly specialized taxon in most respects) have been
used as the focal point (model group) in discussing comparative pulmonary
structure and function. A prospective look at the design of the gas exchangers,
i.e., from the lowest to the highest forms rather than retrospectively (i.e., back in
time) has been made here in order to hopefully better fit the developments into
the natural polarity of evolutionary change. This approach perhaps offers a more
satisfactory causal explanation of the early developments in respiration. More-
over, reading evolution backwards has its intrinsic bias in that one inevitably sees
an outcomes as the only possible result from a series of events. Nature is ex-
tremely complex and too unpredictable to be read easily. I hope that a satisfactory
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balance in the presentation has been achieved here. The designs of the gas ex-
changers in the so-called primitive animals (a very unfortunate term which has
come to be equated with crude, mediocre, or imperfect, just as complex, superior,
and advanced have come to be taken to mean better or efficient) are most instruc-
tive in understanding the structure and the operations of the more sophisticated
processes of respiration. Tenney and Boggs (1985) observed that “the great events
in respiratory system evolution can be appreciated best in lower classes”. The
diversity of the stratagems adopted for procuring molecular O, and eliminating
CO, among animals having different lifestyles, occupying different habitats, and
which have acquired remarkable morphological eccentricities are most evident
when the underlying cost-benefit analysis and the compromises, the trade-ofts
(and even payoffs?), and the alternative solutions to the respiratory imperatives
are comparatively examined. The protracted transactions and the transforma-
tions that went into the design and adoption of particular respiratory schemes
and the perceivable limitations or capacities inherent in different gas exchangers
can be recognized. A heuristic approach in biology reveals subtle areas of conver-
gence, homology, analogy, and homeostasis, providing an explanation of the
mechanisms which yielded particular states and phenomena. Nature, however,
does not yield its secrets willingly. They have to be patiently gleaned and teased
through protracted, well-planned inquiries and meticulous attention to details. A
multidisplinary approach in such studies allows a broad understanding of a
problem and offers robust answers.

The chapters in this account are sequenced to survey the respiratory events as
they are conceived to have more or less chronologically unfolded. It is hoped that
this approach offers a more logical understanding of the developments. Chapter
1 examines the fundamental attributes of life and its evolution on Earth, the
accretion and fluctuations of O, and CO, in the biosphere, and the enigmatic
nature of molecular O, in respiration and evolution of life itself and the intricate
role it has played in the ecological adaptations of the animal life. Chapter 2
surveys the forms and designs of the gas exchangers, the underlying engineering
principles which form the basis of their manifold plans and constructions, and
argues out the factors which have imposed the different architectural contriv-
ances. Chapter 3 considers the biophysical dictates of water and air as respiratory
media and livable habitats, the adaptive respiratory needs for survival in unique
environments and circumstances, the effects of the different respiratory milieus
and habitats on the fabrication of the gas exchangers, the essence of the diverse
respiratory stratagems adopted by different animal taxa, and the effect of gravity
on the design and function of gas exchangers. Chapter 4 looks at the structure and
function of the archetype aquatic gas exchanger - the gills - and considers the
placenta as an ephemeral liquid-to-liquid gas exchanger. Chapter 5 examines the
limitations and constraints which confronted animals during the switch from
water- to air breathing and the pivotal import of transitional (bimodal) breathing
in the traumatic process of terrestrial invasion. Chapter 6 outlines a cost-benefit
analysis of what went into the utilization of the atmospheric O, and the structural
and functional prescriptions in the evolved air-breathing organs and structures.
I must regardless concede that in this treatise, not all aspects and issues
pertaining to the evolution of respiration and the form and function of the gas
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exchangers have been covered and those which are may not have been
exhausitively discussed and satisfactorily resolved. Based on personal preferences
on the subject matter and keeping in perspective the restriction of space, many
elisions were made. Only the weighed imperatives were included. My objective
will have been more than adequately met if the discourse provides areas for
reflection, points for discussion, or, better still, aspects for further investigations
on the many yet gray areas.
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(Chapter 1

Perspectives on Life and Respiration:
How, When, and Wherefore

“A reconstruction of the remote past must necessarily be based
upon inference, rarely from systematically collected data,
more often from an inadequate number of facts which chance
has placed in the way of competent investigators who can
recognize their significance. As time goes on some gaps are
filled, others remain forever empty, but the picture as a whole
becomes progressively clearer.” Beadle (1974).

1.1 Life: Diversity, Complexity, and Uniformity Fabricated on Simplicity

Humankind has always been fascinated by the spectacle of extreme states and
phenomena. The Guinness Book of Records, which after the Holy Bible is alleged
to be the second most widely read book, is according to the publishers compiled
“in hope of providing a means for peaceful setting of arguments about record
performances”. Though not given much attention outside the professional
realms, the elegance and constellation of life on Earth is enchanting, bewildering,
and intellectually intriguing. More than 284000 species of plants, 750000 species
of insects, and 280000 species of other animals have been catalogued (e.g., Dixon
1994; Service 1997). Of this plethora, vertebrates represent only one phylum and
a mere 50000 species or so (e.g., Pough et al. 1989). Nature’s fortitude for survival
is remarkable. For example, albeit the tumultuous crises which preceded the
Tertiary period when colossal population clashes occurred and many species
were wiped out, by the end of the period, there were as many as 2500 families of
animals (Benton 1995). From molecular sequence studies of different micro-
cosms (e.g., Pace et al. 1985; Ward et al. 1990; Winker and Woese 1991; Olsen and
Woese 1993), it is becoming unequivocally evident that, compared with the
Metazoa and the Metaphyta (i.e., the visible world), the microbial domain (i.e.,
the microworld) presents a more complex biodiversity than was hitherto thought,
and quantitatively remains largely unknown to us (e.g., Embley et al. 1994;
Lovejoy 1994). The existing numerical data on the taxonomic diversity of animal
life differ remarkably. It is envisaged that life’s copious tree comprises between 5
and 50 million species of animals (e.g., May 1988, 1990, 1992; Hammond 1992).
This hopelessly wide range owns up to the fact that we know very little of the
actual richness and geographical patterning of contemporary animal life (e.g.,
Wilson 1992; Colwell and Coddington 1994). Since most of the crucial environ-
mental processes are driven by the microbial activities which involve biochemical
nutrient recycling operations such as nitrogen fixation, sulfur oxidation and
reduction, ammonification, methanogenesis, and methane oxidation (e.g.,
Capone et al. 1997), it can legitimately be anticipated that the microorganismal
biomass (which must form the base of life) should overwhelm that of plants and
animals. The methanogenic bacteria which occur in the hindguts of many



arthropods contribute substantially to the loading of the atmosphere with meth-
ane (e.g., Hackstein and Stumm 1994). Fenchel (1992) estimated that a 1 cm’ core
of coastal marine sediment contains 4 X 10" bacterial cells, 10* heterotrophic
flagellates and amoebae, 10° chlorophyll a-containing microorganisms, and about
2000 ciliates. Expressing a personal view on the ambitious program named
Systematics Agenda 2000, which envisages that all the Earth’s species will be
discovered, described, and classified in the next 25 years (Anonymous 1993),
Wicksten (1994) doubts that “the world’s organisms will be described within the
next century - if ever”! The same may be said on the Fifty-Year Plan (e.g., Raven
and Wilson 1992). Applying the lengthy traditional methods of identifying and
cataloguing species, May (1990), Hawksworth (1991), and Hammond (1992)
envisage that it will take a couple of centuries to gain an adequate understanding
of species diversity on Earth. With speciation being a continuous process (e.g.,
Butlin and Tregenza 1997; Smith et al. 1997), there may not be an actual end to
the task. From the microbes to the whales, living animals differ in mass by at
least 21 orders of magnitude (McMahon and Bonner 1983; Schmidt-Nielsen
1984; Brown 1995). The staggering numerical density, specific diversity, and
allometric disparity is a clear testimony of the tenacity, resiliency, richness,
and innovativeness of nature’s designs for survival. It remains a great challenge
to the biologists to fully explain the factors which drive and determine specific
patterning (Hutchison 1959; Brown 1981; Cracraft 1994; Butlin and Tregenza
1997).

Until the enunciation of the theory of evolution through natural selection
(Darwin and Wallace 1858; Darwin 1859), the complexity of life on Earth was
scientifically inexplicable. Since then, the kaleidoscopy has been perceived as
integral to the dynamic process of evolution (e.g., Ruthen 1993), with the degree
of profuseness and variability a mark of success and suitability to an environ-
ment. The spatial and temporal distribution of species is set by definite physical,
biological, and environmental controls. Through the about 4 billion years
(billion = 1 thousand million years = 10°) of existence on Earth, living forms
have adopted behavioral strategies, developed biochemical and functional ca-
pacities, and appropriated certain devices which enable them to occupy species-
specific niches. Such stable states have been attained amidst profound ambient
changes that have included variations in the rotation of the Earth, changes in the
Earth’s orbit, fluctuations in the average surface temperature, physical displace-
ments of the continental plates, pulses in the O, and CO, levels, and fluctuations
in the availability of important nutrients (e.g., Hayes et al. 1976; Hunt 1979; Ben-
Avraham 1981; Boucot and Gray 1982; Walker et al. 1983; Bray 1985; Raymo and
Ruddiman 1992). In their different ecological settings, the nature, dynamics,
and heterogeneity of environments detail the dissimilitude of animal life: form
and function are molded by the physical and biotic factors in the ecotopes. Based
on the separate traits they have acquired through interfacing with environments,
animal life can be grouped into aquatic, terrestrial, and aerial assemblages. Finer
divisions place them into, e.g., nocturnal, diurnal, fossorial, pelagic, arboreal,
benthonic types, etc. Since environments are dynamic spaces (e.g., Schaffer and
Kot 1986; Doebeli 1993; Rand and Wilson 1993), organisms must equally be
phenotypically fluid to continually adapt to the external cues (e.g., Stearns 1982;
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Prosser 1986). While freely interacting with the environment, organisms must
not compromise their physical and biological integrity as self-sustaining, self-
regulating dynamical entities. Energy must be obtained from the environment to
regulate their internal states and defend homeostasis. To steady the environmen-
tal oscillations, strictly, organisms are a process in a nonsteady state (e.g., Levins
and Lewontin 1985; Wainright 1988). As urged by Simpson (1953), when consid-
ering adaptation, “it is equally or more useful to focus neither on environment
nor on organisms but on the complex interrelationship in which they are not
really separable”. The term comprehensive selective regime was used by Baum
and Larson (1991) to define the combination of all the environmental and organ-
ismic factors which prescribe how natural selection acts on organismal variations.
Chronobiology (circadian rhythmicity), a process which has evolved to sense and
counterbalance the nuances of the environment, pervades all levels of biological
organization from molecular, cellular, to organismal (e.g., Aschoff and Pohl 1970;
Biinning 1973; Sweeney 1987; Ishii et al. 1989; Prinzinger and Hinninger 1992;
Lloyd and Rossi 1993; Martin and Palumbi 1993; Page 1994). Through a mecha-
nism termed endogenous clock or pacemaker (e.g., Sassone-Corsi 1996), circa-
dian rhythmic activities occur even under constant environmental conditions
(e.g., Aldrich and McMullan 1979; Prinzinger and Hinninger 1992). In such cases,
it is thought that the property helps organisms anticipate the exigencies of
life through programmed cyclic regulation of specific target genes. The
common inhibitory neurotransmitter in the central nervous system, GABA (y-
aminobutyric acid), has been implicated in circadian rhythmicity (e.g., Wagner
et al. 1997).

Life occurs in backgrounds which after cursory glance can resolutely be dis-
missed as being implicitly inhospitable. Nature, however, appears to abhor a
vacuum. Practically every nook and cranny on Earth is filled with some kind of
life. Animals which have adapted to extreme environmental circumstances
have particularly intrigued biologists (e.g., Madigan and Marrs 1997). Habitats
such as the subzero temperature glaciers (e.g., Arrigo et al. 1997), the fiercely hot
bubbling hydrothermal (volcanic) vents in the deep seas (e.g., Meredith 1985;
Jonnston et al. 1986), the highly desiccating tropical deserts, the fresh (nearly ion-
free) water, the hypersaline lakes, the remote virtually anoxic reducing muds, and
submarine environments where the hydrostatic pressures may exceed 1000 atmo-
spheres have all been variably conquered and occupied. Life has been found at a
depth of about 4km below the surface of the Earth where the temperature is 75°C
(Ehrlich 1996; Frederickson and Onstott 1996) and in the ice-free, cold, dry
valleys of the Antarctica, regions considered to be the closest terrestrial analogs of
the Martian and other extraterrestrial planetary environments (Friedmann 1982;
Friedmann and Ocampo 1976). While few, if any, multicellular organisms can
tolerate a temperature above 50 °C (Huey and Kingsolver 1993), some microbes,
i.e., the so-called hyperthermophiles, thrive at and above 100°C (Madigan and
Marrs 1997), the boiling point of water at sea level. In their quest to secure new
habitats, organisms have devised design-specific solutions to the vast threats
which have resolutely besieged them. These have ranged from momentous
changes such as variations in solar insolation (e.g., Newman and Rood 1977; Frils-
Christensen and Lassen 1991) and volcanic activity to minor spatial and temporal
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shifts in temperature and levels of respiratory gases in their immediate habitats.
Such changes have had dramatic effects on the form, distribution, and lifestyles of
animal life. Hippopotamuses are reported to have roamed the Yorkshire Dales
some 125000 years before present (Shackleton 1993) and in northern Africa, the
Sahara-Sahel boundary crept northwards by 10° of latitude between 18 and 8
thousand years before present (Petit-Maire 1991). The overall fitness of an organ-
ism in a particular environmental setting is an aggregate effect of the different
adaptive strategies an animal has requisitioned during its evolutionary existence
(Kozlowski 1993). This arsenal confers the adaptive capacity to withstand adverse
changes in the environment and, if necessary, to actively carve out and exploit
new, more hospitable and resourceful habitats.

From the smallest known entities, the fundamental subatomic particles such as
quarks, to the observable universe (the largest entity of which humankind has
knowledge), a scale which ranges from under 107" to 10” (Ronan 1991), nature is
governed by four fundamental forces. These are gravity, electromagnetism, the
weak force (the force responsible for radioactive decay), and the strong nuclear
force (the force that holds the nucleus of an atom together). Gravity, of which the
carrier particle (the graviton) is still undiscovered, is the weakest of the forces
(strength 10™*) but has an infinite range. The weak nuclear force, of which the
carriers are the electrically charged W' and the W™ and the neutral Z° particles,
has a range of 10™"° and a strength of 10~ ", the electromagnetic force, of which the
carrier particles are photons, has an infinite range, a strength of 107, and oper-
ates between electrically charged particles, while the strong nuclear force which
acts on the quarks is powerful (strength = 1) but has a range of only 10™". By
studying the universal properties of matter, science strives to understand and test
how these characteristics contrived matter culminating in the phenomenon of
life. It is hoped that the principles which govern organismal existence, design',
behavior, function, and life-style can be better grasped as a part of such a broad
fundamental and integrative approach. The quest for the elusive grand unified
theory (e.g., Hawking 1993; Weinberg 1994), an attempt to integrate a number of
independent mathematical equations which seek to demonstrate that three of
the fundamental forces of nature (electromagnetism, and the weak and strong
nuclear forces) are essentially performances of the same superforce, continues
with zeal and zest. After unification with gravity, the theoretical physicists con-
template advancing the “theory of everything”, an encompassing principium
which should explain the formation of the Universe at the Big Bang, the subse-
quent existence of the material world, and perhaps the development of life
(Moore 1990a; Maynard-Smith and Szathmary 1996; Ronan 1991) and the end of
it all at the Big Crunch. Though some measure of success has been achieved,
especially in harmonizing the weak and electromagnetic forces, from what is

! The term design, which is borrowed from engineering, is used in this book in a sense to mean
“creative natural arrangement of parts (= components) in a device (= gas exchanger) for
a particular purpose (respiration)”. Vogel (1988) defined biological design as “functionally
competent arrangement of parts resulting from natural selection”.
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known presently, the cosmos abounds with mystery and deliberately shuns order
and conformity. While the Newtonian laws apply in the intermediate scales of
biology, at subatomic (the so-called nanoworld) level, quantum mechanics
reigns, and at the cosmological level, relativity holds true. Recently, a concept
dubbed new physics was professed to be highly rewarding in analyzing the dy-
namics of the life processes (Davies 1989; Stonier 1990). The approach is based on
arguments that: (1) life is transmitted through what are bits of information
(algorithms) inscribed in the genome and (2) the frequency and amplitude of
biological events are regulated through ultrafast integrated information process-
ing. Applying an electronic analogy, Lloyd and Rossi (1993) asserted that “the
living state is an ensemble of oscillators” and that information processing may be
the “common denominator” (the missing link?) in the formulation of a “unifying
theory”. Inasmuch as our understanding of biological processes (especially neu-
robiology) continues to accumulate with the advances in computer technology,
this supposition appears to be credible (e.g., Adams 1979; Kawasaki 1993). Other
lines of inquiries attempting to simplify and explain biological order and diversity
include the so-called life-history theory (e.g., Charnov 1993; Ruthen 1993) and
the synthetic theory of biological organization (e.g., Eigen and Schuster 1979;
Fontana and Buss 1993). According to these concepts, it is argued that for a given
organism, if the fundamental parameters which govern and regulate resource
procurement, utilization, regeneration, and self-perpetuation in a particular envi-
ronment are known, it would be possible to model the life patterns which opti-
mize fitness (Charnov 1997; Godfray 1997). Reductionism and all mechanistic
approaches to biology endeavor to explain natural phenomena by manipulating
fewer and simpler components that are responsive to exact simple physical laws
(e.g., Popper 1968, 1969). However, when dealing with complex natural dynami-
cal entities like organisms (e.g., Mann 1982; Brown 1993), it is not only difficult to
correctly identify such components but also practically impossible to predict the
outcomes of their myriad nonlinear interactions. Due to the hierarchical organi-
zation of biological systems from atomic, molecular, cellular, tissues, organs,
organisms, through populations and communities to ecosystems, boundary con-
ditions exist (Brown 1994): it is practically impossible to predict the outcomes
from one level of organization to another (Polanyi 1968). Despite the caveats, the
rationale behind the rather esoteric reductionistic investigations in biology in-
cludes among others the warranted recognition that although biological systems
may evolve through means different from those that accrete the physical ones,
their forms and states are fundamentally governed by the universal, permeative
properties of matter and energy (e.g., Nagel 1961; Brooks 1994). The structure and
the mechanistic chemical juxtaposition of organic molecules is a programmed
process which generates exact structural configurations and arrangements which
yield stable states. Life cannot violate the immutable laws of physics and chemis-
try during its development. Thompson (1959, p. 8) points out that “the forces
which operate in the body are of the same character as are the inorganic forces”.
He envisages that mathematics and physics will greatly contribute in explaining
biological phenomena even though they may not fully account for certain aspects
that he consigns to the “soul”. As cautioned by Giebisch et al. (1990) and Nurse
(1997), when dealing with an intricate process such as life, reductionistic
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approaches may fail simply due to the fact that the underlying assumption that
encompassing properties of an organism can be understood by studying its indi-
vidual parts could be fatally flawed. The aggregate expression of the functional
processes in an organism is not necessarily equal to that expressed by the intact
animal. Thompson (1959, p. 41) observed that “the life of the body is more than
the sum of the properties of the cells of which it is composed” and Hoagland and
Dodson (1995) note that “an organism is greater than the sum of its parts”. The
total of the O, consumption of the individual tissues of the body, for example,
may be lower (e.g., Weymouth et al. 1944; Itazawa and Oikawa 1983; Oikawa and
Itazawa 1993) or higher (e.g., Terroine and Roche 1925; Crandall and Smith 1952;
Vernberg 1954; Lilja 1997) than that of the whole animal. Based on a similar
observation, Von Bertalanffy and Estwick (1953) proposed that the decrease in
the mass-specific metabolic rate of an intact animal is regulated by “factors lying
in the organism as a whole which do not appear in tissues excised from the intact
animal”. Brown (1994) contends that “while physical scientists seek precise
answers to relatively simple problems, biologists on the whole seek approximate
answers to very complex problems”.

In what may be deemed convergence between natural and human engineering
designs, modern research into natural configurations has led to the fascinating
discipline of bionics (= biomechanics) (e.g., Nachtigall 1991; Witt and Lieckfeld
1991). Astonishing parallels in the “plans” and “constructions” of living organ-
isms with technical principles abound. Though nature uses essentially the same
structural materials as those used by human beings (i.e., materials found on
Earth), while it is possible to mimic them, it is virtually impossible to exactly
duplicate natural designs. During the long period of evolution, through progres-
sive and yet recursive trial-and-error processes (e.g., Schaeffer 1965a), nature has
honed and produced perfect or near-perfect innovations. Natural solutions for
complex problems are often strikingly simple and fascinating (e.g., Hayes 1994):
minimal resources are committed in configuring highly cost-effective structures.
Amidst the remarkable diversity of form at the organismal level, however, the
differences that distinguish the various kinds of life in the macroscopic and
microscopic worlds disappear down the organizational cascade as similarities
preponderate. From the perspective of structural chemistry, at the molecular and
atomic levels, there are no differences between the living and nonliving worlds:
organic molecules are made up of essentially the same elements (atoms) which
comprise the inorganic ones but are arranged into complexes with unique prop-
erties. Life’s diversity can be attributed to differences in the characters and
arrangements of protein molecules which constitute more than half of the
nonwater mass in a cell (Hoagland and Dodson 1995). Though the number of
molecules which formed with the accrual of the Earth (inorganic evolution) and
development of life (organic evolution) (Kirschner 1994; Weinberg 1994) is im-
mense and to this bounty chemists keep on throwing in new ones, from this vast
collection, life has been extremely selective on what it has appropriated. Of the
about 8 million now known chemical compounds (e.g., Morgan 1995), only a very
small number has been incorporated in the evolved biochemistry. Proteins, some
of the largest and most complex molecules known and perhaps the most impor-
tant organic factors, as they form enzymes which catalyze chemical reactions, are
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configured around only 20 different amino acids. From the infinite three-
dimensional possible dispositions, the forms and behaviors of proteins are
limitless (e.g., Ronan 1991). Amazingly, the amino acids are produced through
a code which is written in only four molecules (the nucleotide bases) which
present 64 possible arrangements in triplets, the codons: 61 codons are distrib-
uted among 20 amino acids, the other 3 serving as stop codons. Proteins are
intrisically dynamic molecules. Flauenfelder et al. (1991) pointed out that
evolution occurs through changes in the primary sequence of proteins, a process
which leads to changes in the structure and the conformational energy
landscapes. From the well over 100 known elements, about 99% of the living
matter is fundamentally made up of four elements, i.e., C, O,, N,, and H,. Of
the 28 selected elements in the human body, H, and O, are the most abundant,
respectively comprising 63 and 25.5% of it. Carbon is central to life. It
forms chains and rings that can be elaborated into an immense number of
complex compounds and makes up about 1% of the mass of the Earth. Carbon-
based fuels contribute about 75% of the energy that is currently used on
Earth. Methane is the most abundant organic molecule in the Universe (Ancilotto
et al. 1997).

Succinctly put, biology uses a characteristic set of elements and compounds to
carry out an infinite array of processes. It is bewildering that the most complex
state of organization that matter has consummated has been fabricated through
remarkable simplicity, essentially during a chemical circumstance which entailed
microscopic architecture around the carbon atom. Though the chemical constitu-
ents of living organisms have been recognized and the biochemical processes
which support life are now reasonably well understood, the actual origin of life
remains a mystery (Szathmary 1997). It is now known that organic molecules
abound in the cosmos. Such molecules could have been seeded on Earth
from space (e.g., Ronan 1991; Cohen 1995), landing at the right place at the
right time. The recent report by NASA scientists on chemical fingerprints of
extremely primitive life in a 4.5-billion-year-old piece of Martian rock (Kerr
1996a; McKay et al. 1996) may in future totally change our concept and the very
definition of life.

1.2 The Earth: a Highly Dynamic Planet

Though from space it looks serene and motionless, the Earth is a perpetually
metamorphosing planet. Life, the most complex organization of matter, has
astonishingly evolved against a highly dynamic setting. Geometrically about
a sphere (but strictly an ellipse) some 12700km in diameter, a mass of about
6 X 10" tonnes and a volume of about 1.1 X 10"km’, it spins round on an
inclined axis (23.5° to the perpendicular of the plane of its orbit) at a speed of
about 28 km/s (at the equator), moving around the sun (from a distance of 150
million km) along a slightly elliptical orbit about 300 million km in length at an
incredible speed in excess of 1700km/s. The rotation is completed in 23h and
56 min and the revolution (around the sun) takes 365.25 days: the rotation causes
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day and night while the revolution occasions seasons. Different places on the
Earth’s surface move at different speeds, the speed at the equator being the
greatest. The spin greatly influences the shape (e.g., Dixon 1987), distorting
the spherical figure to a slightly flattened shape and creating many irregularities
on the surface: the polar diameter is about 43km less than the equatorial one. In
what has been called the Colioris Effect, due to the rotation, in the Northern
Hemisphere a mass of air around a high pressure area is deflected in a clockwise
direction and counterclockwise around a low pressure one: in the Southern
Hemisphere there is an opposite effect. A centrifugal acceleration which tends to
oppose gravity makes the value of gravity at the equator (9.780ms?) 0.35% less
than that of 9.832ms * at the poles: the maximum gravity (10.5ms ) is reached
at the boundary of the liquid core some 2900km below the Earth’s surface. Near
the surface, gravity decreases by about 0.003ms “km ' distance above sea level.
While the angular momentum in an elliptical orbit remains constant, according
to Kepler’s Second Law of Planetary Motion, at periastron (when the radius of the
orbit is small) the speed is faster and at apastron (when the radius of the orbit is
greater), the speed is slower. The giant outer gas planets, namely Jupiter, Saturn,
Uranus, and Neptune (the Jovian planets), have solid cores surrounded by cold
atmospheres of light gases such as methane, ammonia, helium, and hydrogen.
The Earth, like the other three inner planets, i.e., Mercury, Venus, and Mars
(terrestrial planets), is made up of a dense iron-nickel core (some 3400km in
radius at a temperature of 3700 °C), a rocky mantle 2900km thick, and an outer
shell, the crust (lithosphere) some 50km thick. The light gases were lost from the
terrestrial planets due to the fact that: (1) they are closer to the sun and hence
received more heat that highly excited the gas molecules and (2) their smaller
gravitational forces were not adequate to retain the fast-moving molecules. Com-
pelling an escape velocity of 11.8km/s, the Earth has been able to hold onto most
of its gases except for the very light ones like hydrogen, neon, krypton, and argon.
Hydrogen, produced by photodissociation of water vapor in the stratosphere, is
presently estimated to be escaping from the Earth’s atmosphere at a rate of 3 X
10° atoms cm™’s ™' (Donahue 1966; Joseph 1967; Hunten 1973; Hunten and Strobel
1974; Hunten and Donahue 1976). A planet or a satellite has to be more than 10%
of the mass of the Earth to be able to hold its atmosphere. About two thirds of the
Earth’s surface is covered with water. The gravitational pulls of the Moon and the
Sun cause tides and the movement of the air masses weather. Water (hydro-
sphere), air (atmosphere), and the superficial layer of the lithosphere (the soil)
constitute the biosphere. They are the theaters in which life has experimented and
developed.

1.3 Factors that Encouraged the Evolution of Life on Earth

Whether by default or design, the Earth is peculiarly well conditioned for habita-
tion, at least by the kind of life which we know. As prescribed by nature, organ-
isms adapt and evolve into environments: they do not carve them out to suit
themselves. The fundamental factors which “allowed” life to develop on Earth
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included: (1) an O,-rich atmosphere with the moderate level being just appropri-
ate for the respiratory needs for life (Urey 1959), (2) location at a right distance
from the sun (orbiting between the terribly hot Venus and the hard frozen Mars)
for the temperature to support presence of water in both liquid and vapor form,
(3) the accretion of the giant planets like Jupiter, Saturn, Uranus, and Neptune
drastically reduced the number of comets and other debris in orbit, minimizing
the devastating effects of collision with the Earth (Weidenschilling and Marzari
1996), (4) the presence of atmospheric gases like CO, provided a mild greenhouse
effect which kept the planet warm, (5) the mass of the Earth (and hence its
gravity) is just right to hold and prevent loss of most atmospheric gases to the
outer space without undue pressure on life, and (6) the Earth’s magnetosphere is
adequately strong to prevent sputtering of the atmospheric gases by the constant
bombardment of energized ions. Jupiter’s largest moon, Ganymede, with a mag-
netic field about one tenth that of Earth but greater than that of Mercury, Venus,
and Earth’s moon (Gurnett et al. 1996), has a thin atmosphere (Stevenson 1996)
with O, in a frozen state (Vidal et al. 1997). Though Mars, with its distant orbit
which is 50% farther from the Sun than Earth, now presents a desolate, cold, and
dry surface with a small ice cap especially at its north pole, in the past the planet
appears to have experienced episodes during which an atmosphere may have
existed to create a greenhouse effect adequate to generate ample liquid water on
the surface (Kargel and Strom 1996): over time, the planet has lost large quantities
of CO, as well as O, and H,, gases derived from breakdown of atmospheric water
by sunlight, leaving a thin 7-km-thick gaseous envelope. The planet’s atmosphere
has been worn out (sputtered) by energetic O ions created from escaping O, and
hurled back to the atmosphere by the solar wind fields (Johnson and Liu 1996).
The highly rarefied Martian atmosphere compares with that of Earth at an alti-
tude of 50km, the atmospheric pressure being less than 1% of that on Earth. It
cannot be completely ruled out that under similar or different circumstances a
kind of life could have evolved elsewhere in the Universe (e.g., Powell 1993).
Possible past occurrence of primitive life on Mars has been advanced (e.g., Kerr
1996b; McKay et al. 1996) and existence of life in other celestial bodies argued
(e.g., Chyba 1997).

The Earth’s atmosphere weighs about 500 million million tonnes. About 50%
of it is in the lower layers about 5km from the Earth’s surface. The troposphere,
the part of the atmosphere where the air is well mixed, extends up to an altitude
of about 10km above sea level and constitutes 80% of the total mass of the
atmosphere. Barometric pressure is a consequence of the Earth’s gravitational
pull on the air which envelopes it. From the surface of the Earth, barometric
pressure drops exponentially. However, at a given altitude, the actual pressure
depends on factors such as latitude, season, and the prevailing weather conditions
(e.g., Bouverot 1985). For every 5.5-km ascent from sea level (where the baromet-
ric pressure is 1013 mbar), the barometric pressure drops by a half and the
temperature drops at a rate of 1°C for every 150 m. Beyond 500km, the atmo-
sphere (exosphere) is highly rarefied and contains free atoms of O,, H,, and
helium. The most important respiratory gases in air are O, and CO,. At normal
pressures, N, is considered to be physiologically inert, but at high pressures it is
harmful to life.



1.4 Oxygen: a Vital Molecular Resource for Life

The Lord God formed the man from the dust of the ground and breathed into his nostrils the
breath of life, and the man became a living being. (Genesis 2:7)

There are few, if any, processes in biology which are as encompassing and critical
for life as respiration. For most animals, procuring O, from outside and delivering
it to the tissues and voiding CO, produced from tissue oxidative metabolism are
some of the main tasks of respiration. Laitman et al. (1996) assert that “the
acquisition and processing of O, and its by-products is the primary mission of any
air-breathing vertebrate”. Just now (as you read this line) you are breathing O,
and would die in a couple of minutes without it. Beyond about 3 min of cessation
of breathing, irreparable damage, especially of the central nervous system, could
occur even after successful resuscitation, and after about 6 min one would be
declared brain dead. From a practical standpoint, this bespeaks the importance
and urgency of procuring molecular O, at the right time and in the right quanti-
ties. In the course of evolution, preference would have been given to the organs
and systems which support such crucial process. Though other cells such as the
neurons (e.g., Schomig et al. 1987), endothelial cells (e.g., Mertens et al. 1990), and
smooth muscle cells (e.g., Paul 1989) can cover energy deficits by anaerobic
glycolysis, except for the hearts of the freeze-tolerant animals which stop at
subzero temperatures (e.g., Storey and Storey 1986, 1988), the continuous me-
chanical performance of the myocardial cells is totally dependent on transient
changes in cytosolic Ca** (interacting with contractile proteins) and sustained
oxidative production of energy in the mitochondria (e.g., Driedzic and Gesser
1994; Piper et al. 1994). While there are assertions that life can exist without O,,
such states can only exist in the simplest forms of life (Hochachka et al. 1973;
Herreid 1980; Fenchel and Finlay 1990a, 1991a, 1994). Intestinal parasites are
alleged to live without molecular O, and intertidal molluskan facultative anaer-
obes remain for days without it (Ghiretti 1966). In adverse conditions, adaptively,
some animals enter latent (ametabolic) states where in cryptobiosis (Hochachka
and Guppy 1987), the most extreme of such conditions, life virtually stops.
However, even in such states, an infinitesimal amount of energy must be pro-
duced by the cells to sustain the crucial molecular processes oflife such as protein
turnover and ion flux. Even before the discovery of O, was made by Priestley and
the composition of air demonstrated by Lavoisier (see Perkins 1964 for an ac-
count of these elegant discoveries), it was recognized that breathing, the mechani-
cal pumping of air in and out of the body, a process which occurred in the
majority of animals, was essential for life. For along time and until recently, a test
for death was the failure of breathing and the common method of killing was by
strangulation. Presently, the phrase “the breath of life” is commonly used to
indicate the need for continuous movement of air in and out of the body to
support life. The comprehensive need for O, for life was termed the call for
oxygen by August Krogh (Krogh 1941).

Generation, storage, and utilization of energy are processes central to the
activities and the very existence of living cells, just as they are relevant to the
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proper economic management of the Earth’s resources. Excess energy is largely
conserved in form of carbohydrate and lipid molecules to be utilized in event of
deficit. The acquisition and utilization of energy in life occurs according to
Maxwell’s Laws of Thermodynamics. According to the first law, the amount of
energy in the Universe is fixed: no more of it can be created nor can the existing
amount be destroyed but can be converted from one form to another. In face of
the steadily decreasing amount of freely usable (accessible) energy in the
Universe (according to the Second Law of Thermodynamics), the natural state of
matter is chaos (e.g., Prigogine and Stengers 1984). Since living systems constitute
highly organized complex states of matter, from a casual glance, it would seem
that life runs uphill in a downhill Universe, i.e., it proceeds counter to the natural
dissipation of energy. In such a case, life would appear to negate the Second Law
of Thermodynamics. This, however, is not the case. In fact, instead of threatening
life, the Second Law of Thermodynamics actually guarantees it. Unlike the closed
thermostatic state of the ordinary (controlled) chemical reactions, living systems
are open thermodynamic processes which access energy from outside (especially
from the sun) to steady entropy (chaos) through effervescent repair and rebuild-
ing at the molecular level. Generally, organisms are efficient conduits of energy
in the vastness of the Universe. Evolution by natural selection is thought to be
driven by competition for the dwindling amount of energy in the Universe (e.g.,
Blum 1955). Much of the energy on Earth is conserved in the covalent bonds,
especially of the large organic molecules such as glucose, fatty acids, starch, and
glycogen. Intricate interdependency exists in nature where, directly or indirectly,
living things rely on each other in appropriating raw materials and harnessing
energy. Over time, evolution has modified morphological design and physiologi-
cal processes to eliminate or reduce unnecessary expenditure of energy. More
optimal states are established to better manage the finite resources. Superfluous
structures are eliminated and hence support of unused or underutilized capaci-
ties is avoided.

No molecule has been as pervasive in its influence on life and paradoxical in its
roles as O,. In all evolved complex animal life, O, is the most important molecular
factor contracted from the ambient milieu. The metabolic rate of an organism
correlates with the efficiency of procuring it. Nature has been particularly inven-
tive in the development of gas exchangers and the respiratory processes. The
many examples of convergence show that permeative forces have been involved
in programming the design of the gas exchangers. Regarding the procurement
and utilization of energy, living things are essentially open thermodynamic sys-
tems in a self-regulating steady state. A continuous influx and efflux of matter and
energy occur as the necessary physiological and behavioral adjustments are made
to maintain homeostasis. Such a dynamic state ensures that, though intimately
relating to its immediate environment, an organism remains a viable, discrete
entity. While life can be defined as a process of capturing and utilizing energy and
raw materials, empirically, death is the cessation of all such activities, i.e., when
energy production falls to zero. In such a state, the energy in a body is at equilib-
rium with that in the environment. For individual animals, the continuity of
respiration is terminated at death, and for a species at extinction. Animals will
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generally live for weeks without food, days without water, but only minutes
without O,. Activities such as feeding, thermoregulation, locomotion, and even
reproduction (e.g., Hurst and McVean 1996) can be adjusted, delayed, or aban-
doned altogether, depending on species and circumstances (McNamara and
Houston 1996).

Energy is decisive in all biological events from molecular, biochemical, eco-
logical to evolutionary levels (e.g., Bennett 1988). It is required for building,
servicing, and maintaining the general infrastructural integrity of an organism as
well as driving the physiological processes and fortifying homeostasis against
external perturbations. The rate of respiration indicates the speed at which an
animal uses its resources to meet the demands placed on it by the environment
and the lifestyle it leads. Those species capable of maintaining a high rate of O, to
CO, exchange ratio in relation to the volume and the complexity of the protoplas-
mic mass are able to establish stable tissue fluid gas concentrations under dif-
ferent environmental circumstances and metabolic states. It is unequivocally
evident from the design of the gas exchangers that such specialized taxa are the
most successful. From the earliest recorded fossils, which are 3.8 to 3.5 million
years old (Schopf 1978, 1993; Mojzsis et al. 1996), to the first well-documented
composite organisms, the ediacaran Metazoa which occurred more than 600
million years ago (e.g., Gould 1989; Knoll 1991; Levinton 1992; Runnegar 1992),
for over 80% of its tenure on Earth, life remained exclusively unicellular (Gould
1994) and anaerobic. It is thought that lack of O, in most of the Precambrian
may have been the main factor which repressed further progress (Knoll 1991):
the so-called Cambrian explosion, when the biota underwent remarkable diver-
sity, has been associated with the presence of and the increasing levels of mole-
cular O,.

1.5 Anaerobic Metabolism and Adaptive Success in Animals

The capacity to procure, transport, and utilize large amounts of O, has bestowed
a monumental selective advantage on the evolution and adaptive radiation of the
terrestrial vertebrate fauna. Predator avoidance correlates with the level of energy
expenditure and the kind of food eaten (e.g., McNab 1966). Terrestrial species
with low metabolic rates rely heavily on burrows or passive integumental struc-
tures such as shells, plates, and spines for protection. The evolution of efficiently
ventilated and perfused gas exchangers and carrier-mediated O, transport sys-
tems appear to have been fundamental for supporting energetically demanding
life-styles. Metabolic rate expresses the integral speed at which energy is mobi-
lized, transformed, and utilized by an organism for biological activities (e.g.,
Kleiber 1965; Calder 1987; Brown et al. 1993; Lundberg and Persson 1993) and
hence expresses the vitality of life (e.g., Zeuthen 1970; Calder 1984). In mammals,
factors such as enzymatic activities (Emmett and Hochachka 1981), enzyme con-
tents of tissues (Drabkin 1950), O, consumption (R.E. Smith 1956), and protein
turnover (Munro and Downie 1964) reflect the effect of body size on metabolism.
An inverse correlation between the specific metabolic rate (amount of O, con-
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sumed per gram body mass per unit time) of animal species and their life spans
has been established (e.g., Adelman et al. 1988; Shigenaga et al. 1989). Dwarf mice
live much longer than normal ones by as much as 350 days for males and 470 days
for females (Brown-Borg et al. 1996).

Thompson (1959, p. 42) forthrightly stated that “size of body is no mere
accident”. Metabolic rate determines vital aspects such as life patterns, popula-
tion fluctuations, behavioral ecology, and reproductive efficiency (e.g., Prothero
1986; Calder 1987; DeAngelis et al. 1991; Dunham 1993; McNamara and Houston
1996). In the modern ecosystems, the chance of extinction is directly proportional
to body size (e.g., Carroll 1988). Diverse factors such as phylogeny, habitat,
ambient temperature, O, consumption, food intake, latitude, climate, season,
body size, shape, level of development, degree of activity, sex, and age to varying
extents determine the metabolic rate (e.g., Zeuthen 1953; Else and Hubert 1985;
Crews et al. 1987; Labra and Rosenmann 1994). Unlike metabolic substrates, e.g.,
carbohydrates and fats, which can be stored in large quantities in the body, except
in a few heterothermic and anaerobic parasites (e.g., Ghiretti 1966), O, has to be
derived from the external environment in the necessary measures. In the human
being, about 120001 of air are filtered by the lung everyday (Burri 1985). The
amount of O, dissolved in blood or plasma is insufficient for tissue requirements
even at rest. The quantity falls far short of the amount which would be required
to service physical activity when the uptake may increase by as much as 30 times
during vigorous exercise, e.g., flight (Thomas 1987). A human being at rest re-
quires 200 to 250ml O, min~" but during maximal exercise the amount increases
to about 5.51min"" (Comroe 1974; Weibel et al. 1987a). A 70-kg human being has
only 1.551 of O, in the body at any one moment, 370 ml being in the alveolar gas,
about 280 in the arterial blood, about 600 in the capillary and venous blood, 60 ml
dissolved in body tissues, and 240ml bound to the muscle myoglobin (Farhi
1964): the total amount is adequate to support life for only 6 minutes, but irrepa-
rable damage starts to occur within about 3 min of cessation of breathing. Snyder
(1983) observed that the amount of O, dissolved in tissue (about 0.8 ml/kg) is
sufficient to support aerobic metabolism for only a few seconds. However, in the
champion divers, e.g., the Weddell seal, Leptonychotes weddelli (Kooyman 1985),
in a 450-kg animal, the O, stored in the muscles can support aerobic metabolism
atarate of 4.2ml O, kg™ 'min™" for about 15min. At an estimated O, consumption
rate of 1.6ml O, per kg, a 20-tonne sperm whale, Physeter catodon can dive for
50 min while maintaining aerobic metabolism (Butler 1991a). The body stores of
CO, in solution and in form of HCO,™ ions exceed those of O, (Farhi and Rahn
1955). It is perhaps owing to its intrinsically great toxicity (e.g., Fenchel and
Finlay 1990b) (Sect. 1.16.1) that animals have not evolved capacities of storing
appreciable amounts of O, in the body tissues and cavities: the rate of O, uptake
from the environment is approximately equal to its utilization. The infinitesimal
amounts held in the bodies of most organisms, either chemically bound or in
solution, are able to support aerobic requirements for only a short period of time.
In some fish with physoclistic swim bladders, however, O, is held in the swim
bladder at high pressures and concentrations (Saunders 1953). Such stores can be
utilized during hypoxia (Randall and Daxboeck 1984) with adequate tissue oxy-
genation being sustained for several hours.
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1.6 Evolved Mechanisms and Strategies of Procuring Molecular 0,

Respiration has been pivotal in all the evolutionary and adaptive changes which
have occurred in animal life. This is evinced by the fact that to a fair measure, the
functional competencies of the gas exchangers correspond with the general phy-
logenetic statuses of animals. Respiration encompasses an impressive arsenal of
biomechanical, physiological, and behavioral strategies and mechanisms that are
involved in making available to an organism a sample of the external respiratory
milieu from which molecular O, is extracted and into which CO, is voided.
External respiration involves movement of two vectorial quantities in opposite
directions, namely, influx of O, from the environment and efflux of CO, from the
organism. Oxygen is delivered to the tissue cells across a panoply of structural
compartments through self-regulating convective and diffusive processes. The
operation starts with convective delivery of O, by a respiratory medium (water
and/or air) to the gas-exchanging site, diffusion across the tissue barrier, binding
to carrier pigments, convective transport by blood circulation, and ultimately
diffusion from the blood into the cells (Figs. 1,2,3). In a steady nonlimiting state;
servomechanically, the flow of O, from the environment across the steps to the
mitochondria is constant (Weibel 1982; Wagner 1993). Mitochondria contain all
enzymes associated with the processes of oxidative phosphorylation in their inner
and cristae membranes and the enzymes of the TCA cycle in the mitochondrial
matrix. The influx of O, into the mitochondria, the terminal O, sink which deter-
mines the flow of O, across the lung through the cardiovascular system (e.g.,

Fig. 1. Sites of convective and diffusive gas transfer in an aquatic breather. Water and blood
spatially relate in a countercurrent manner at the gills. (After Satchell 1971)

14



Fig. 2. The intricate stratified arrangement of the gas exchange components in the diffusional
pathway of O, from the external milieu to the mitochondria. The partial pressure of O, gradually
decreases towards the tissue cells. CO, is greatest in the tissues and is eliminated in the opposite
direction to that of O,. (After Hughes 1978)

Fig. 3. Cascade process of delivery of O, from the ambient milieu in an air breather with a
convective lung. The ventilatory and circulatory systems maintain a partial pressure gradient
across the air/blood interface. The PO, decreases towards the tissue cells and the mitochondria.
The utilization of O, in the mitochondria maintains the flow. The components of the pathway
are quantitatively sized to optimize flow. (Wood and Lenfant 1976)
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Suarez 1992), is set by the phosphorylation potential of the tissue cells (Folkow
and Neil 1971; Taylor et al. 1987a, 1989) especially in the skeletal muscle mass,
which constitutes about 50% of the body mass in mammals and as much as 80%
in fish (Goldspink 1985): the PO, drops from about 20kPa in water or air to
almost zero in the vicinity of the mitochondria of the outlying tissues (Wittenberg
and Wittenberg 1987, 1989; Graiger et al. 1995). Between the capillaries of the
heart muscle and the mitochondria, the PO, drop is 2.7kPa (Tamura et al. 1989)
and that between the cytosol and the mitochondria is less than 0.03kPa
(Wittenberg and Wittenberg 1987, 1989; Clark et al. 1987). In a rat (mean body
mass 266 g), the total mitochondrial surface area in the liver, kidney, heart, brain,
and lung is 460m’ and in a 1.8-kg bandicoot the value is 5520m’ for the same
organs (Else and Hubert 1985). The drop in the PO, between the capillaries and
the surrounding tissues is inversely proportional to the permeability of the tissue
to O, (Meng et al. 1992). In exercising human gastrocnemius muscle, the O,
tension decreases with the intensity of contraction, indicating that O, may be a
limiting factor for mitochondrial respiration (Fellenius et al. 1984): under such
conditions, the PO, in the extracellular fluid may decrease by 70% and in the cells
by 30% of the resting values. To increase the flow of O, from water to the tissues,
the heart muscle of the hemoglobinless Antarctic icefish is profusely supplied
with blood (Fitch et al. 1984; Johnston and Harrison 1985): the muscle mitochon-
drial volume density rivals that of the insect flight muscles (Londraville and Sidell
1990) but myoglobin is lacking in significant quantities (Douglas et al. 1985; Feller
and Gerdy 1987; Sidell et al. 1987). The complexity of the O, conduction line
differs between animals. It depends on factors such as body size, environment
occupied, and lifestyle. In the Protozoa, O, diffuses across the cell membrane
into the protoplasm. The simple invertebrates lack a circulatory system while
the more complex ones and the vertebrates have a circulatory system which
convectively transports O, from the respiratory site(s) to the body tissue cells. In
insects (Sect. 6.6.1), O, is delivered directly to the tissue cells by the trachea.
Internal respiration entails utilization of O, at cellular level to generate the high
energy molecule adenosine triphosphate (ATP), with CO, and water as secondary
products. Expulsion of CO, occurs in the opposite direction to that of O,, i.e.,
from the tissue cells to the gas exchanger, driven by the same mechanisms (Hills
1996) but carried through somewhat different processes (e.g., Davenport 1974;
Heisler 1989): CO, excretion occurs through a passive process along an electro-
chemical gradient from the site of production (Bidani and Crandall 1988;
Nikinmaa 1990).

Depending on the function(s) they carry, organ systems have different needs
for O, (Else and Hubert 1983). By default, the gas exchangers are the only organs
in which a conflict of interests can occur. For efficient uptake of O,, the designs
must effect transfer O, with minimal utilization of it. Without compromising
their functional integrity, as little tissue as possible must be committed in the
construction of the gas exchangers. In the avian lung, the bodies of the extremely
thin epithelial cells which line the air capillaries are confined to the atria and to a
lesser extent in the infundibulae, which are non gas exchange sites (Figs. 88,90). In
its thinnest sections, the blood-gas barrier of the avian lung consists of an endot-
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helial, an epithelial, and a common basement membrane (Maina and King 1982a):
interstitial spaces are largely lacking (Figs. 29,40). On average, the vertebrate lung
is estimated to utilize as much as 10% of the total body O, consumption (Slonim
and Hamilton 1971).

While O, transfer in simple organisms occurs by simple diffusion across the
entire body surface, in the more complex ones this takes place at specialized sites
where tissue barriers are crossed. In spite of the intrinsic differences in the
structural complexities, after about 2 billion years of evolution of aerobic metabo-
lism, the transfer of molecular O, in all evolved gas exchangers still occurs by
passive diffusion - only ways have changed but means have remained essentially
the same. Aerobic metabolism must have evolved at a critical point when the
ambient PO, was just adequate to drive the gas across the cell membranes of the
amphiaerobes. The gradual increase of the PO, in the bioshere lead to reduction
in the respiratory effort, supporting greater metabolic capacity. The delivery of O,
to the cells/tissues appears to have been machanistically optimized right from the
point of incorporation of molecular O, into the aerobic processes. For a substance
that is needed continuously throughout life, the alternative method of acquisi-
tion, i.e., by active means, as was envisaged to occur in the vertebrate lungs at the
turn of this century (see, e.g., Haldane 1922), is improbable. To support respira-
tion driven through active acquisition of O, would obligate an enormous invest-
ment in energy, rendering the entire process uneconomical and perhaps
untenable within the present designs of the gas exchangers and the activities
which animals perform. Gas exchangers are largely multifunctional organs. Many
play nonrespiratory functions which are in some cases equal to, if not more
important than, respiration (Sect. 6.10). Fish and crustacean gills, for example,
serve indispensable osmoregulatory roles, are the principal pathway for ammonia
and urea excretion, and are involved in the regulation of levels of some blood
chemical factors, e.g., hormones (e.g., Zadunaisky 1984; Gilles and Pequeux 1985;
C.M. Wood et al. 1989, 1994). The human lungs are important sites for elabora-
tion, metabolism, and regulation of the concentrations of various active pharma-
cological agents in the body (e.g., Slonim and Hamilton 1971). The lung removes
from circulation or destroys such chemical factors as prostaglandins, serotonin,
and bradykinin, converts angiotensin I to angiotensin II, and synthesizes lipids
such as the pulmonary surfactant (Sect. 6.10): the high O, consumption of the
vertebrate lung can be attributed to these metabolic processes. While the design
requirements for gas exchange demand minimal tissue infrastructure, there must
be a critical mass necessary to carry out the nonrespiratory roles. The definitive
organization of the gas exchangers must integrate these rather constraining
needs. The gas exchangers are unique in that there are no tissue cells which are
ubiquitous to them as hepatocytes are to the liver, osteocytes to bone, or neurons
to nervous tissue. A cell membrane with no distinct specializations (Figs. 4,5) as
in the Protozoa and in many simple Metazoa is the most elementary gas ex-
changer (e.g., Mangum 1994). The unconventionalized designs of the gas ex-
changers can be ascribed to the fact that the simple passive process of diffusion of
the respiratory gases does not oblige a specific structural plan. Based on the
fundamental feature that at a respiratory site all that need exist is an O, concen-
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Fig. 4A-F. Basic designs of gas exchangers. The least specialized gas exchanger (A) is found in
the unicells where the transfer (shown with —*) occurs by diffusion across a plain cell mem-
brane. In the more complex animals, gas exchangers have formed either as evaginations
(B) generally called gills and specialized for aquatic breathing, or invaginations (C-F) generally
called lungs for aerial breathing. B An example of a unimodal aquatic breather. C A bimodal
breather with an “unspecialized” accessory respiratory organ. D A bimodal breather with a
“specialized” accessory respiratory organ. E A terrestrial air breather with the lung (an invagi-
nation) as the exclusive gas exchanger [in amphibians diffusion across the skin (shown with —)
is an important respiratory pathway in appropriate environments]. F Insect tracheal system
where air is delivered directly to the tissue cells across the air sacs, AS, especially in the larger
species. (Maina 1994)

tration differential (a partial pressure gradient), exquisite experiments have been
used to identify morphologically obscure respiratory sites by use of O,-sensitive
bioindicators. Suitable flagellates such as Polytoma (Thorpe 1932) and a protozoa
such as Bodo (Fox 1921) have been utilized as markers of areas of rapid O, influx
in the Simulium and larval Omorgus (Ichneumonidae), respectively, and in
Cryptochaetum (Agromyzidae). Terebellid worms (e.g., Weber 1978) and sea
anamones, e.g., Metridium senile (Sassaman and Mangum 1972; Schick 1991)
present some localized areas of the body where the thickness of the skin is
drastically reduced. In the large scyphozoan, Cyanea capillata, and the tube
anemone, Ceriantheopsis americanus, it is still debatable whether the skin over
the body column plays any significant role in respiration (Sassaman and
Mangum 1974; Mangum 1994). Up to now, gas exchangers still remain to be
discovered!
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Fig. 5. Scheme showing the different anatomical designs of gas exchangers in water and air
breathers and specialized modes of gas exchange. The organization of gas exchangers is mainly
determined by the kind of respiratory medium utilized, habitat occupied, lifestyle, and the
evolutionary level of development of a particular organism. (Dejours 1988)
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1.7 Explicating the Process of Evolution of Respiration: Limitations

Reconstructing the pathways and the stages through which gas exchangers have
evolved is an undertaking beset with many difficulties. The main obstacle lies in
the uncertainty of our grasping the nature, the severity, and the direction of the
changes which occurred in what was a highly dynamic biosphere of the ancient
Earth. There is a particularly glaring lack of fossilized materials of the gas ex-
changers except on one Devonian species, Bothriolepis (e.g., Denison 1941; Wells
and Dorr 1985). Soft tissues are very seldom adequately geologically preserved.
When it occurs, however, by their very nature of being delicate, the materials are
reduced from their three-dimensional form to two-dimensional films through
intense heat and compression (e.g., Behrensmeyer and Kidwell 1985), making
their recognition and interpretation very difficult and unreliable.

Air breathing has only evolved in the lineages of the two osteichthyan (bony)
fishes, the actinopterygian (ray-finned fishes), e.g., bichirs, gar, and bowfin and
sarcopterygian (lobe-finned fishes), e.g., lungfishes (Romer 1972; Pough et al.
1989; Cloutier and Forey 1991). Though a very distant point in evolution, this,
nevertheless, provides a focal point for seeking convergence and divergence of the
animal groups from which air breathers evolved. The near total extinction of
the crossopterygian fishes (the sole survivor being the coelacanth, Latimeria
chalumnae), a group thought to be a direct progenitor of the tetrapods (e.g.,
Pough et al. 1989; Gorr et al. 1991), makes the discernment of the evolution of the
respiratory processes much harder. More often than not, one has to more or less
rely on circumstantial evidence. From molecular genetic studies, it has now been
proved that the popular phrase that “ontogeny recapitulates phylogeny” is too
simplistic for developmental biology (on its own) to be reliably meaningful in
reconstructing phylogenies (e.g., Humburger 1980; Alberch 1985; De Queiroz
1985; Gans 1985; Northcutt 1990; Marshall and Schultze 1992). Neoteny and/or
pedomorphy (e.g., Semlitsch and Wilbur 1989; Wake and Roth 1989) are but two
characteristics which manifest nonconforming developments. Morphological,
experimental embryological, physiological, biomechanical, paleontological, mo-
lecular, and biochemical investigations need to be integrated to effectively eluci-
date evolutionary transformations, mechanisms, and pathways. In amphibians in
particular, dramatic changes in form, location, and function of the gas exchangers
and the circulatory system occur during metamorphosis (e.g., Infantino et al.
1988; Hou and Burggren 1991; Burggren and Bemis 1992; Newman 1992;
Burggren and Infantino 1994; Fig. 47). These entail radical modifications of the
ventilatory mechanisms and transformations of the respiratory organs, changes
which must be accompanied by appropriate neurophysiological reorganizations
for proper motor functional control and coordination (Burggren et al. 1990).

Albeit the glaring lack of data, the evolutionary and adaptive developments of
the gas exchangers can be patched together by collateral evidence gathered by
studies of: (1) animals which have adapted to atypical habitats, (2) those that
possess transitional respiratory features, (3) those at different phylogenetic levels
of development, (4) those which have unique behavioral lifestyles, and (5) those
which show peculiar developmental changes. Study of the ancient air-breathing
fish such as the Dipnoi, Holostei, and Polypterida should provide a fertile ground
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for such inferential studies. For biologists, there is always some unique kind of
satisfaction when a previously unknown phenomenon or state of natural history
fits into a theoretical prediction. The excitement of discovering the so-called
living fossils, rare animals which fill the evolutionary gaps, is great. The capture of
the Carboniferous actinistian, the coelacanth Latimeria chalumnae in 1938 (see
R.E. Smith 1956; Thomson 1986; Fricke 1988; Cloutier and Forey 1991; Bruton
et al. 1992), a group thought to be long extinct, is a classical instance. It is now,
however, profitable to recognize that since the first successful engineering of
transgenic mice by Gordon et al. (1980), it is no longer necessary to formulate a
scientific question to suit a biological system. These days, it is possible to specifi-
cally design an organism (e.g., a transgenic organism) to best answer a particular
question (e.g., Cory and Adams 1988; Adams and Cory 1991; Taketo et al. 1991;
Ho 1994). Such new experimental paradigms, which hitherto were not possible
to configure, provide useful tools for analytical manipulations at molecular,
organismal, and ecological levels. When adopted, they should contribute greatly
in the advancement of comparative respiratory biology.

The diversity of the organization of the gas exchangers was highlighted in
Maina (1994). In this account, the essence of the contrast is discussed with
particular focus on: (1) the conditions under which the respiratory processes
evolved, (2) the physical characteristics of the media in which these changes
occurred, and (3) the different strategies which animals adopted to extract O,
from the external milieus. The simplest respiratory organs are generally found in
the aquatic animals or those organisms which subsist in cryptozoic (humidic)
habitats. In their rudimentary form, they occur in the form of permeable, moist,
well-vascularized surface membranes, e.g., the integument of the invertebrates
such as the earthworms and planaria and in vertebrates such as the eel and the
frog, e.g., Rana. At the more advanced stages, cardiorespiratory coupling devel-
oped to enhance the transfer of O, to the complex highly aerobic tissues. In those
aquatic animals where the integument is the main respiratory pathway and in fish
which have lost the bucco-pharyngeal ventilatory capacity of the gills (e.g., mack-
erel), locomotion provides an important respiratory activity.

1.8 Plans and Performance Measures of the Gas Exchangers

Over and above the simple diffusive respiration of the unicellular organisms and
the lower invertebrates, the gills and lungs are distinctively suited for respiration
in water and air, respectively. Owing mainly to the remarkable differences be-
tween the two fluid respiratory media (Sect. 3.2), on very rare occasions the two
organs are contrived to operate in both respiratory media with equal efficiency.
With the progressive organizational complexity of animals, forms, and processes
such as closed circulation, double circulation, convective movement of the respi-
ratory media, and presence of respiratory pigments in the body fluids and eryth-
rocytes evolved to match the intensifying demands. Such transformations invite
interpretations and speculations. Compared with the more recent enhancements,
the ancient elements of the respiratory improvements would have been optimized
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and conserved in due course. Both the physical characteristics of the respiratory
media and the respiratory needs have determined the definitive functional de-
signs of the gas exchangers. The various schemes of the respiratory systems,
however, are not congruous with the classic concept of Darwinian radiative ani-
mal evolution, which is artistically presented as a branching tree with birds and
mammals sitting somewhere at the top. Unlike the brain, which shows progres-
sive development reaching the pinnacle in the human being, the gas exchangers of
mammals do not present the ultimate pulmonary design. The structural and
functional attributes of a gas exchanger cannot be easily predicted based on any
single phylogenetic factor in a simple and direct way.

The importance of O, in the survival of organisms is reflected in the dramatic
effect that hypoxia and hyperoxia have on the structure and function of the gas
exchangers. Parameters such as blood O, carrying capacity, O, affinity, and myo-
globin concentration in tissues can change within a matter of hours in response to
aspects such as sojourn at high altitude or after being subjected to severe exercise.
In the respiratory system, the working capacities at all steps, be they convective
or diffusive, must be appropriately sized and regulated for optimal function.
Decrease in size and increase in activity calls for more elaborate gas exchangers
and more efficient means of O, uptake and transport. Amidist these permuta-
tions, certain conflicts, compromises, and tradeoffs occur. For example, whereas
intucking of the gas exchangers was essential for avoidance of desiccation on
land, affording better protection against trauma, and achieving a more extensive
respiratory surface area (Figs. 4,5), such organs could only be ventilated tidally,
a pattern functionally inferior to the continuous unidirectional process which
is possible in the evaginated gas exchangers (Figs. 6,18). In the erythrocytes,
the main organic phosphate 2,3-diphosphoglycerate (2,3-DPG) and CO, com-
bine with the same basic groups of the hemoglobin competing with each other
(Davenport 1974). The effects of 2,3-DPG and CO, on the hemoglobin dissocia-
tion curve are not additive: the shift brought about by the two factors together is
less than the sum of each separately. The avian trachea presents a good example
illustrating the nature and extents of the compromises and structural adjust-
ments effected to enhance the efficiency of the gas exchangers. To attain flight,
birds totally committed the forelimbs for this singular function. Ipso facto (i.e., to
substitute for the roles which the forelimbs played), birds evolved a long neck
(and with it a long trachea) for defense, procuring food, construction of the nests,
and preening. For animals of the same body mass, the avian trachea is three times
longer than that of a mammal (Hinds and Calder 1971). In order to compensate
for what may have led to a greater resistance to air flow (as resistance to air flow
in a tube is directly proportional to the length but inversely proportional to the
radius to the fourth power in laminar flow - and to the 4.75 power if the flow is
turbulent), the avian trachea acquired a diameter 1.3 times greater than that of
mammals (Hinds and Calder 1971): air flow in the trachea of the ostrich has been
shown to be laminar (Schmidt-Nielsen et al. 1969). The net effect of these adjust-
ments, i.e., increase in the diameter and the length of the trachea in birds, ensued
in an overall resistance similar to that of the trachea of a mammal of the same size.
In gaining a large tracheal volume and hence a large tracheal dead space (TDS)
which is 4.5 times greater than in a mammal (Hinds and Calder 1971), it could
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Fig. 6a,b. Spatial arrangement of the respiratory media in an invaginated gas exchanger (a) and
an evaginated one (b). Except for the highly specialized bird lung, the gas exchange zone of the
invaginated gas exchangers is ventilated tidally (5, a) while the evaginated ones are ventilated
unidirectionally (—, b). s Secondary lamellae. In the fish gills (b), the direction of the flow of the
blood in the secondary lamellae (» ) runs counter to that of the water in the interlamellar space
(=). (Kylstra 1968)

conceivably be concluded that natural selection imparted an impediment on the
function of the avian respiratory system. This, however, is not the case. The lower
respiratory frequency (RF) of birds, which is 0.32 to 0.42 times that of a mammal
of equal size, countered the limitations caused by the large TDS. Moreover, the
lower RF has afforded room for remarkable configurations of the trachea (e.g.,
Forbes 1882). Extreme trachea lengths occur in birds such as the trumpet bird,
Phonygammus keraudrenii, the magpie goose, Anseranas semipalmata, and the
whooping crane, Grus americana (Clench 1978; McLelland 1989). Although
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P. keraudrenii has the same body mass as a common flicker (Colaptes auratus),
which has a trachea only 38 mm long, its trachea may be over 800 mm in length
and compares with that of the much larger ostrich, Struthio camelus (Clench
1978). In G. americana, the overall tracheal length is 1.5m (Welty 1979). Tracheal
coiling has been taken to be an acoustic adaptation for lowering the pitch or
amplifying sound (e.g., Greenewalt 1968; Gaunt et al. 1987). Furthermore, tra-
cheal loops have been said to increase the tracheal respiratory surface area en-
hancing evaporative water loss during panting (e.g., Prange et al. 1985) without
running a risk of respiratory alkalosis (Schmidt-Nielsen et al. 1969; Bech and
Johansen 1980). Compared with birds with straight trachea, those with tracheal
convolutions or other tracheal prolongations adaptively have relatively wider
tracheal diameters (Hinds and Calder 1971). Perhaps to play similar roles, trachea
diverticula have been reported in snakes (Young 1992).

Miscellaneous tissues and organs such as the cell membrane, skin, buccal
cavity, gastrointestinal tract, gills, and lungs variably serve as respiratory sites.
Because they characterize the more phylogenetically advanced animals, the air-
breathing organs (lungs) are assumed to be the better (more efficient) gas ex-
changers. Except in the bimodal breathers (Chap. 5), gas exchangers are refined to
operate best in only one respiratory medium. The human being at the epitome of
evolution soon succumbs when the lungs are flooded with liquid (Sect. 6.11). In all
respiratory organs, be they water or air breathing, O, dissolves in a thin film of
water as it traverses the tissue barrier (Sect. 6.1). The flux of the respiratory gases
occurs under the prevailing partial pressure gradients across the water or air-
blood barrier and is maintained by utilization (O,) and production (CO,) in the
tissue cells and the physical movements of the external and internal respiratory
media. There has been protracted debate as to whether the diffusion of O, across
the cell membrane is entirely passive or is facilitated (e.g., Longmuir and Bourke
1959; Scholander 1960; Burns and Gurtner 1973; Wittenberg 1976). Hemoglobin,
myoglobin, and a specific carrier (cytochrome P,,) have been implicated in facili-
tated diffusion of O, in tissues such as the lung, placenta, and the liver (Kreuzer
1970; Wittenberg and Wittenberg 1989). The significance of facilitated diffusion
of O, in tissues is not well known. The process may, however, be consequential in
states of reduced O, flow across the blood-gas barrier, e.g., in cases of interstitial
edema (Burns et al. 1975, 1976), and in hypoxic conditions (Longmuir 1976).

In both aquatic and terrestrial animals, the complexity of the gas exchangers
correlates with the mode of life, habitat occupied, environment, and the general
metabolic capacities (e.g., Hughes and Morgan 1973; Gehr et al. 1981; Maina et al.
1989a; Hughes 1995). In nature, the high metabolic needs of the endotherms have
not been satisfied except by air breathing. The diffusion of O, occurs at a rate of
2.3 X 10°cm’s™" (Grote 1967) across an extremely thin, expansive blood-gas
barrier. The process is completed within 250 to 500ms (West 1974). For the
typical O, uptake of 200 ml per min, a concentration gradient of only 0.057kPa (a
value which is negligible compared with the prevailing inspired air-arterial blood
PO, gradient of about 6.7kPa in the mammalian lung) is all that is necessary. The
requisite structural and functional attributes of an efficient respiratory organ are
an extensive surface area, a thin partitioning between the respiratory media, and
efficient ventilatory and perfusive mechanisms to maintain the highest possible
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pressure gradient across the barrier. In simple animals, the extensive surface area
(per unit body volume) is more than adequate for gas transfer, while in the larger
ones respiration is restricted to specialized sites. Such areas are brought about by
outfolding (evagination) or intucking (invagination = cavitation = sacculation)
of a part of the body surface (Figs. 4,5). The organs in the first category have been
termed gills and those in the second lungs. The gills (Chap. 4) are the archetype
aquatic respiratory organs while the lungs (Chap. 6) are the model ones for air
breathing: the bimodal (transitional) breathers (Chap. 5) have evolved organs
which are used to extract molecular O, from both water and air. In the multicel-
lular organisms, the consequential features which must be presented either singly
or in combination for an organ to be designated a gas exchanger include: (1)
movement of the external respiratory medium, (2) the PO, must be lower and the
CO, higher in the effluent respiratory medium than in the influent one (e.g.,
Qasim et al. 1960), and (3) perceptible structural modifications such as infolding
or outfolding and internal subdivision of the respiratory surface. Vestiges of
lungs which are used for water breathing and a number of gills modified for air
breathing exist, but these are rare.

1.9 The Early Anoxic Earth and the Evolution of Life

Of all concepts which have been enunciated in biology, that of evolution is prob-
ably the most important and encompassing. Dobzhansky (1973) declares that
“nothing in biology makes sense, except in right of evolution”. Wainright (1988)
asserts that “evolution is the single most important and inclusive concept in
biology”. Its practical utility in biology is summed up by Nelson (1978) as follows:
“the concept of evolution is an extrapolation, or an interpretation, of the order
liness of ontogeny”. Although debate still continues even on the validity of the
concept itself and the mechanisms through which it occurs, no other plausible
principle can: (1) satisfactorily organize and explain the diversity of the existing
life forms, (2) account for and align the preserved fossils and the extinct forms
with the extant species, and (3) explain in the context of the contemporary species
the paintings and sculptures made within recorded history by the early human
beings. Fossils bespeak terminated (failed?) experiments in evolution. Living
things have a shared biology. The theory of evolution is grounded on the funda-
mental belief that life has a common origin (e.g., Brown and Doolittle 1995):
through natural selection, animals and plants have progressively developed and
genomically diverged in the continuum of time. However unpalatable it may
sound, from congruent evidence derived from multiple proteins (Baldauf and
Palmer 1993), animals and fungi are sister groups with plants constituting a more
distant evolutionary lineage! Cladistic classifications attempt to reconstruct the
evolutionary histories and establish relationships between different taxa from
study of states of shared derived characters (e.g., Benton 1995; Huelsenbeck and
Rannala 1997). Molecular genetic sequences form the basis of many modern
phylogenetic reconstructions (e.g., Stewart et al. 1987; Dean and Golding 1997).
To delve into the origin of life and understand the subsequent inputs and changes
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which culminated in the formation of the modern ecosystems for which utiliza-
tion of molecular O, was central, different scientific disciplines like biology,
astronomy, atmospheric physics, geophysics, astrophysics, geochemistry, inor-
ganic and organic chemistry, oceanography, and geology should be integrated.
An interdisplinary approach better illumines the convergence of experimental
and analytical data, connecting events across temporal and spatial scales. Scien-
tific disciplines gradually diffuse into each other. The often aggressively defended
boundaries are more apparent than real. They are often created for self-interests
and preservation and have profoundly hindered advances in ratiocinative
thought.

The age of the Universe is estimated at between 10 to 20 billion years (e.g.,
Schopf 1980; Peebles et al. 1994). For a long time after its accretion, some 4.5
billion years ago, the Earth was in a state of perpetual physical and chemical
turbulence (Schopf 1978, 1993; Mojzsis et al. 1996). The surface temperature
was in excess of 1500K and the high pressure primary atmosphere consisted of
water vapor (~8 X 10”mol), CO, (~5 X 10’ mol), N, (~3 X 10*mol), H,S
(~9 X 10®mol), and SO, (~7 X 10”mol) (Matsui and Abe 1986). With the
cooling to below 650K, the water vapor condensed, forming highly acidic primi-
tive oceans. The minerals in the lithosphere soon neutralized the acids and the
dissolved SO, formed sulfates and sulfides. Through outgassing (Allegre and
Schneider 1994), the secondary atmosphere came to comprise mainly CO,, N,,
water vapor, and traces of CH,, NH,, and SO,. This composed the incipient neutral
atmosphere which was essentially similar to the present one of Venus and Mars.
Subsequently, the H,0 vapor was photochemically dissociated into H, and H",
converting the secondary atmosphere into a reducing one. Some of the other
most important changes to have occurred during the evolution of life on Earth
have been: (1) variations in temperature and solar insolation (e.g., Foley et al.
1994; D’Hondt and Arthur 1997), (2) changes in the orbit (Imbrie et al. 1989), (3)
plate tectonics (e.g., Raymo and Ruddiman 1992), (4) variations in the gaseous
composition of the atmosphere (from a neutral, i.e., one where CO, and N,
predominated to a highly reducing one where H, was the principal gas and finally
an oxidizing one - with accretion of O,) (e.g., Tappan 1974; Chappellaz et al.
1992), (5) decrease in the rate of rotation (e.g., Scrutton 1978), and (6) small
fluctuations of the atmospheric pressure (e.g., Hinton 1971) and gravitational
forces (e.g., Carey 1976; McElhinny et al. 1978). It is widely postulated that the
chemical evolution of life occurred by combination and transformation of a vast
range of simple inorganic molecules such as carbon monoxide, CO,, N,, H,, and
H,0 into complex biologically relevant organic compounds. This process is envis-
aged as having been induced by enormous energy influx probably from solar
radiation, heat, meteorite impact events, radioactive decay, electrical discharges,
and thunder shock waves (Calvin 1956). Though organic molecules themselves
may have been extraterrestrial in origin (e.g., Cohen 1995), life is thought to have
been fabricated in a chemically reducing atmosphere (e.g., Chang et al. 1983;
Cloud 1983a,b; Jenkins 1991), probably around geothermal springs (e.g., Stong
1979) or on the surface of catalytic iron sulfide crystals (Russell and Daniel 1992;
Kaschke and Russell 1994; Russell et al. 1994). Through long intricate condensa-
tion, polymerization and oxidation-reduction reactions of organic molecules
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such as amino acids, sugars, and other suitable molecules (the so-called primor-
dial broth, or organic soup), the high-energy phosphate bonds (for intracellular
energy transfer), specificity of protein molecules as organic catalysts, genetic
coding of the nucleotides, and membrane ionic transfer processes developed
(e.g., Bar-Nun and Shaviv 1975). Biogenesis of self-repairing, self-constructing,
highly dynamic molecules resulted in the first living entity called protobiont by
Oparin (1953) and concept organism by Chapman and Ragan (1980). This micro-
scopic unit is the simplest ancestral prokaryote which possessed the most basic
requisites for life. Organic evolution had to await the development of genetic and
protein-synthesizing pathways. Interestingly, Lee et al. (1996) have described a
self-replicating peptide. Organic molecules like amino acids, protein-like poly-
mers, and nucleic acid polymers have been synthesized in the laboratory by
passing an electric are through a mixture of gases such as CH,, NH,, H,, and H,0
vapor, i.e., by simulating what are thought to have been the atmospheric condi-
tions and circumstances which existed in the primeval past (see e.g., Sagan 1994).

1.10 Abundance of Molecular 0, in the Earth’s Biosphere

Of the nine solar system planets (eight - should Pluto finally turn out to be merely
a piece space junk as recently suggested!), only the Earth has a veritable atmo-
sphere suitable for life. While the atmosphere of Earth contains only tiny amounts
of CO,, those of Venus and Mars contain 96.5 and 98% CO,, respectively. The
atmospheres of Jupiter and Saturn are composed essentially of H, and helium.
Mercury strictly lacks an atmosphere. The present atmosphere of Earth compares
with that of Mars some 300 to 400 million years ago (Kargel and Strom 1996).
Saturn’s giant moon, Titan, has an atmosphere ten times larger than that of Earth
and a surface pressure of 1.5atm (Samuelson et al. 1981; Lorenz et al. 1997). The
atmosphere is made up predominantly of molecular N, (82.2%), Ar (11.6%), 6%
CH,, and 0.2% H,. Like Earth, Titan has a greenhouse effect (McKay et al. 1991;
Lorenz et al. 1997). The greenhouse effect on Venus, which is caused by CO,,
generates surface temperatures of around 455 °C. Life evolved on Earth nearly 4
billion years ago (Schopf 1980; Balter 1996). The first obligatory aerobic eukary-
otic cells appeared between 2.0 to 1.5 billion years ago (e.g., Reader 1986; Schopf
and Walter 1983) and the first multicellular organisms about 600 million years
ago, i.e., at the beginning of the Cambrian period (Nursall 1959; Cloud 1983a).
The tenure of life on Earth constitutes only about 15% of biogeologic history. The
complex organisms have existed for an even shorter period, i.e., about 5% of it
(Figs. 7,8).

1.11 Shift from Anaerobiotic to Aerobiotic State in the Early Earth

The oxidative state of the Earth’s biosphere has corresponded with the measure of
the sources of O, and the abundance of inorganic and organic reduced com-
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Fig.7. Scheme showing the relatively very short period over which terrestrial and in general air-
breathing organisms have lived on Earth. The dates (in parentheses) are averages from different
publications

pounds. The appearance of an oxygenic environment entailed a change from an
inefficient to a more advanced energetically O,-dependent and metabolically
highly versatile oxidizing ecosystems. Anaerobic fermentation is a highly ineffi-
cient source of energy as much of it is left locked in molecules such as alcohols
and organic acids, end-products which must be removed before they accumulate
to toxic levels. Fermentation of a molecule of glucose results in production of only
2 molecules of adenosine triphosphate (ATP) which contain only about 15kcal of
available energy, while in aerobic respiration 36 molecules of ATP equivalent to
263 kilocalories of utilizable energy are produced. Stated differently, to obtain the
same amount of energy through fermentative respiration, a greater quantity of
carbohydrate molecules must be utilized. The Pasteur effect, named in honor of
Louis Pasteur (1822 to 1895), who first described the fermentation of yeast inde-
pendent of O,, has been defined in the broadest terms as “the stimulation of
carbohydrate consumption by reduced O, tension” (Schmidt and Kamp 1996).
The products of aerobic respiration are water and CO,, two innocuous molecules
which are easily eliminated into any environment at minimal risk and cost. While
the energy derived from fermentative processes is just adequate to support life,
aerobic respiration provided excess energy, which organisms invested towards
attaining greater structural and functional complexity, resulting in greater suc-
cess compared with their predecessors. Without O,, life would probably not have
developed above that of the unicellular fermentative prokaryotes.
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Evolution of the earth's earliest biosphere and biota

Fig. 8. Summary of the major biotic developments during the geological periods. (Schopf et al.
1983)

Oxygenic biochemistry has evolved regularly in the past in response to the
changing levels of molecular O, in the biosphere (e.g., Fox et al. 1980). These
conditions have changed from neutral to reducing state and varied from anoxia,
hypoxia, and hyperoxia (relative to the present) by no means chronologically in
that order (e.g., Frakes 1979; Hendry 1993; Fig. 9). Changes in atmospheric O,
have paralleled biotic developments (Figs. 8,9). Until about 1 to 2 billion years
ago, the atmosphere consisted essentially of carbon monoxide, NH,, CH,, H,, H,0
vapor, and other simple hydrocarbons (Schopf 1978, 1983; Owens et al. 1979;
Chapman and Schopf 1983; Grieshaber et al. 1994). Chemical evolution of life
occurred within such a reducing atmosphere after the surface of the Earth had
cooled to a level compatible with synthesis of the labile organic molecules (Chang
et al. 1983). It has been argued by, among others, Oparin (1938) that the present
conditions on Earth are no longer suitable for compounding life from inorganic
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Fig. 9. Changes in the levels of O, and CO, in the late Paleozoic. Oxygen levels have fluctuated
from a low of about 15% (reached towards the end of the Paleozoic, i.e., 250 million years ago)
peaking at 35% by the late Carboniferous (268 mya). The present atmospheric level (PAL) of
21% is shown with a dotted line. CO, level was highest in the Ordovician-Silurian, dropped
remarkably during the Devonian-Carboniferous, and increased in the late Permian. The PAL
of CO, of about 0.036% is shown with a dotted line. Note that the relative levels of the two
gases fluctuate in an inverse manner. C Cambrian; O Ordovician; S Silurian; D Devonian; C
Carboniferous; P Permian; Tr Triassic; ] Jurassic; K Cretaceous; T Tertiary. (After Graham et al.
1995; reprinted by permission from Nature, Vol. 375, pp. 117-120, copyright 1995 Macmillan
Magazines Ltd.)

matter because the atmosphere is too highly oxidizing. Anaerobic microorgan-
isms flourished in water in excess of 500 million years before O, production
started (Fenchel and Finlay 1994). At the middle of the Precambrian era, a group
of prokaryotes, the cyanobacteria (blue-green algae), evolved chlorophyll a, ac-
quiring means of utilizing solar energy for the process of photosynthesis (e.g.,
Owens et al. 1979; DiMagno et al. 1995; Nisbet et al. 1995; Boussaad et al. 1997).
Photosynthesis is the one large-scale process that abundantly converts simple
inorganic compounds (CO,, H,0, and tiny amounts of minerals) into complex
energy-rich organic carbohydrate (CH,0) molecules. It is the source of all living
matter on Earth and in that case all biological energy (Rabinowitch and Govindjee
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1965). It is interesting to note that the discovery of flourishing hydrothermal vent
communities in the 1970s (e.g., Meredith 1985) demonstrated that life could exist
on Earth totally independent of solar radiation. The accumulation of O, (a prod-
uct of the photosynthetic process) in the atmosphere resulted in the transforma-
tion of the Earth’s nascent biotic ecosystems from an anaerobic to an aerobic
state. This initiated decisive biological changes (Table 1). For successful progres-
sion of life from water to land, due to the harmful effects of the UV light, the
presence of O,, which generated a protective ozone layer in the atmosphere, was
necessary. Compared with the present state, the solar UV light flux was more
fierce and perhaps invariably lethal during the first 500 million years of the
Earth’s evolution (Gaustad and Vogel 1982).

Oxygen enrichment of the atmosphere resulted in an increase from 3 to 10% up
to 100% of the present atmospheric level in the late Proterozoic and early Cam-
brian epochs (about 0.54 billion years ago) (Des Marais et al. 1992; Canfield and
Teske 1996). It is believed that this led to the so-called Cambrian explosion, an
event that was characterized by dramatic biotic developments which included: (1)

Table 1. Comparison of physical properties of the present O, atmosphere (21% O,) with those
of the relatively hyperoxic late Carboniferous (35% O,) and relatively hypoxic end-Permian
(15% O,). (Graham et al. 1995)

21% 0, 35% 0, 15% O,
present 285 250
mya mya

Respiratory gases Biological significance

Oxygen

O, partial pressure (kPa) 212 35.3 15.1 Respiration, lignin
biosynthesis

Krogh’s maximum radius (cm)  0.11 0.14 0.09 Size limit for diffusion
dependence

Water O, content (ml™") 6.9 7.4 4.9 Aquatic respiration

Carbon dioxide

Carbon dioxide partial 0.03 0.03 0.09 Effects on photosynthesis,

pressure (kPa) moisture content and

global energy balance

Water CO, content (ml ') 0.31 0.31 0.31  Aquatic pH effects, acid-
base balance and ion
regulation

Air properties

Density (kgm ™) 1.29 1.56 1.12 Flight and respiratory
mechanics, wind shear

Dynamic viscosity (kgm™'s™") 182X 10™° + - Boundary layer thickness

Specific heat (js'deg ™) 1.006 + - Heat capacity and relative
humidity

Thermal conductivity 24X 1077 + - Earth thermal budget,

(js'm 'deg™) climate

+ and — indicate increase and decrease, respectively, relative to the present 21% O, atmosphere;
mya, million years ago.
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the evolution of the multicellular life (Conway-Morris 1993), (2) synthesis of the
structural protein collagen which is widely distributed in the metazoans (Towe
1970), and (3) remarkable adaptive radiation and ecological diversification of the
animal life (Conway-Morris 1993; Canfield and Teske 1996; Knoll 1996). In gen-
eral, episodes of rapid evolutionary change correspond with occurrences of spe-
ciation (e.g., Gould and Eldridge 1977; Stanley 1979). In water, the surge in the O,
level accelerated the biodegradation of the dissolved iron and the organic (bacte-
rial and algal) matter. Precipitation of the resultant complexes to the bottom
increased the level of oxygenation of the surface waters (Logan et al. 1995),
making them more habitable. Without the ancient cyanobacteria, the Earth
would still be having little, if any, reactive molecular O,: like the atmospheres of
Mars and Venus, CO, would still be the predominant atmospheric gas. In
Rhodobacter sphaeroides, a metabolically versatile photosynthetic bacterium able
to operate under a wide variety of environmental states, a decrease in O, availabil-
ity leads to induction of the membranous photosynthetic apparatus (Yeliseev
et al. 1997): the expression of gene-encoding components of the photosynthetic
complexes, e.g., structural polypeptides, bacteriochlorophyll, and carotenoids, is
closely directed by O, tension and light intensity. The momentous point at the
end of the Early Proterozoic (some 2.0 to 1.5 billion years ago) (e.g., Kasting and
Walker 1981), when the Earth changed from a mainly anoxic hydrosphere and
atmosphere to an oxic one is marked by the time at which: (1) the production of
banded iron abruptly stopped, (2) deposition of the highly oxidizable uraninite
stopped, and (3) the first occurrence of blue-green algae of which the cells in-
cluded thick-walled heterocysts which may have shielded the O,-sensitive nitro-
genase enzymes, as the modern ones do. It was not until after the oxidization of
the reducing gases and mineralogic factors, when photosynthetic O, discharge
into the biosphere finally exceeded the turnover rate of the reduced matter,
that O, became a vital and permanent factor in a stable aerobic atmosphere.
The transition from reducing to oxidizing oceans and atmosphere may have
been accelerated by a declining discharge of reducing gases and oxidizable sub-
strates through less tectonic activity (Walker 1978). Depending on ecological
settings, the transitional point may have differed profoundly in different parts of
the Earth.

The extensive invasion of land by plants during the Devonian enhanced the
rate of production of O,. This shifted the base of photosynthesis from water to
land (McLean 1978; Knoll 1979, 1991) with the productivity of O, on land exceed-
ing that of the oceans by a factor of 2 (Holland 1978). Practically all the molecular
0, which was produced during the Earth’s history, much of which is now held
in diverse organic sinks, arose from green plant type and blue-green algal
cyanobacterial photosynthesis (van Valen 1971; Walker 1974). The O, we respire
today was de facto “excreted” by the cyanobacteria some 2 billion years ago
during what is often called the age of the blue-green algae. As the level of O, in
water rose and by diffusion the gas was transferred to the atmosphere, the terres-
trial obligate anaerobes of the time perished with only a few, e.g., tetanus bacteria,
surviving until today. Some molecular O, could, however, have been produced
inorganically through UV light-induced photodissociation of water vapor in the
primitive atmosphere after which H, was lost into the interplanetary space. Such
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a small quantity of O, would not have been of any biochemical consequence, as
much of it would have been rapidly taken up by the unoxidized volcanically
produced gases and mineralogic factors. However, a modicum level of photolytic
(nonbiological) molecular O, may have nurtured the evolution of biological
aerotolerance to O, in the elementary biota (Fay 1965; Holm-Hansen 1968)
through development of specific biochemical pathways of mopping up and
detoxifying intracellular O,. This would have imparted a selective advantage to
such moderately adapted microorganisms (e.g., Schopf and Walter 1983). Based
on 168 ribosomal RNA sequencing of the prokaryotes (Fox et al. 1980), it has been
shown that under modicum level of O,, these fledgling life forms gave rise to the
aerobic eukaryotes. The threshold for this transition (about 0.2% or 0.002atm)
has been incorrectly termed the Pasteur point as it resembles the Pasteur effect
(e.g., Dejours 1975), the level of O, at which amphiaerobes change from anaerobic
(fermentation) to aerobic metabolism. At that critical point, an organism con-
verts from low efficiency fermentation to high efficiency aerobic energy-yielding
catabolism. The actual point in time when this process occurred varied between
organisms and environmental circumstances.

1.12 Accretion of Molecular 0,

As a general rule, the ecological resources available to organisms in any environ-
ment are finite (Hutchison 1959; MacArthur and Levine 1967; Levine 1976; Brown
1981). Environments cannot endure if they are continuously depleted of re-
sources. Life will last only if and as long as there is frugal utilization and coherent
cycling and revitalization of materials and energy (Smil 1997). Hydrologic and
atmospheric 0,-CO, recycling are but two of the many global natural rotations of
resources (e.g., McLean 1978). The changes in the partial pressures of O, and CO,
in the biosphere are some of the most fascinating parameters which have influ-
enced the direction and pace of development of life on Earth (Berkner and
Marshall 1965; Rutten 1970). To stabilize and set optimal tolerable limits, at least
since the Devonian, environmental PO, regulation was brought under direct
biological control. This occurred through transfer between the biological sources
(photosynthesis) and sinks (aerobic respiration) (Fig. 10). In effect, but not in
mechanism, the processes of respiration and photosynthesis are diametrical: the
former yields CO, and the latter O,. Plants (photosynthetic autotrophs) and
animals (heterotrophs) are involved in a continuous, intricate process of resource
recycling, maintaining constant levels of CO, and O, in the atmosphere (Fig. 10).
Using sunlight, atmospheric O, is continuously replenished by aquatic and terres-
trial plant life and CO, and H,O are produced by the respiratory processes. The
end products of the way of life of each group become food for the other. The sun
is the decisive source of the energy which drives this global animal-plant con-
tinuum of resource recycling. Averaged globally, the Earth receives 343Wm * of
energy from the sun in form of short wavelength radiation. About one third of it
is reflected back into space by the atmosphere and the remainder (240 W/m®) is
absorbed by the Earth’s surface and the atmosphere. About one third (103 W/m?)
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Fig. 10. Scheme showing the processes which regulate the O, levels in a closed habitat and the
dynamics of gas transfer between water and air. The rather constant atmospheric O, and CO,
levels are maintained by the cyclic balance between the photosynthetic and respiratory pro-
cesses and supported by the fast diffusion rates of gases in air

of the net incoming solar radiation is reflected by the Earth’s surface to the
atmosphere (the Earth’s albedo) in form of long wave-length radiation where it is
absorbed by the greenhouse gases (e.g., water vapor, CO,, ozone, methane, and
nitrous oxide) and the clouds maintaining the surface temperature about 33°C
warmer than it would otherwise be without them (= the natural greenhouse
effect). Oxygen and CO, are exchanged in air and to an extent with water by
diffusion. Without a self-regulating O, and CO, recycling mechanism, life on
Earth would have been short-lived. In the modern atmosphere, nitrogen consti-
tutes 78.09%, O, 20.95%, and CO, 0.03%, the rest being composed of rare gases
such as argon, hydrogen, krypton, xenon, etc. The present so-called normoxic
atmospheric level of O, (21% by volume = about 0.2 atm) is strictly hyperoxic and
far in excess of the optimum respiratory needs for life. Strictly, the modern
terrestrial animals are exposed to an oxidative stress. According to the available
data on amphiaerobic eukaryotic yeasts, systemic aerobic biochemistry can occur
at values of 0.04% O, by volume (about 0.0004 atm) and organismic aerobiosis can
occur at O, concentrations as low as 0.2 to 0.4% (i.e., 0.002 to 0.004atm) (e.g.,
Rogers and Stewart 1973; Jahnke and Klein 1979). It is probably not coincidental
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that the Pasteur point is about 0.2% O, by volume, a value equal to the minimum
0, level able to support organismal aerobiosis (Chapman and Schopf 1983).
Adaptations to withstanding the harmful effects of the reactive factors of molecu-
lar O, was of particular importance in those life forms which produced the gas
itself or were immobile and hence unable to escape from microhabitats with high
concentrations of it. Unlike animals which normally operate under rather con-
stant and somehow manageable O, tensions, green plants which produce the
molecule itself had to evolve a complex range of molecular factors for protection
against oxidative attack. Chloroplasts are the main source of antioxidants which
include vitamins C and E (Crawford et al. 1994). Furthermore, while the land
plants are exposed to air (21% O, by volume), the roots are located in the soil
which, depending on type and firmness, may be virtually anoxic at depth (Currie
1962, 1984). In the marine angiosperms (Teal and Kanwisher 1966; Armstrong
1970), O, is known to diffuse from the roots, creating aerobic zones in the imme-
diate area. This provides a unique microhabitat for some marine creatures such
as the eulamellibranch bivalve, Lucina floridana (Britton 1970).

By the start of the Paleozoic era (about 600 million years ago), the PO, in the
water and air had risen to the modest level of 0.2kPa, i.e., one hundredth (= 0.2%
0, by volume) of the modern sea level value. When the first vertebrates (ostraco-
derms) appeared some 550 million years ago (e.g., Forey and Janvier 1994), the
PO, was only 0.9kPa and by the Silurian-Permian periods, some 450 to 250
million years ago, the PO, had risen to 4.7kPa when the amphibians ventured
onto land (McClanahan et al. 1994). The terrestrial arthropods and amphibians
were well entrenched on land by the Devonian period, by which time the PO, had
risen to 10.7kPa. The critical environmental threshold (10% of the present-day O,
level) was crossed late in the Proterozoic era (Canfield and Teske 1996). The
present level of 21kPa was not reached until the Carboniferous period (350
million years ago) when the first reptiles appeared on land (e.g., Carroll 1988).
The level of atmospheric O, has fluctuated greatly in the Phanerozoic (e.g.,
Tappan 1974; Cloud 1983a; Berner and Canfield 1989; Graham et al. 1995; Fig. 9).
During the late Paleozoic, over a period of about 120 million years, O, rose to a
hyperoxic level of 35% (compared to the present atmospheric level of 21%) and
then dropped precipitously to a hypoxic low of 15% (Berner and Canfield 1989;
Landis and Snee 1991). These changes were duplicated in the water (e.g., Hosler
1977; Solem 1985; Dejours 1994) and had a dramatic influence on the aquatic life
(Table 1), inducing relocation to land. The greater availability of O, during the
Mid-Devonian to Carboniferous hyperoxic episode would have made it possible
for organisms, e.g., the arthropods, to attain larger body sizes (Graham 1994).
Furthermore, the abundance of O, resulted in higher metabolic capacities and
greater accessibility to resources instigating vast radiation of the animal life.

1.13 (0, Pulses in the Biosphere

The atmospheric and aquatic levels of CO, have undergone remarkable fluctua-
tions in the past (e.g., Bender 1984; Shackleton and Pisias 1985; Walker 1985;
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Barnola et al. 1987; Berger and Spitzy 1988; Jasper and Hayes 1990). The
partial pressure of CO, is presumed to have been 100 to 1000 times more in
the antediluvian Earth than now (Walker 1983). It is envisaged that CO,, CH,, and
NH; produced a greenhouse effect which sustained liquid water (e.g., Owens
et al. 1979; Kasting 1997; Sagan and Chyba 1997). The solar luminosity during
that time was 25 to 30% lower than at present (e.g., Newman and Rood 1977).
Models of the early Earth after the end of the heavy bombardment suggest that
the PCO, may have been as high as 10 bar (Walker 1977, 1983). From analysis of
air trapped in the ice cores, Raynaud et al. (1993) observed that the atmospheric
CO, decreased from about 290 to 190umolmol™' over a period of about 10000
years during the last interglacial-glacial maxima. Whereas the atmospheric
partial pressures of nitrogen and helium remained fairly constant across the
Phanerozoic, those of neon, krypton, and argon may have increased through
mantle and crustal degassing (Holland 1984; Warneck 1988). Carbon dioxide
and O, oscillations have occurred in reverse manner (e.g., Delmas et al. 1980;
Neftel et al. 1982; Graham et al. 1995; Fig. 9). This is due to the fact that
over geological time, photosynthetic carbon fixation in the oceans has surpassed
the respiratory oxidation of carbon (Holland 1984; Berner 1991; Walker
1987; Falkowski 1997): the difference between the two values has reflected the
net increase in O, and reduction of CO, from the Earth’s atmosphere. During
the Devonian period (400 to 360 million years ago), the spread of rooted
vascular plants to the elevated areas of the dry land may have enhanced
chemical weathering leading to removal of CO, from the atmosphere (Berner
1997; Fig. 9). Mechanisms of phosphorus-mediated redox stabilization of the
atmospheric and marine O, levels (e.g., Redfield 1958; Broecker 1982; Cappellen
and Ingall 1996) and nitrogen fixation and denitrification in sequestration of CO,
in the oceans over geological time scales have been described by McElroy (1983),
Codispoti and Christensen (1985), Shaffer (1990), and Falkowski (1997). During
the past 2 million years, reduction in the atmospheric CO, level has correlated
with increases in the deposition of organic carbon from the surface waters to the
marine sediments (e.g., Sarnthein et al. 1988; Mix 1989; Hansell et al. 1997):
carbon is traded between the atmosphere, the oceans, and the terrestrial bio-
sphere, and in geological time scales between the sediments and the sedimentary
rocks. The equatorial Pacific Ocean is the greatest oceanic source of CO, to the
atmosphere and is also the main site of organic carbon discharge to the deep sea
(Murray et al. 1994).

The highest levels of CO, in the biosphere occurred in the Ordovician and
Silurian, mainly owing to massive tectonic activities (Holland 1984). Between the
late Miocene, Pliocene, and early Pleistocene (i.e., between 10 and 2 million years
ago), the concentration of CO, fluctuated within 280 and 370 ppm by volume (van
der Burgh et al. 1993). By the Carboniferous, the level had dropped almost to the
present one of 0.036% subsequently rising threefold by the end of the Permian
(Graham et al. 1995). In the Archean, CO, level may have been 100 times greater
than it is today (Walker et al. 1983). In the geological recent past, the atmospheric
concentration of O, has been fairly constant but that of CO, is estimated to have
increased from 0.029 to 0.033% within a period of 50 years, i.e., between 1900 and
1950 (Callender 1940) owing to combustion of fossil fuels. From the start of this
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century, anthropogenic emission of CO, (mainly from activities such as burning
fossil fuel, cement production, and changes in land use) has led to its increase in
mole fraction from 0.00030 to 0.00034 (Revelle 1982). Between the years 1980 and
1989, the average annual anthropogenic production of CO, is estimated to have
been 7.1 billion tonnes (Bolin et al. 1994). Since the industrial revolution, the
concentration of CO, has risen from 280 to 350 ppm by volume (ppmv), the
highest value reached in the last 160 000 years (Bazzaz and Fajer 1992; Bolin et al.
1994). Estimations at the Mauna Loa observatory in Hawaii indicated about 20%
real rise in CO, levels between the years 1957 and 1987 (Barnola et al. 1987).
Owing to the greenhouse effect, the present global temperature change correlates
with the logarithm of the atmospheric CO, concentration (Thomson 1995). It is
projected that through anthropogenic emissions, global concentrations of CO,
will double by the end of the 21st century, a process which may cause a tempera-
ture rise of about 3°C, resulting in serious ecological consequences (e.g.,
Bazzaz and Fajer 1992; Azar and Rodh 1997). If CO, emission were held at
the present level, this would lead to a nearly constant rate of increase in the
atmospheric concentrations for at least two centuries, stabilizing at 500 ppmv by
the end of the 21st century, i.e., about twice the level of the time before the
industrial revolution, which was about 280 ppmv (Bolin et al. 1994). Photosynthe-
sis can be stimulated by increased level of CO,: an inverse relationship between
stomatal frequency in the leaves of C, plants and anthropogenic increase in
atmospheric CO, concentration has been demonstrated (e.g., Wagner et al. 1996).
Under optimal conditions of water and nutrient supply, there is a potential
increase in photosynthesis by 20 to 40% when the level of CO, rises (Youvan and
Marrs 1987). Undisturbed forests are important terrestrial sinks of CO, (Grace
et al. 1995). The view that an atmosphere enriched with CO, will accelerate
photosynthesis resulting in a “greener planet” and that the greenhouse effect will
be brought under control by increased withdrawal of CO, from the atmosphere by
the luxuriant plant growth has been deemed highly simplistic and short-sighted
(e.g., Bazzaz and Fajer 1992). Presently, CO, is the most important gas in the
causation of global warming by the greenhouse effect, a state which may lead to
irreversible changes in plant physiology and pattern of the vegetation cover (Betts
et al. 1997).

Although CO, is well mixed in the atmosphere, variations in its concentration
in air over land and that over the oceans and between the Northern and Southern
Hemispheres are well recognized. In the more industrial Northern Hemisphere,
the concentration of CO, rises in winter and declines in summer mainly in re-
sponse to seasonal growth in land vegetation (e.g., Chapin et al. 1996; Keeling et
al. 1996): the seasonal cycle (peak to trough) is 15 to 20 ppmv in the far north. The
equilibrium PCO, between air and seawater increases three times when tempera-
ture rises from 0 to 30°C. The surface temperature of the sea modifies the CO,
content of the oceanic biosphere, making the cold polar air contain as much as
20ppm less CO, than the warmer continental and tropical air. In spite of such
fluctuations, the composition of the atmosphere is considered to be reasonably
homogenous. This is mainly attributable to the greater turbulence of air result-
ing from temperature differentials in various parts of the Earth and the high
diffusivity of atmospheric gases at these temperatures. This accounts for the
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simplicity of the composition of the atmosphere and, for that matter, of any gas
mixture. With as little information as temperature and barometric pressure, it is
possible to accurately predict and estimate the changes in the tensions and con-
centrations which occur in a gas phase when O, is consumed and CO, released
during respiration. Except for special microhabitats such as burrows and dens
of mammals, reptiles, and birds, caves of freely roosting bats, within colonies
of insects, and in pouches of marsupials (e.g., Mitchell 1964; Boggs et al. 1984;
White et al. 1984), where relatively high levels of CO, and NH; and low concentra-
tions of O, may occur, deviations in the basic composition of atmospheric gases
are only naturally encountered at high altitude due to changes in barometric
pressure. The rise in the atmospheric O, and the drop in that of CO, were major
factors in the development of the modern respiratory organs. In the derelict
aquatic habitats, high concentrations of CO, in water constituted a decisive driv-
ing force for transition to air breathing (Chap. 5). High atmospheric levels of O,
led to a greater emphasis of the lungs for gas exchange, influenced the transition
from buccal pumping to suctional breathing (Liem 1985; Brainerd 1994), and
perhaps occasioned the change from O,- to a CO,-regulated respiratory control
mechanism. The reduced water loss to O, extraction ratio was an important
benefit derived from occupying a normoxic atmosphere. The early Paleozoic
aquatic animals and subsequently the early amphibians subsisted in hypoxic
conditions similar to the inimical ones which presently occur in habitats such
as in burrows, tropical swamps, ocean sediments, and high altitudes. The
present-day bimodal breathers and the developing amphibians face challenges
similar to those which confronted the pioneers of transition from water- to air
breathing.

1.14 The Overt and Covert Roles of 0, in Colonization and Extinctions of Biota

Except for the recent past when the Earth presented much the same kind of
climate as it does now (e.g., Boucot and Gray 1982), the planet is replete with
recurrent catastrophic crises of varying magnitudes, a number of which have
more or less directly or indirectly corresponded with the levels of O, in the
biosphere. Five major episodes, in addition to numerous minor ones, have oc-
curred. They took place at the end of the Ordovician, late Devonian, end of
Permian, end of Triassic, and end of Cretaceous (e.g., Benton 1993; Weinberg
1994). Fairly fortuitously, life has navigated through these hazards, but at an
enormous cost. About 99.99% of all animal species which have ever evolved on
Earth are now extinct (Pough et al. 1989). During the mid-Paleozoic Mass Extinc-
tion, dubbed “the mother of all extinction” by Erwin (1993), an event which
occurred towards the end of the Permian period (e.g., Robinson 1991; Allegre and
Schneider 1994), adverse tectonic activity which lasted through the Triassic to the
early Jurassic culminated in an abrupt temperature decline. Concurrently, a
sudden drop in sea level occurred. The land submerged under water decreased
from 30 to 5%, leading to exposure of expansive organic sediment (Erwin 1996).
This resulted in increased utilization of O, in oxidative processes with an atten-
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dant upsurge in the discharge of CO, into the atmosphere. The consequence was
an extremely severe hypoxia which was exacerbated by hypercarbia (Benton 1995;
Wignall and Twitchett 1996): a worldwide deep sea anoxic outcome which oc-
curred across the Permo-Triassic (or Paleozoic and Mezozoic) boundary (~250
million years ago) which lasted for 20 million years has been described by Isozaki
(1997). The mid-Paleozoic crisis led to a near-annihilation of the marine biota
(e.g., Tappan 1974; Weinberg 1994). Even under such dire circumstances, the
level of O, in air was greater than that in water, making air breathing an evolution-
ary advantage. Nearly 90% of the aquatic animals succumbed (e.g., McGhee 1989)
and on land, more than two thirds of the reptilian and amphibian species per-
ished (Erwin 1993, 1994). In the only mass extinction which insects have had to
endure, a sign of the severity of the prevailing conditions, 30% of the orders died
(Erwin 1996). In all taxa, the particularly vulnerable groups were those which had
preadapted to the earlier hyperoxic milieu of the Carboniferous. It has, however,
been argued, e.g., Graham et al. (1995), that lack of O, per se was not the primary
factor which precipitated this immense demise, since the drop in O, from the peak
levels is envisaged to have been very gradual, occurring over a long period of time
during which the animals should have adapted to the change. However, Erwin
(1996) pointed out that the actual active period of extinction may have been as
short 1 million years, if not less. In the late Triassic extinction (about 200 million
years ago), 20% of the families of animals died out, eliminating some 50% of the
species (Benton 1993). Animals such as the ammonoids and bivalves were se-
verely decimated and the cocodonts disappeared. Contrary to expectation, no
frequency or periodicity has been evident in the seven mass extinctions (i.e., in
the Early Cambrian, Late Ordovician, Late Devonian, Late Permian, Early
Triassic, Late Triassic, and End Cretaceous) which have occurred in the last 250
million years (Benton 1995): the episodes are separated by between 20 and 60
million years.

The ecological disaster which has caught most of the attention of scientists and
the public, even though far less severe, is that of the dinosaurs and their contem-
poraries, the plesiosaurs and pterosaurs. This occurred between the Cretaceous
and Tertiary (65 million years ago). The global faunal diversity was reduced by
60 to 80% (Raup and Jablonski 1993). Geological (terrestrial) as well as cosmic
(extraterrestrial) events have been associated with the demise (e.g., Hallam 1987;
Stanley 1987; Kerr 1988; Powell 1993). Based on a high concentration of iridium in
some rock deposits at the end of the Cretaceous, a large asteroid or a comet about
10km in diameter is thought to have impacted on Earth off the Yucatan Peninsula
(Mexico) (e.g., Sheehan et al. 1991). The mass of dust thrown into the atmosphere
blocked out the sun’s rays, suppressed photosynthesis (perhaps causing a drop in
the level of O, in both air and water), and occasioned severe changes in the Earth’s
climate. As in the “mid-Paleozoic Mass Extinction”, sea level fluctuated by about
50 to 200m over a period of 0.2 to 1 million years (Haq et al. 1987; Kerr 1996b;
Stoll and Schrag 1996). The definite cause of the drop in sea level during the
Cretaceous, a period during which the climate is predicted to have been fairly
stable, where the equatorial temperatures were equal to the present ones
(Herman and Spicer 1996), and the poles were ice-free (Barron et al. 1981), is still
debatable.
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1.15 Oxygen: a Paradoxical Molecule

Most profoundly, molecular O, has influenced the geology of the Earth and
pervasively directed the trajectory and forward momentum of evolution of life.
Since the first appearance of the gas in the biosphere in appreciable quantity some
2 billion years ago (e.g., Owens et al. 1979), the history of life is literally inscribed
on this single molecule. The buildup of O, and evolution of oxygenic respiration
(following the radical conversion of the incipient high CO,-low O, atmosphere to
low CO,-high O, atmosphere) led to the transformation of the early simple
anaerobic cells to the versatile eukaryotic ones which subsequently accreted into
the aerobic, multicellular organisms (Siever 1979; Allegre and Schneider 1994;
Orgel 1994). The transformation enhanced the efficiency of carbon and nutrient
recycling, leading to a climactic increase in the organic biomass. Margulis
(1979) envisages that the toxicity of the O, molecule enforced symbiotic
associations on anaerobic bacteria, leading to development of eukaryotic
cells. Symbiotic relationships are known to evolve under extreme circumstances
(e.g., Childress et al. 1989; Rennie 1992). The presence and the resolutely increas-
ing levels of O, may explain the short period (in evolutionary terms) of 700
million years which it took for the growth and change of the eukaryotic cells to
multicellular organisms compared with the over 2 billion years which passed
before the aerobic eukaryotic cells developed from the anaerobic prokaryotes
(Gould 1994; Fig. 8).

In virtually all the solar system planets and their satellites, free atmospheric O,
for which there are no known primary (geochemical) sources, is found in high
concentration only on Earth. As a molecular factor, however, O, is not unique to
our biosphere. Jupiter’s moons Europa and lo, for example, have surface and
atmospheric water, gaseous sodium, and small quantities of O, (Brown and Hill
1996; Kerr 1997), a state which is similar to that of Earth some 4 billion years ago.
Due to its high reactivity with other elements at both the temperatures of the
formation of the magma (500 to 1200 °C) and at ordinary surface temperatures, O,
is the most abundant element of the average crustal rocks, followed by silicon,
aluminum, and iron (Chapman and Schopf 1983). This notwithstanding, O, is a
somewhat alien factor to life. A reducing (nonoxidizing) environment was a
prerequisite for the chemical evolution of life from the first organic molecules in
the primitive atmosphere (e.g., Cloud 1974, 1988; Miller and Orgel 1974; Tappan
1974; Schidlowski 1975; Chang et al. 1983). It is an intellectually intriguing contra-
diction that life, which evolved in absence of O,, is now tractably dependent on it.
Oxygen is a necessary resource for body growth and development (e.g., Adelman
and Smith 1970; Priede 1977; Armstrong et al. 1992). Extended exposure to
hypoxia in newborn and young mammals causes a decrease in body growth (e.g.,
Timiras et al. 1957; LaManna et al. 1992). While animals that are well adapted to
high altitude, like the Ilama and many small rodents and birds, are known to
reproduce successfully up to an altitude of 5km, human fetal growth is retarded
at altitudes beyond 3km above sea level (e.g., Haas et al. 1980; Mayhew et al.
1990).
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1.16 The Rise of the Level of Molecular 0,: a Curse or a Blessing?
1.16.1 The Deleterious Reactive Radicals of Molecular 0,

Although the aerobic life-style confers great advantages, as metabolism using O,
yields 20 times more free metabolic energy than an anaerobic one, utilization of
0, is accompanied by great danger (Pryor 1986; Joenje 1989; Sies 1991). Even
under ordinary conditions, due to continuous formation of free radicals (chemi-
cally highly reactive molecules with an unpaired electron) which are intermedi-
ates of a number of biochemical reactions, O, is a highly toxic substance. Its
utilization by aerobes is harmful in both the short and long terms (e.g., Comroe
et al. 1945; Clark and Lambertsen 1971; Fridovich 1978; Halliwell 1978; Hill 1978;
Slater 1984; Sies and Cadenas 1985). Physical exercise increases formation of
reactive O, species but in the long term, endurance training improves antioxidant
handling (Sen 1995). Strictly, molecular O, is not the toxic agent but rather its
reactive derivatives (Cochrane 1991). Inflammatory cells (neutrophils, eosino-
phils, and macrophages), catalase negative bacteria, inhaled environmental pol-
lutants (e.g., ozone and nitrous oxide), and even epithelial cells (e.g., intracellular
production from mitochondrial respiration and xenobiotic drug metabolism) are
potential sources of reactive O, species (Bast et al. 1991; Kinnula et al. 1992; Cohn
et al. 1994). The oxidants have been associated with pathogenesis of respiratory
disorders such as adult respiratory distress syndrome, emphysema, asthma, and
pollutant-precipitated diseases (Adler et al. 1990; Barnes 1990). During ordinary
aerobic respiration, complete reduction of a molecule of O, to H,0 requires four
electrons which are sequentially utilized in the process:

€ € € e
0, -» 0, —-> HO, —- OH - H,.

Various active intermediates, highly reactive chemical species with one or more
unpaired electrons, are produced. These include the superoxide anion radical
(0,7), hydrogen peroxide (H,0,), hydroxyl radical (OH™), and singlet oxygen
('0,). The oxidant by products of metabolism cause extensive damage to DNA,
proteins, and other macromolecules (Borteux 1993; Epe 1995). Degenerative dis-
eases associated with aging such as arteriosclerosis, Parkinson’s disease, diabetes,
cancer, decline in the immune system, and senility have been associated with the
oxidative damages caused by molecular O, (e.g., Fraga et al. 1990; Wagner et al.
1992; Ames et al. 1993; Gutteridge 1993; Halliwell 1994). The assault by the reac-
tive O, radicals on cell functional and structural integrity is intense. It is estimated
that about 2 to 3% of the O, taken up by aerobic cells results in production of O,
radical and H,0, (Chance et al. 1979). Approximately 10" O, molecules are
handled by a rat cell daily (Chance et al. 1979). This results in about 2 X 10" (i.e.,
2%) O,  and H,0, active (partially reduced) species. Frage et al. (1990) estimated
that there are about 9 X 10 attacks on the DNA per day per cell in a rat. Under a
steady state, about 10% of protein molecules may undergo carbonyl modifica-
tions (Fridovich 1978; Ames et al. 1993; Orr and Sohal 1994). Ames et al. (1993)
envisaged that O, free radicals are responsible for 10000 or so DNA base modifi-
cations per cell per day. Such sustained attacks can easily overwhelm the cell’s
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repair mechanisms. All cells have evolved a number of repair endonucleases
which specifically recognize and repair the damages caused by the reactive species
(Lindal 1990; Demple and Harrison 1994). When the biodegradative processes
surpass the biosynthetic ones, the cumulative damages may result in significant
loss in the cell functional capacity (Stadtman 1992). Oxygen free radical-mediated
lipid peroxidation, for example, could easily lead to loss of membrane integrity
and hence compromise the normal cellular activities. A substantial memory re-
covery was achieved by chronically treating old gerbils (15 to 18 months) with a
free radical spin-trapping compound N-tert-butyl-B-phenylnitrone (Carney et al.
1991). The process resulted in a substantial decrease in the amount of oxidized
protein in the brain and an increase in the amounts of glutamine synthetase and
neutral protease activities. Oxygen, and particularly the resultant OH™ radical,
increase the lethal effects of ionizing radiation (Von Sonntag 1987; Ames et al.
1993). Lipid peroxidation results in mutagenic factors (e.g., epoxides and
alkoxyls) and '0,.

The formation of reactive O, species inside cells constitutes a serious threat to
the functional and structural integrity of the cellular genome (Lindal 1990; Epe
1995). It is envisaged that control of O, toxicity could have necessitated the
evolution of the nucleus and the nuclear membrane in the eukaryotic cells to
minimize external affronts by molecular O, (e.g., Margulis 1981). The nucleus
constitutes an anoxic and fairly safe location for the deoxyribonucleic acid
(DNA). The DNA nearer to the nuclear membrane and that in the O,-rich cyto-
plasm are more susceptible to damage. The mitochondrial DNA (mtDNA) is
particularly more exposed to O, toxicity compared with the nuclear DNA (nDNA)
(Gupta et al. 1990; Dyer and Ober 1994). The mtDNA from the rat liver causes
more than ten times the level of oxidative DNA damage than does nDNA from the
same tissue (Richter et al. 1988). This may be due to factors such as lack of
mtDNA repair enzymes, lack of histones protecting mtDNA, and the proximity of
mtDNA to oxidants produced during oxidative phosphorylation. A high turnover
of mitochondria ensures removal of the damaged organelles (which generate
greater quantities of oxidants) but overall, oxidative lesions accumulate in the
mtDNA at a greater rate than in the nDNA (Ames et al. 1993). Generally, mito-
chondria are protected from injury by: (1) the complex extracellular O, diffusion
pathway where at the cellular level the PO, will have dropped to almost zero and
(2) by clustering, a process which reduces the area available for influx of O, into
individual mitochondria (Gnaiger 1991). The PO, in blood capillaries of the
cardiac muscle is ten times greater than in isolated mitochondria (Tamura et al.
1989). Clustering accounts for the difference in the O, uptake capacities between
isolated liver mitochondria and the intact ones in the hepatocytes (Jones 1986).
Connett et al. (1985) estimated that the PO, in the red muscle cell is about
0.07 kPa. Mitochondria in living tissues are estimated to operate at low O, levels,
frequently below 2% of air saturation of a PO, of 0.5kPa (Wittenberg and
Wittenberg 1987, 1989; Graiger et al. 1995). Respiration in the mitochondria is not
affected until the PO, drops to below 0.01 to 0.1kPa (Oshino et al. 1974; Sugano
et al. 1974). Just as in high quantities, lack of O, is equally injurious. In those
tissues that are intolerant to hypoxia, e.g., the brain and the heart muscle, mito-
chondria undergo irreversible structural failures where the membrane potentials
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decline, and the degree and capacity of molecular coupling is lowered (Zimmer et
al. 1985).

1.16.2 Senescence: the Effects of Molecular 0,

Senescence is a progressive and irrevocable loss of functional capacity due to
degeneration of somatic cells in the last part of life. It has been associated with the
use of O, by the cells even under normal physiological conditions (e.g., Floyd
1991; Ames et al. 1993; Sohal and Weindruch 1996). As part of the metabolic
processes, aerobic organisms generate potentially destructive O, species which
cause serious oxidative damage to biological macromolecules (e.g., Fridovich
1978). The damage occurs in form of peroxidation of membrane polysaturated
fatty acid chains, alteration in DNA protein bases configuration, and carbonyla-
tion and loss of sulfhydryls in proteins. Changes due to aging directly or indirectly
affect the O, uptake process itself (Horvath and Borgia 1984). A senile lung is
defined as one which presents dilation of the air spaces without tissue destruction
(e.g., Hyde et al. 1977; Pinkerton et al. 1982; Snider et al. 1985; Dios-Escolar et al.
1994). Studies on the effects of age on lung structure have, however, been
inconlusive (e.g., Thurlbeck 1980). The impedement has been due to the fact that
the effects of environmental pollution and lifestyle have been difficult to fully
assess and exclude from the various studies. No aging structural changes in the
lung were observed in the growing specific-pathogen-free inbred male BALB/
cNNia mice between 38 days and 28 months by Masahiko et al. (1984). In adult
humans, arterial O, tension decreases by an average of 0.28 to 0.54kPa each
decade while the alveolar PO, remains constant or increases slightly (Dill et al
1963; Sorbini et al. 1968). Pulmonary diffusing capacity decreases by 5 to 8% in
each decade of life (Cohen 1964). With aging, the surface area of the erythrocytes
decreases and the cells become more susceptible to osmotic changes and me-
chanical disruption while there is reduction in enzymatic activity, e.g., hexoki-
nase, glucose-6-phosphate dehydrogenase, and lactate dehydrogenase (Prankerd
1961). Compared with young rats, old rats have a lower hind limb muscle respi-
ratory capacity and whole body maximal O, consumption (Cartee and Farrar
1987). In both animals and plants, paraquat (methyl viologen), a commonly used
herbicide, and antibiotics such as streptonigrin which enhance the rate of O,
radical (O,”) production, are more toxic under aerobic than anaerobic condi-
tions. Longevity correlates inversely with the rate of mitochondrial production of
the O, , H,0,, and OH" species. In a number of mammals, the severity of oxida-
tive DNA damage appears to correlate with the metabolic rate (Adelman et al.
1988; Shigenaga et al. 1989). Restriction of calorific intake, a process which lowers
metabolic stress, reduces age-related changes and prolongs the life span of
mammals (Sohal and Weindruch 1996). Overexpression of superoxide dismutase
and catalase, antioxidative enzymes which respectively remove O, and H,0,,
extends the life span of Drosophila melanogaster (Orr and Sohal 1994). Reduction
in production of active O, species in transgenic Drosophila melanogaster leads to
a 30% increase in the metabolic potential (Orr and Sohal 1994). In two human
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diseases associated with premature aging, Werner syndrome and progeria, oxi-
dized protein residues increase at a faster rate than normally (Stadtman 1992).
The gradual decay of the cell integrity with age is an indication that the antioxi-
dant defenses of the aerobic cells are inefficient in face of sustained assault by the
reactive O, metabolites. Oxidative lesions on DNA increase with age (Ames et al.
1993): at the age of 2 years, a rat cell has about 2 million lesions per cell. This is
about twice that of a young rat. Exogenous oxidant loading from activities such as
smoking may deplete the endogenous antioxidant levels in the cells, such stress
compromising the cell defenses (Csillag and Aldhous 1992).

Notwithstanding the deleterious effects of the endogenous reactive species, not
all effects of the active species are harmful. Leukocytes and other phagocytic cells
destroy bacteria or virus-infected cells by subjecting them to a lethal discharge of
nitric oxide (NO), 0,7, H,0,, OH™ and OCl , a potent oxidant mixture (Baldridge
and Gerard 1933; Seifert and Schultz 1991; Stamler et al. 1992). Like O,, among
gases, NO (which, unlike O,, is elaborated in animal tissues but in very small
quantities; De Belder et al. 1993; Ballingand et al. 1995) is an enigmatic molecule.
In the atmosphere, NO is a toxic chemical but in small regulated quantities in the
body, it plays vital physiological, pharmacological, and immunological roles. It
participates in processes such as blood pressure control (through smooth muscle
relaxation), platelet inhibition, neurotransmission, destruction of pathogens,
penile erection, and has even been associated with learning and long-term
memory (Culotta and Koshland 1992; Koshland 1992; Stamler et al. 1992; De
Belder et al. 1993; Ballingand et al. 1995). Nitric oxide and, amazingly, carbon
monoxide (one of the most feared gases) are the first gases known to physiologi-
cally regulate levels of guanosine 3,5-monophosphate and thus act as biological
messengers and signaling molecules in mammals (Moncada et al. 1991; Toda and
Okamura 1991; Galla 1993; Verma et al. 1993; KatuS$ic and Cosentino 1994). Above
certain thresholds, active radicals of NO such as nitrosonium cation (NO™), nitric
oxide (NO), and nitroxyl anion (NO"), similar to the redox states of O, (i.e., O, ,
H,0,, and OH"), form and oxidize biological molecules.

Evolution does not appear to have found any direct, enduring solution for
neutralizing the harmful active species of molecular O,. However, to ameliorate
the effects, cellular biochemistry has been configured such that the most impor-
tant processes are the reductive ones: biological oxidations entail removal of H,
rather than addition of O,. The increasing susceptibility of the cells to oxidative
effects of the reactive O, radicals with age may be caused by several factors. These
include: (1) an increase in the O, delivery rate to the cells as may occur with
changes in the amounts of allosteric effectors which determine the O, binding
capacity by the hemoglobin, (2) increased availability of the Fe(II) or Cu(II),
metals which are catalytically involved in the production of the highly damaging
O,-free species by changes in the efficacy of metal binding proteins and chelating
agents, (3) an age-dependent increase in the production of the reactive O, me-
tabolites, (4) an intrinsic decline in the production of the endogenous antioxidant
scavenger enzymes and metabolite defenses, (5) loss of capacity to biodegrade the
products of cell oxidation, and (6) decrease in the capacity to mobilize and repair
the damages caused by the active radicals. In the life cycles of practically all
complex organisms, the integrity of the tissue cells appears to be guaranteed only
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up to the useful reproductive period. It is possible that reproduction takes such a
heavy toll of an animal’s resources that the necessary amount needed for mainte-
nance of the integrity of the somatic cells is irrevocably compromised.

1.16.3 Biological Defenses Against 0, Toxicity

Of the four fundamental elements of life, the so-called biogenetic elements,
carbon, hydrogen, oxygen, and nitrogen, O, is a geochemical and biochemical
anomaly. Although a structural component of biological tissues and an integral
part of biochemical reactions, in combined as well as free diatomic state, depend-
ing on the organism and level of concentration, O, is a toxic factor. The accretion
of molecular O, changed the entire global environment and dramatically influ-
enced the nature and tempo of all subsequent evolutionary developments in life.
Most animals die after extended exposure to 100% O, (1atm), the endothelial
lining of the lung being the main site of injury (e.g., Matalon and Egan 1981;
Crapo et al. 1984; Block et al. 1986; Crapo 1986). Rats die between 60 to 72h after
exposure to 100% O, (Crapo 1987). Exposure of 21-day-old rats to >95% O, for 8
days induces cholinergic hyperresponsiveness as well as hypertrophy of the
airway epithelial and smooth muscle layers (Hershenson et al. 1994). More than
50% of 72-h-old chick embryos die on exposure to 3h of 5atm of O, and 20 to 30%
of those which hatch have deformities of the brain, eyes, upper jaw, legs, feet, and
heart (Pizarello and Shircliffe 1967). In mammals, on exposure to hyperbaric O,
(partial pressure of O, in the inspired air greater than 1atm), nervous acute
0, poisoning occurs. This is expressed in form of epileptiform convulsions
(Barthelemy 1987). Nitrogenases, the enzymes necessary for the fixation of nitro-
gen (e.g., Leigh 1997), are inhibited by as little as 0.1% free O, (Postgate 1987).
Many nitrogenous bacteria occupy anaerobic habitats, e.g., cells of leguminous
plants under the soil. The reactivity of O, makes it a rather biologically enigmatic
molecule (Cochrane 1991). It readily reacts with the reduced (H-rich) biochemi-
cal factors to produce energy (in aerobic respiration) and its highly reactive
radicals oxidize and destroy enzymes. The reactive side products such as super-
oxides, peroxides, hydroxyl radicals, and 'O, are biologically toxic to strict anaer-
obes and at even moderate concentrations are highly toxic to aerobes (Fridovich
1976, 1978; Halliwell 1978). Practically all organic compounds tend to be easily
oxidized and are hence potentially unstable in the presence of molecular O,
(Miller and Orgel 1974). Adaptively, the epithelial cells which line the respiratory
organs contain antioxidant enzymes which prevent initiation of pulmonary pa-
thology after contact with oxidants such as ozone, nitrous oxide, and oxidants
produced by local inflammatory reactions (Kinnula et al. 1992; Cohn et al. 1994).

It is overtly anomalous that life started in an O,-free environment and subse-
quently became so heavily dependent on it. The stubbornly increasing levels of O,
left the cells with no alternative but to somehow accommodate it or face certain
annihilation. Its rather small molecular size and hence high intracellular
diffusivity and a correct redox potential endeared O, to utilization as an electron
acceptor in the biochemical energy production of the tricarboxylic chain
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processes. Interestingly, in myocardial cells, when energy depletion in a cell,
e.g., in the case of ischaemia or hypoxia, is extended beyond the stage when
reoxygenation leads to spontaneous recovery, in what has been termed
the oxygen paradox (e.g., Piper et al. 1994), reoxygenation may intensify tissue
damage (Hearse et al. 1973; Ganote 1983; Gorge et al. 1991) presumably due to
excessive production of active free radical (McCord 1988; Turrens et al. 1991):
life’s biochemistry has not achieved a capacity of totally taming molecular O,.
As a part of antioxidant defense system, gas exchangers (e.g., Crapo and
McCord 1976) and some organisms, e.g., bacterial aerobes like Escherichia coli
(Gregory and Fridovich 1973) possess a battery of simple nonenzymatic mol-
ecules and complex enzymes which scavenge the oxidative O, radicals (Forman
and Fisher 1981; Freeman and Crapo 1982; Halliwell and Gutteridge 1985; Sies
1991). The former include glutathione, ascorbate, urate, bilirubin, ubiquinol, 3-
carotene, and tacopherol, while the latter comprise superoxide dismutase (SD),
catalase, and glutathione peroxidase. Superoxide dismutase converts the super-
oxide radical (O,) to H,0, plus O, (e.g., Crapo and Tierney 1974; Fridovich 1975;
Cassini et al. 1993) and catalases and peroxidases convert H,0, to H,0 and O,.
Experimentally, rats are protected from O, toxicity by intravenous injection of
liposome-entrapped catalase and superoxide dismutase (Turrens et al. 1984).
Hyperoxia increases release of reactive O, species in the mitochondia (Turrens et
al. 1982a,b). Adaptively, in old rats, even though glutathione synthesis is de-
creased, the tissue regeneration capacity appears to be increased to cope with
oxidative stress (Ohkuwa et al. 1997). In rat lungs, on hyperoxic exposure, gene
expression plays an important role in controlling manganese containing superox-
ide dismutase activity (Ho et al. 1996). Interestingly, molecular H,, has been
reported to destroy active O, radicals (Jones 1996). Aerobiosis could not have
arisen directly from anaerobiosis. It was imperative that preadaptations for toler-
ating O, toxicity would have required time to evolve. It is speculated that photo-
chemically produced O, at low manageable levels may have nurtured some degree
of aerotolerance (Walker et al. 1983), a feature which would have imparted a
selective advantage when a stable oxygenic atmosphere formed. The envisaged
chronological order through which molecular O, was incorporated into the bio-
chemical processes is: (1) development of defensive mechanisms (though it is
difficult to explain how these could have been configured in absence of O, itself),
(2) production of O, by the cyanobacteria, and (3) incorporation and utilization
of O, at the cellular level. The transition to an aerobic environment brought about
and required evolution of higher redox potential biochemistry (e.g., Williams and
Da Silva 1978). This necessitated evolution of new catalysts which were based on
transitional metals. It has been estimated that the befitting redox potential of the
primitive oceans may have been about —350mV (Osterberg 1974). Though O, is
mainly utilized for energy production, many other nonrespiratory processes like
collagen synthesis, oxidation of amino acids, and tanning of cuticle (in many
insects) require molecular O,. In the facultative invertebrate anaerobes, growth is
arrested with reduction in the level of O, (e.g., Hammen 1969, 1976). To avoid
oxidation of nitrogenase enzymes, the nitrogen-fixing cyanobacteria have
evolved a novel method of coexistence ensuring intracellular anoxia. Special cells
called heterocytes which lack the full complement of photosynthetic pigments
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and are hence incapable of producing O, have developed thick cell walls covered
by a mucinous coat to limit O, inflow: these cells are endowed with the appropri-
ate enzymes for destroying the harmful O, radicals.

1.17 The Evolution of Complex Metabolic Processes

The evolution of the eukaryotes from prokaryotes (some 2 billion years ago), the
attainment of capacity for sexual reproduction (some 1 billion years ago) and,
subsequently, development of complex multicellular life about 600 million to 1
billion years ago (Schopf and Oehler 1976; Schopf 1978; Wray et al. 1996) were
pivotal points in the development and proliferation of animal life (Romer 1967).
It is conjectured that mitochondria, the power houses of cells, evolved from free-
living eubacteria-like endosymbionts which more than a billion years ago (e.g.,
Palmer 1997) invaded the eukaryotic cells (e.g., Margulis 1970, 1979; Vogel 1997).
This is vindicated by the fact that organelles such as chloroplasts and mitochon-
dria contain RNA and DNA which are different from those in the nuclei of the
eukaryotic cells and in most ways resemble those of certain bacteria. The closest
contemporary “relatives” of the mitochondria are the rickettsial group of the a-
proteobacteria (Yang et al. 1985; Lang et al. 1997). The rat mitochondrial outer
membrane localizes benzodiazepine receptor (MBR) which is expressed in wild-
type and TspO~ (tryptophan-rich sensory protein) strains of the facultative
photoheterotroph, Rhodobacter sphaeroides (Yeliseev et al. 1997): functionally,
MBR substitutes for TspO~ and negatively regulates the expression of photosyn-
thesis genes in response to O,. This provides further evolutionary support for the
origin of mammalian mitochondrion from a photosynthetic precursor. Since it
was fully elucidated in the 1960s, the genetic code was thought to be universally
identical as any mutations were deemed fatal - the frozen accident hypothesis of
Crick (1966). Intellectually, this was a satisfying expectation as it supported the
concept of a common origin of life and the parsimony of life in conservation of
highly important factors. It is now known that the coding system in mitochondria
in various mammalian phyla, certain bacteria, ciliated protozoa, mycoplasma,
algae, and yeasts differs from the “universal code”, in use of certain codons (e.g.,
Barrell et al. 1979; Anderson et al. 1981; Jukes 1985; Yamao et al. 1985; Jukes and
Osawa 1993). It is envisaged that the universal code may be an evolutionary
descendent of the mitochondrial-type code (Osawa et al. 1992) which shows
extreme features of genomic economization perhaps to save space (Kurland
1992). By incorporating the endosymbionts, a process called secondary endosym-
biosis, the eukaryotic cells did not, so to speak, have to reinvent respiration and
photosynthesis through the long and costly trial-and-error process of genetic
evolution. The origin of aerobic metabolism involved only extension and refine-
ment of the preexisting anaerobic processes (the O,-independent primitive glyco-
lytic fermentation) by development of catalysts (enzymes) (Keevil and Mason
1978; Gunsalus and Sligar 1978; White and Coon 1980) which acted on the new
addition to the energetically more efficient citric acid (Krebs) cycle (Williams and
Da Silva 1978; Chapman and Schopf 1983; Schopf 1989). In advanced eukaryotes
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(e.g., vertebrates and plants), O, is involved in the sequence of chemical reactions
only at the terminal stages, i.e., the most recently evolved sections of the pathway.
The anaerobic bacteria are capable of effecting only the glycolytic pathway. With
time, molecular O, has been incorporated in the biochemical synthetic pathways
of compounds such as phenols, polyunsaturated fatty acids, amino acids, cyto-
chromes, and bile pigments (in vertebrates) and elsewhere only in the relatively
advanced organisms of particular lineages. The O,-dependent metabolites of the
aerobes have amply been used only to refine in a biochemical, structural, and
functional manner the earlier established anaerobic systems: no totally new mo-
lecular complexes have evolved (e.g., Rohmer et al. 1979; Chapman and Ragan
1980).

1.18 Oxygen and €0, as Biochemical Factors in Respiration

The development of aerobic biochemistry is of fundamental interest to respira-
tory and evolutionary biologists. Compared with CO,, O, is the more important
factor in respiration. No permanent change especially of structural nature has
been reported on exposure of living tissue to extended hypercapnia. In total
anoxia, e.g., when breathing pure N,, a human being loses consciousness within
30 to 40s and permanent brain damage may occur. On breathing 30% CO, in O,,
a period of dyspnea occurs and loss of consciousness ensues. Complete resuscita-
tion without any permanent damage can occur. Carbon dioxide-induced acidotic
narcosis (Sieker and Hickam 1956) has been applied to treat some psychiatric
disorders (e.g., Meduna 1950). Unequivocally, O, procurement is the primary
goal of respiration and CO, elimination and hence acid-base regulation are sec-
ondary roles. A complex neurohormonal system has evolved especially in verte-
brates (e.g., Fedde and Kuhlmann 1978; Ballintijn 1982) to monitor O, levels in
blood. A reduction of the PO, in the ambient air results in a drop of that in blood.
Below a certain threshold level, the arterial PO, chemoreceptors send impulses to
the respiratory center in the brain stem from where ventilatory rate is adjusted.
Although the brain constitutes one of the so-called noble organs (the others being
the heart and the lung), which are structurally and functionally highly protected
against O, fluctuations (e.g., Zapol et al. 1979; Freedman et al. 1980), the blood-
brain barrier is highly permeable to respiratory gases. The actual mechanism
through which molecular CO, acts on the respiratory centers, if it does at all, has
been highly debated since H" and HCO, ions exist in equilibrium with carbonic
acid (H,CO;) (e.g., Crone and Lassen 1970; Bradbury 1979). Hyperoxia-induced
hypercapnia, which may result in total cessation of ventilation in the trout (e.g.,
Dejours 1973), in the crayfish (Massabuau et al. 1984), and in the green crab
(Jouve-Duhamel and Truchot 1983), shows that at least in water breathers,
animals are insensitive to or are incapable of responding to elevated CO, in face
of O, assault. Hypercapnea does not appear to affect ventilation in hyperoxic
water breathers (Dejours 1988). However, in the only discordant view, Thomas et
al. (1983) reported data to the contrary on the rainbow trout (Oncorhynchus
mykiss): marked increase in ventilation was observed in specimens made
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hypercapnic even under hyperoxia. Except in the fossorial animals which
adaptively tolerate high CO, levels, whether in moderate hypoxia, normoxia, or
hyperoxia, air breathers increase ventilatory rate after inhalation of CO,-enriched
air: the hypercapnia-induced hyperventilation enhances CO, clearance, reduces
arterial hypercapnia, and establishes normal pH. In a hypoxic environment,
increased ventilation and heart rate, processes which are energetically costly to
maintain, are not only unproductive but harmful. Faced with such a crises, reduc-
tion of metabolism is a beneficial process to overcome hypoxia (e.g., Hochachka
1988). Hypothermic hypometabolism in a squirrel results in an 88% saving on
energy (Wang 1978). '

1.19 Homeostasis: the Role of Respiration

Respiration plays an integral part in regulation of the blood pH. To a large extent,
respiratory activity is driven to meet the need. The PCO, of the arterial blood is
the most important factor which governs respiration (Davenport 1974). The goal
of regulating breathing is to minimize respiratory work while maintaining stable
and optimal levels of respiratory gases and pH. The arterial blood O, concentra-
tions are appropriately adjusted and the levels of CO, and H" ions in blood kept
within the physiological range. At the normal steady-state respiratory rate, the
alveolar and arterial PCO, are adjusted around a value of 5.3kPa. The respiratory
system presents a metabolic servomechanism designed to match pulmonary and
metabolic gas exchange rates without altering the internal chemical concentra-
tions of the body fluids. The error-correcting feedback signals are provided by the
concentrations of O,, CO,, and H" in the arterial blood. In the higher vertebrates,
birds and mammals and to an extent terrestrial reptiles, pulmonary ventilation is
used to regulate the rate of CO, elimination, a role played by the gills in aquatic
breathers. The gas exchanger and the circulatory system effect these processes at
rates corresponding with the prevailing metabolic demands. Uptake of O, affects
body fluid homeostasis especially the acid-base status to a very small extent
through release of H" ions (after conversion of HCO, ™ ions to CO, on the binding
of O, to hemoglobin - the Haldane effect) in the gas exchanger (e.g., Davenport
1974; Heisler 1989). In contrast, CO, is the main product of aerobic metabolism.
It is involved in chemical reactions which affect the acid-base status of the body
fluids. In a watery solution, on accumulation, CO, is a weak acid and has to be
buffered to keep the body fluid pH relatively constant. Through carbonic anhy-
drase catalysis and chloride shift, the largest fraction of total CO, is carried in
form of HCO, ™ ions in both blood plasma and the erythrocytes (Davenport 1974).
This roughly constitutes about 90 to 95% of the total CO, in blood. At the gas
exchanger, the HCO,™ ions are converted back into CO,, which diffuses out into
the external medium (e.g., Perry and Laurent 1990). To ascertain CO, diffusion
equilibrium, the amounts of carbonic anhydrase in the erythrocytes are much
higher in the small than in the larger mammals up to an order of magnitude
(Larimer and Schmidt-Nielsen 1960; Lindstedt 1984). Although hypoxia may be
brought about by deficiency of O, in the environment or excessive utilization of it
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Table 2. Comparison of blood respiratory features of the trout (Salmo gairdneri), the tadpole
and adult bullfrog (Rana catesbeiana), and the snapping turtle (Chelydra serpentina) to show
the differences in water and air breathers

Trout® Bullfrog® Bullfrog Turtle®
Tadpole Adult Tadpole Adult
T (°C) 20 20 20 23 23 20
PCO, (mmHg)d 2.42 1.95 13.4 4.36 18.9 25.2
pH 7.80 7.83 7.90 7.80 7.70 7.76
HCO,™ (mEql™) 4.63 4.0 32 8.0 27.5 49.0

* Trout - Randall and Cameron (1973).

b Tadpole and adult bullfrog - Erasmus et al. (1970/71) at 20°C and Just et al. (1973) at 23°C.
¢ Snapping turtle - Howell et al. (1970).

¢ To convert to kPa multiply by 0.133.

Table 3. Some physiological characteristics of typical aquatic and terrestrial animals. (Dejours
1988)

Parameter Aquatic Terrestrial

Respiration Skin and/or gills Tracheae or lungs

PCO,/PO,* Low ratio High ratio

(HCO,™) Low High

N end products Mainly ammonia Mainly urea and/or uric acid
and other purine derivatives

Water turnover High or very high Low or very low

Temperature Poikilothermy (most of them) Homeothermy (some of them)

Locomotion Swimming Running, flying

* PO, and PCO, designate the difference in PO, and PCO, values between body fluids and
ambient milieu.

by an organism, O, has no direct effect on the acid-base status. However, the
increased ventilatory rate which befalls an animal in an attempt to supply the
required amounts of O, may lead to respiratory acidosis due to increased meta-
bolic CO, production or respiratory alkalosis due to excessive flushing out of
CO, from the gas exchanger. There is no systemic difference in pH among the
water-, bimodal-, and air breathers. Since the PCO, is higher in air breathers than
in water breathers, that of the bimodal breathers falling in between, the adjust-
ments in the pH are made by body fluid bicarbonate concentrations which
increase with the degree of air breathing (Tables 2,3).

A truly comparative account on respiration must not only endeavor to
examine how different organs and organ systems have been refined and inte-
grated for the purpose of exchange of O, and CO, but must also explore these
states and phenomena outside the purview of the so-called model animals. In the
class Agnatha, the most frequently studied species is the Atlantic hagfish, Myxine
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glutinosa (e.g., Strathmann 1963), in the elamobranchs the commonly studied
species are a variety of dogfish, e.g., Scyliorhinus canicula, Squalus suckleyi,
Squalus acanthias, and skates; among the bony fish (class: Pisces) studies have
been made largely on the subclass Teleosti, the most highly studied species being
the cod (Gadus morhua), eel (Anguilla anguilla), goldfish (Carassius auratus),
trout (Onchorhynchus mykiss, formerly Salmo gairdneri), and the sea raven
(Hemitripterus americanus). In amphibians, the common grass frog (Rana
pipiens), European frog (Rana temporaria), and the marine toad (Bufo marinus),
all of which are anurans, are taken to be representative of the diverse class
Amphibia. Within the class Reptilia, particular interest has been shown in the
painted turtles, which fall either into the genus Pseudemys or Chrysemys. The
laboratory white rat (Rattus rattus) and the guinea pig (Carvia porcellus) have
been used widely among mammals, while in birds, the domestic fowl (Gallus
gallus variant domesticus), muscovy duck (Cairina moschata), and the guinea
fowl (Numida meleagris) have been used extensively. These few animals, most of
which have been selected more for convenience and availability than for any
concrete morphological or physiological merit, are far from being genuinely
representative of the many taxa in the Animal Kingdom. Most of the discrepan-
cies in the conclusions and observations that abound in comparative biology have
arisen from unwarranted extrapolations of observations based on a handful of
unrepresentative animals.
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(hapter 2

Essence of the Designs of Gas Exchangers - the Imperative
Concepts

“To understand completely respiratory adaptations to the en-
vironment, it is an implicit but fundamental requirement
that we understand how such adaptations evolved, not just
how they operate in living animals.” Burggren (1991)

2.1 Innovations and Maximization of Respiratory Efficiency

Gas exchangers have developed and tractably adapted with the respiratory re-
quirements of whole organisms in different states and habitats. The environmen-
tal factors that have profoundly influenced the general phenotype have
simultaneously shaped the designs of the gas exchangers. On that account, the
functional constructs of the gas exchangers cannot be understood without recog-
nizing both these drives as well as the underlying physical principles that govern
organismal biology. Form is a gestalt of structure. The importance of morphology
and physiology as investigative approaches towards conceptual understanding of
comparative evolution by natural selection cannot be overstated (Cracraft 1983;
Duncker 1985; Greenberg 1985; Huey 1987). It should, nonetheless, be cautioned
that it is oftentimes possible to mislead these aspects (especially morphology)
in accurate reconstruction of phylogeny. For example, the so-called cryptic spe-
cies (e.g., Bruna et al. 1996) or sibling species (e.g., Mayr 1942) are morpholog-
ically identical but genetically different. Such mismatched animals can be utilized
to investigate the ecological and evolutionary events and mechanisms which
enforce congruent morphologies. Until recently, morphological characteristics
were the primary and practically the only means of organizing and classifying
animals (e.g., Eldredge 1993; Rieppel 1993). Molecular genetics now offers a
powerful means of supplementing morphological observations and validating
phylogenetic relationships between different animals (e.g., Sibley and Ahlquish
1990; Graur 1993; Larson and Chippindale 1993; Luckett and Hartenberger 1993;
Blair 1994; Hedges and Sibley 1994; Janke et al. 1994; Averof and Akam 1995;
Penny and Hasegwa 1997). Considering the remarkable diversity of animal
life, the different habitats occupied, lifestyles led, and the disparate metabolic
potentials, unless autamorphic features of respiration are emphasized, the uni-
formity of the gas exchange and transport mechanisms between species is aston-
ishing. A reductionistic (mechanistic) perception of a gas exchanger is that of a
construction where an external medium and an internal one are separated by a
barrier and a concentration gradient of O, and CO, occurs between the two
compartments. This overly simplistic concept provides a useful conceptual
framework for understanding the fundamental comparative principles of respira-
tory biology. The ultimate design of the gas exchanger must present those useful



features which natural selection has selected, rigorously tested, and genomically
conserved.

Energy is integral for building, servicing, and supporting the tissue infrastruc-
ture of organisms. To maximize the finite quantity available to them, cost-
effective designs are essential. This calls for a logical plan of the constituent parts
of the body. The most economic designs are those which demand least cost to
construct, operate, and maintain while yielding the best possible results. Rosen
(1967) deems optimization to be synonymous with “quest for minimum cost”,
Howell (1983) considers minimization of cost as “a pragmatic replacement for
maximization of fitness”, and Cannon (1939) termed optimal design simply “the
wisdom of the body”. Integrated arrangement occurs in the cardiopulmonary
system of the fox (Longworth et al. 1989): though having among the highest mass-
specific O, consumption in mammals (3.05ml O, per second per kg), the animal
has only an ordinary mass-specific morphometric pulmonary diffusing capacity
(Weibel et al. 1983). The high unit O, flux across the blood-gas barrier is achieved
by a large PO, gradient which drives O, from the alveolus to the capillary blood.
At VO,,,. (3.6ml O,s 'perkg), the fox raises the alveolar PO, to 16kPa by
hyperventilating and maintains a low mean capillary PO, (12kPa) by having a
short capillary transit time (0.31 of a second) due to a high mass specific cardiac
output (25mls kg ). In the horse lung, at VO,,,,,, the capillary transit time is 0.4
to 0.5 of a second and the capillary blood is equilibrated with alveolar air after
75% of the transit time (Constantinopol et al. 1989). Among the evolved respira-
tory steps, the shape of the mammalian erythrocytes gives a good example of the
multidimensionality in the enhancement of functional efficiency through mor-
phological and biochemical refinements (Edsall 1972). With few exceptions, e.g.,
in the camel (Cohen 1978), where the cells are ellipsoidal, in mammals, the resting
or minimum energy configuration is that of a biconcave disk (Nikinmaa 1990).
The shape affords a high surface-to-volume ratio, with the definitive erythrocyte
surface area of about 163 um’ being 70% larger than the surface of a spherical cell
of equal volume. The camel’s erythrocytes are subjected to considerable changes
in the osmotic pressure of the plasma when the animal goes for 6 to 8 days without
drinking water (Schmidt-Nielsen et al. 1957; Schmidt-Nielsen 1990).

Energy production by oxidative phosphorylation has been an irrevocable and
continuous process since the evolution of the O,-utilizing pathways in the pri-
mordial facultatively aerobic prokaryotic and eukaryotic unicells (Fig. 8). By way
of binary division, unicellular organisms and sex cells of higher animals have
been transmitted for millennia of generations. Though in finite amounts, these
cells require O, for subdivision. The O, consumption of a single unfertilized
mouse egg cell is 0.37ul O,mg ™ 'h ™', a value which increases to 0.38 after fertiliza-
tion (Mills and Brinster 1967). In the pea, Pisum sativum, mitosis is only com-
pleted above an O, level of 0.004 of an atmosphere (Amoore 1961). Since the
transition from anaerobiosis to aerobiosis, the function of the gas exchangers has
remained essentially the same, i.e., taking up O, from the external milieu and
discharging metabolically produced CO, into the same. The survival and adapt-
ability of an organism are dependent on availability of the necessary resources
and the capacity of the genotype to manipulate them (Phillipson 1981). In the
Metazoa, molecular O, is a critical factor in energy production. For such an
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important procss, the strategies of procuring O, should have been differently
optimized very early after the inauguration of aerobic metabolism. The past
history of an organism sets the boundaries and the scope of its future develop-
ment and the present constraints define its prevailing operational latitudes.
Working on genetic variation, natural selection shapes and hones biological
structures, increasing their fitness. Excessive design and redundancy are ex-
punged, eliminating superfluousity and hence avoiding the unnecessary cost of
supporting underutilized capacities. Astute designs are particularly necessary in
those organs like the respiratory ones which must remain stable in face of chang-
ing needs and circumstances. The cost effectiveness of a gas exchanger can be
gauged from the difference between the energy expended to secure molecular O,
and that required by an organism for sustenance: optimization of the respiratory
process endeavors to increase the net balance of O,.

The modern gas exchangers are recent products of long-standing evolutionary
developments in the ancestral animals. They give us an opening to conceive what
may have evolved in the past. The environment has directed and regulated the
amplitude and frequency of the adaptive changes which have occurred in the
respiratory organs. Environments are highly dynamical systems (Peitgen and
Richter 1986; Wainright 1988) which affect the development of organisms in
complex and multidimensional ways. Even clonal populations show phenotypic
variability. Dubbed Dollo’s Law of irreversibility of Evolution (see Meyer 1988), it
is considered statistically improbably that an organism can follow exactly the
same evolutionary pathway in either direction, i.e., during progressive and retro-
gressive transformations. This is because environments “evolve” moment by
moment. As soon as they are vacated, they are immediately taken over by other
animals (e.g., Harvey 1993). The hypothesis frequently called Gause’s Principle
(see Moore 1990a) asserts that no two species can occupy the same niche. The
pneumonate gastropods, a group which displays remarkable subtlety in respira-
tory strategies (Sect. 5.6.1), constitute an excellent prototype showing the effect
environment has on the design of the gas exchangers. With realization or air
breathing, the mantle cavity was transformed into a lung (Fig. 59) as the gills
(ctenidia) gradually regressed: some species in the group have readopted water
breathing through regrowth of similar but not identical structures (Cheatum
1934; Yonge 1952).

2.2 Safety Factors and Margins of Operation of Gas Exchangers

While biological systems largely function at a steady (unstressed) state, occasion-
ally momentary severe conditions call for large adjustments in the level of opera-
tion. Highly trained human athletes and some elite animal species such as the
horse and the dog (Snow 1985) can increase their O, consumption above rest 20-
to 30-fold (e.g., Seeherman et al. 1981; Jones et al. 1989). To accommodate such
adjustments, the relevant biological systems are intrinsically malleably designed
and constructed (e.g., di Prampero 1985). In the case of the gas exchangers,
maximal gas transfer is effected at the maximum O, consumption (VO,,,,.) when
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further increase in exercise does not result in a corresponding increase in O,
uptake across the gas exchanger (e.g., Taylor et al. 1981, 1987a; Weibel et al.
1987b): supplementary energy is supplied anaerobically, with the accumulating
lactic acid eventually inhibiting exercise (Margaria 1976; Taylor et al. 1981, 1989).
Vo0,,.. increases with increasing PO, in the inspired air (e.g., Margaria et al. 1972;
Welch and Pedersen 1981), transfusion of erythrocytes (e.g., Ekblom et al. 1975;
Buick et al. 1984), and endurance exercise training (Saltin and Gollnick 1983;
Saltin 1985). The scale of adjustment which enables a biological system to cope
with functional loads is said to constitute a reserve capacity (=safety factor). Such
capacities could strictly be viewed as “excessive constructions” over and above
those necessary for minimum operation (Gans 1979). Biological designs appear
to be configured for the worst-case scenarios and when these extremes are ex-
ceeded, death or irreparable damage occurs. In the Australian agamid lizard,
Amphibolurus nuchalis, intense endurance exercise results in a decrease (rather
than an increase) in the maximal O, consumption by a factor of 18% and patho-
logical changes in the muscles and joints (Garland et al. 1987). Muscle fiber
necrosis has been reported in human marathon runners (Hikida et al. 1983).

In engineering schemes (e.g., Gordon 1978; Petroski 1985), a safety factor is
defined as the ratio between the load that just causes failure of a device (i.e., the
component’s maximal capacity (=strength = performance) to the maximum
load that the device is anticipated to bear during operation. Within certain
extents, biological systems change harmonically with the fluctuating strains and
stresses to which they are subjected (e.g., Gilbert 1988). In composite systems (as
are biological tissues), theoretically there should be room for infinite design
creativity. Physical (constructional) and biological (phylogenetic, developmental,
functional, and ecological) constraints, however, limit the number of possible
outcomes (phenotypes) (Thompson 1959; Alberch 1980; Alexander 1985) delim-
iting the most optimal ultimate configuration(s). Increasing the operational
safety margin calls for commitment of greater resources for construction and
maintenance. From a perspective of cost-benefit analysis, through refinement
brought about by natural selection acting on the phenotype, the measure of the
safety factors contrived into different biological systems is aligned with specified
needs (Diamond and Hammond 1992; Weibel et al. 1998). Excess functional
capacities and extravagant structures precipitate unnecessary costs in form of
energy required for maintenance of the infrastructure and operation. For an
organ such as the brain, which consumes as much as 25% of the total resting O,
consumption (Dejours 1990), optimal structure and function with inbuilt mallea-
bility is critical. Three-week exposure of rats to hypobaric hypoxia (0.5 of an
atmosphere) causes an increase in the brain blood flow by 71% and microvessel
density in the frontopolar cerebral cortex by 76% (LaManna et al. 1992). Lack of
space in the body may be an important factor in determining the location and the
definitive sizes of different organs (e.g., Diamond 1998). The unilateral develop-
ment of normally paired organs such as the lung in, e.g., snakes and caecilians
(e.g., Renous and Gasc 1989), animals with long cylindrical bodies, may be a
consequence of a ‘crowding-out effect. In bats (Maina et al. 1982a), the capacity to
procure the large amounts of O, needed for flight has mainly been attained by
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development of remarkably large lungs (Maina and King 1984; Maina et al. 1991):
compared with the thoracic cavity, the abdominal cavity is remarkably small. The
gastrointestinal (GIT) system is simple (Makanya and Maina 1994; Makanya et al.
1995), and the transit time of the ingesta through the GIT is short (Klite 1965;
Morrison 1980). Animals evolve just enough of what they need to overcome
natural loads (Gans 1988): perfection and elegance are not pursued for their own
sake. In what Taylor et al. (1987b) termed shared adaptive effort, unless there are
certain underlying constraints, animals prefer to use compensatory combinations
of multiple factors to achieve a greater broad-based safety margin of operation
rather than few thinly stretched ones (e.g., Maina 1998). Gans (1985) envisaged
that “it is the rule rather than the exception that each role utilizes multiple
structures and that each structure inevitably supports multiple roles”. In different
species, biological functions are carried out in a variety of different ways (Brown
1994), indicating that “successful adaptations to particular conditions differ from
species to species and from one group to another”. This phenomenon has been
called multiple realisability by Kitcher (1984) and Brooks (1994). Unless the
“coupling”, the “working”, and the environment in which a gas exchanger oper-
ates are well understood (e.g., Connett et al. 1990; Wasserman 1994), respiratory
safety margins may be perceived as overadaptations or even redundancies (e.g.,
Cannon 1939). By way of illustration, in mammals, the morphometric (DLo,m)
and the physiological (DLo,p) diffusing capacities of the lung for O, differ by a
factor of 2 (Gehr et al. 1978; Weibel et al. 1983). While the difference between the
two values may be attributed to intrinsic deficiencies and assumptions in the
model used to estimate the DLo,m, an aspect discussed by Crapo et al. (1986,
1988) and recently critically reviewed by Weibel et al. (1993), it is thought that the
disparity may register a fabricated functional reserve which is utilized during
extreme circumstances (Weibel 1984a, 1990; Weibel and Taylor 1986). In a similar
study which suggested the existence of a safety factor in the design of gas ex-
changers, Weibel and Taylor (1986) and Karas et al. (1987a) observed that the
athletic animals (dog and pony) had a 2.5-fold greater maximum O, consumption
(VO,ne) compared with the less athletic ones (goat and calf): the latter group
utilized one third of their pulmonary diffusing capacity while the former
used three quarters of it at Vo,,,,,. The estimations made by Wagner and West
(1972) and Hill et al. (1973) indicated that the blood-gas barrier of the human
lung, which is normally 0.62um thick (Gehr et al. 1978), would have to be
increased four to ten times before it became a limiting factor for end capillary
PO, equilibration.

Among animals, different structures, organs, and organ systems possess differ-
ent functional reserves and redundancies (Alexander 1981, 1982b, 1996; Gans
1985, 1988; Karasov and Diamond 1985; Diamond et al. 1986; Karasov et al. 1986;
Toloza et al. 1991; Diamond 1998). The human intestine has a factor of 2 to 2.5, leg
bones of mammals 3, breast of most mammals 2, shell of a squid 1.3 to 1.4, and
lung of a small dog 1.25. Calculations indicate that at VO,,,,,, in contrast to other
animals like the pony, dog, calf, and goat (Karas et al. 1987b; Taylor et al. 1987b),
the fox uses almost all the capillary transit time for O, equilibration, i.e., under
extreme effort the fox virtually exhausts the capillary length in O, transfer. In the

57



normal placenta at full term, for example, about 21% of the total volume com-
prises nonparenchymal tissue which is not involved in either gas exchange or
metabolite transfer (Aherne and Dunnill 1966). The lung of the shrew, the small-
est extant and most highly metabolically active mammal (Morrison et al. 1959;
Fons and Sicart 1976; Gehr et al. 1980; Sparti 1992), is elegantly refined for gas
exchange. The alveoli are as small as 30um in diameter (Tenney and Remmers
1963), the alveolar surface area density is 2800 cm’cm >, and the harmonic mean
thickness of the blood-gas barrier is only 0.25um. This gives a mass pulmonary
morphometric diffusing capacity of 0.143ml O,s™'mbar ™' g~ compared with the
values of 0.08 and 0.05 in the rat and man, respectively. Based on the geometry
and profusity of the pulmonary blood capillaries in the alveolar septa of the lung
of the shrew, Weibel (1979, 1984a) observed a resemblance between the honey-
comb arrangement of the alveoli of the shrew with the intimately intertwined air-
and blood capillaries of the bird lung (Maina 1982a, 1988a; Figs. 88, 89). The
physiological diffusing capacities of the chorioallatois estimated by Piiper et al.
(1980) of 8.7 X 10 °ml O,s'mbar 'and that of 7.5 X 10°ml O, s 'mbar ' by
Tazawa and Mochizuki (1976) compare with the morphometric diffusing capaci-
ties of O, of a 16-day-old chicken egg of 8.5 X 10°ml O,s ' mbar ' estimated by
Wangensteen and Weibel (1982). Wangensteen and Weibel (1982) and Weibel
(1984a) interpreted this similarity to bespeak the underlying optimization of gas
transfer capacity across the chicken egg shell. While this may apply to individual
eggs, egg shell conductance differs remarkably between and within species
(Tazawa 1987). In the African parrot, Enicognathus ferrugineus, in a single clutch,
the shell conductances may differ by a factor of 7 (Bucher and Barnhart 1984).
Similar variations have been reported in the turkey, Melleagris gallopavo (Rahn et
al. 1981; Tullet 1981), and in the chicken, Gallus domesticus (Tullet and Deeming
1982; Tazawa et al. 1983a; Visschedijk et al. 1985), eggs. Although large differences
in the air cell PO, and PCO, must occur between the low and high conductance
eggs, the O, consumption during the last stages of incubation are the same in
both kinds of eggs (Tazawa 1987). This must allude to occurrence of either
underutilized capacity (functional reserve) in the high conductance eggs or pos-
sible compensatory adjustments in the blood-gas uptake and transport variables
to promote O, availability in the low conductance eggs. High conductance eggs
should withstand environmental changes in O, levels better than the low conduc-
tance ones, improving chances of survival in hypoxic environments. The mor-
phometric diffusing capacity of the human placenta (DPo,m) was estimated to
range between 0.05 to 0.08ml O, per s per mbar (Mayhew et al. 1984). Based on
estimations of O, consumption in the pregnant human uterus and the PO, in the
maternal and fetal blood streams, Metcalfe et al. (1967) estimated the physio-
logical diffusing capacity of the placenta (DPo,p) to lie between 0.014 to
0.018mlO,s 'mbar '. However, calculations based on diffusing capacities of
CO, in pregnant women (Forster 1973) yielded a higher value of 0.025ml
0,s 'mbar™'. Based on a mathematical model which simulated the effects of
uterine contractions on placental O, exchange, Longo et al. (1969) estimated a
DPo,p of 0.038ml O,s 'mbar '. The present data indicate that the DPo,p of the
human placenta lies between 0.025 to 0.038ml O,s™ 'mbar ', a value which is
lower than the DPo,m by a factor of about 2. As may apply to the mammalian
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lung, the difference between the DPo,m and the DPo,p may constitute a reserve
which is exploited by the placenta during extreme circumstances (Mayhew et al.
1984). The reserve is brought about by factors such as vascular shunts, placental
0, consumption, and regional inequalities of perfusion (Metcalfe et al. 1967;
Mayhew et al. 1984, 1990). Lack of uniformity in the thickness of the villous
membrane may lead to local inhomogeneities of diffusional resistances across the
sporadically attenuated barrier (Mayhew et al. 1984; Jackson et al. 1985). Like
other gas exchangers, the placenta is a multifunctional organ which must present
a compromise design (Sect. 4.7). Though fundamentally constructed for gas ex-
change, the organ plays important endocrine roles and constitutes an important
barrier which protects the fetus from harmful agents and factors in the maternal
blood. In some situations, fetotropic viruses such as rubella virus, cytomegalovi-
rus, hepatitis B virus, human immunodeficiency virus, enterovirus, and Theiler’s
murine encephalomyelities virus are prevented from affecting the fetus (e.g.,
Alford et al. 1964; Hayes and Gibas 1971; Maury et al. 1989; Garcia et al. 1991;
Abzug 1994). It is material to note that the maximum morphometric pulmonary
diffusing capacity of the lung for O, (DLo,m) of 2.38ml O,s™'mbar ' (Gehr et al.
1978) is about 30 times greater than the morphometric diffusing capacity of the
placenta (DPo,m) of 0.08ml O,s 'mbar™". This should constitute an enormous
functional reserve which guarantees O, supply to the fetus under different respi-
ratory conditions and circumstances.

The trade-offs necessary for the development of optimal designs and func-
tional reserves are manifest in many gas exchanges. For example, the completely
aquatic lobster, Homarus vulgaris, which shows neither evidence for terrestrial
adaptations nor propensity for air breathing when stranded on the beach (a real
hazard for intertidal animals) will breath air, maintaining its O, uptake at near-
aquatic levels (Thomas 1954). Facultative air breathing appears to be an acquired
adaptive feature which allows solely aquatic animals to withstand a transient,
stressful physiological condition. In eggs, high porosity compromises fitness by
increasing water loss, but the same process improves it by enhancing the conduc-
tance of the egg shell to respiratory gases. In the mammalian lung, while intense
subdivision of the pulmonary parenchyma provides a greater respiratory surface
area, according to the Young-Laplace relationship (P = T r™'), where P is the
recoil pressure, T surface tension, and r the radius of curvature at the air-liquid
interface, the decrease in the diameter (with the resultant increase in the surface
radius of curvature of the alveolus) engenders greater surface tension. At an
invariable recoil pressure, this increases the disposition of the alveoli to collapse
as well as the energy needed to inflate them with air during inspiration (e.g.,
Wilson 1981; Wilson and Bachofen 1982). On expiration, the alveolar surface
tension reaches a value close to zero (Schiirch et al. 1985). The design of the lung
of the shrew, e.g., Microsorex hoyi which weighs as little as 2.3g (Lasiewski
1963a,b), has been greatly improved and probably driven to the very limit of a
functionally operable mammalian lung. On the lung of the minute shrew, Weibel
(1979) pointed out that “it may well be that a limit of bioengineering feasibility
has been reached at all levels of the respiratory system”. The same may apply for
the lungs of the 2-g Cuban bee humming bird, and the Thai bumblebee bat
(Suarez 1992). To maintain extremely small sizes especially during the larval
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stages of development, endothermy, a high-cost approach to life, is out of reach of
the ectothermic air breathing vertebrates such as amphibians and reptiles. The
smallest amphibian is the arrow-poison frog, Sminthilus limbatus, which in adult-
hood measures only 11mm from nose to anus. In biological systems, through
compromises, concessionary states are established by harmonizing the compos-
ite fitness components with the limiting ones. In the fish gills, the two main
parameters that can be adjusted to increase transbranchial O, diffusion are respi-
ratory surface area and the partial pressure gradient of O,: the former can be
increased through lamellar recruitment (e.g., Booth 1978) and the latter by in-
creasing ventilatory and perfusion rates. Adjustments of these parameters leads
to what has been called osmorespiratory compromise. While improving gas ex-
change, increasing the gill surface area results in osmoregulatory problems en-
gendered by increased ionic loss and influx of water in the freshwater teleosts or
water loss and ionic loading in the marine teleosts (Perry and Laurent 1993). It
has been demonstrated by, e.g., Randall et al. (1972), Wood and Randall (1973),
and Gonzalez and McDonald (1992), that increased O, consumption is accompa-
nied by increase in Na* flux, a process that calls for increased energy expenditure.
It was envisaged by, e.g., Satchell (1984) and Nilsson (1986), that fish oblige the
osmorespiratory compromise by limiting the surface area and increasing the
partial pressure gradient of O,, a process which increases O, flux without provok-
ing problems of ionic transfer. Part et al. (1984) demonstrated nonrespiratory
areas in perfused gills of the rainbow trout, Oncorhynchus mykiss, supporting the
long-held proposition that fish are able to regulate the surface area of the gills for
the purposes of gaseous and osmotic exchange (e.g., Randall 1982; Butler and
Metcalfe 1983). To enhance gas exchange, the more energetic species of fish
appear to rely more on increasing the respiratory surface area while the less
energetic ones utilize hemodynamic adjustment (Perry and McDonald 1993). In
the rainbow trout, at rest, only 60% of the gill lamellae are perfused (Booth 1978).
During exercise, the blood perfusing the gills is shunted from the less well-
ventilated basal channels to the more central ones (Nilsson 1986). The complex
anatomy of the circulatory system of the gills where the vascular arrangement has
been differentiated into respiratory and nonrespiratory pathways (e.g., Gannon et
al. 1973; Dunel-Erb and Laurent 1980a; Butler and Metcalfe 1983; De Vries and De
Jager 1984) has been associated with the plasticity of the gills for varying the
exposure of blood to water. In the European eel, Anguilla anguilla, the volume of
the blood in the nonrespiratory vasculature of the gills comprises 5% of the total
blood volume in the body (Bennett 1988). Interestingly, though the blood of the
dogfish, Scyliorhinus canicula, like that of the other elasmobranchs, is almost
isosmotic to seawater (Burger and Bradley 1951) and hence gill perfusion does
not affect ionic flux across the water-blood barrier significantly, both kinds of
vascular circuits were reported (Metcalfe and Butler 1986). Unlike the teleosts
(Pettersson and Nilsson 1979), the gills of the dogfish, S. canicula, lack nervous
control of blood flow across the gills (Metcalfe and Butler 1984).

The existence of safety margins in biology is well shown in some physiological
processes. Oxygen regulators, for example, operate between two levels, a critical
and a limiting one. In the lugworm, Arenicola marina, the critical PO, is near air
saturation at 16kPa (Toulmond 1975) but the anaerobic processes do not start
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until the PO, drops to 6kPa (Schottler et al. 1983). Between the two levels, an
organism can maintain aerobic metabolism by rearranging and/or mobilizing
different physiological factors. In extreme circumstances, the metabolic level of
activity is reduced (Hochachka 1988). In principle, the function of a biological
system is facilitated by a structure that is correct for the settings where function
occurs. As animals establish themselves in relatively more stable environments,
adopt more successful designs and acquire more efficient behavioral, physiologi-
cal, and biochemical responses to external perturbations, flexibility for genetic
change and transformation is gradually blunted. While prokaryotic organisms
exhibit remarkable capacity to change metabolism in response to changes in
substrate and environmental conditions, cells and tissues of eukaryotic organ-
isms, particularly the higher animals, are considered less responsive since they
live in more stable environments (e.g., Golspink 1985). Whether a catastrophic
event occurs or not, in all species, the capacity to survive inevitably decays with
geological time. Schopf (1984) estimated that the average species’ longevity may
be as short as 200000 years. No vertebrate species has avoided extinction for more
than a few million years (Carroll 1988). Effective adaptive changes demand selec-
tion and refinement of only those features which are favorable in a particular
milieu. Apparently, not all features presented by an organism are intrinsically
adaptive (e.g, Futuyuma 1986): most organisms present anachronistic features.
These features may arise when a particular selective pressure drive stops mid-
stream (e.g., if an environmental stress factor abates) or if a certain structure
is diverted to configure a totally different one from that initiated. The common
perception that “biological innovations tend to appear soon after environmental
conditions become favorable to them” (e.g., Cloud 1974) is a gross oversimpli-
fication of the evolutionary process. Strictly, organisms are not passive par-
ticipants totally subservient to the drifts of the environment: they identify the
evolutionary pathways they wish to follow, set their own selective pressures,
and actively engage the environment in determining the direction, rate of
progress, and nature of change (e.g., Gillis 1991). Only the traits that require a
driving force (e.g., natural selection) to establish and impart a performance
advantage are adaptations (e.g., Baum and Larson 1991). For example, at
the various stages of their evolution, invagination, compartmentalization, and
ventilation of the gas exchangers were necessary improvements for respiratory
efficiency (e.g., Brainerd et al. 1993). In organisms that were not adequately
inventive, these requirements constituted limitations which in some cases
stopped any further evolutionary progress. Retaining the buccal force pump
and particularly the skin as a gas exchanger apparently consigned the amphibians
to water or humidic habitats. The evolution of homologous structures in
biology illustrates convergence in solutions to common problems (Gould 1966).
In the reptilian lung, to increase the respiratory surface area, the subdivision
of the lung was achieved through an inward growth of trabeculae towards the
central air space, and in the mammalian lung, the process took place by outward
projection of the alveolar septae from the bronchial system. In the latter, while an
extensive respiratory surface was achieved, an efficient costodiaphragmatic ven-
tilatory system was necessary to ventilate the more profusely compartmentalized
lung.

61



2.3 Engineering Principles in the Design of the Gas Exchangers

Biological processes are intrinsically finite in magnitude and frequency. The
boundaries within which operations occur are set by determinate physical con-
straints and regulated by evolved biological feedback mechanisms. For about 2
billion years, limitations set by diffusion firmly confined animal life to the proto-
zoan domain. This grip was loosened only when O, rose above nascent levels
and convective processes of transporting respiratory gases from the outside to the
proximity of the gas exchangers onward to the tissue cells developed. A wide
spectrum of respiratory plans, structures, and strategies based reasonably on
common engineering plans has evolved in animals. With certain modifications,
the sheet-flow (e.g., Fung and Sobin 1969; Tenney 1979; Farrell et al. 1980; Fung
1993) or tubular design (e.g., Guntheroth et al. 1982), depending on how one
visualizes the thin blood conduits, occurs in practically all evolved gas exchang-
ers, e.g., in fish (Figs. 11,49) and crustacean gills (Fig. 13) and in the reptilian

Fig. 11. Cast of the gills of a tilapiine fish, Oreochromis alcalicus grahami, showing a gill
filament artery, f, giving rise to afferent lamellar arterioles, a, which supply blood to secondary
lamellae, s. The constriction of the afferent lamellar arterioles, %, are thought to be valves which
regulate lamellar perfusion. % marginal channel; » pillar cells which subdivide the lamellar
plate into spaces through which blood percolates. Bar 5um. (Maina 1994)
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Fig. 12. Sheet blood flow pattern in a mammalian lung. Top inset The alveoli, a, separated in a
honeycomb manner by interalveolar septa. Main figure Closeup of the interalveolar septum
which is formed by two parallel epithelial cell layers, », between which the blood capillaries are
contained. Bottom inset Parallel epithelial cell layers, »-; e erythrocytes; a alveolus; x endothelial
cells. Top inset bar 21 wm; main figure, 3 um; bottom inset 3um
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Fig. 13. Sheetblood flow pattern in a gill lamellar of a crab showing epithelial cells, %, which line
the blood space, v. The high energetic demands for ionic exchange are evinced by the abundance
of mitochondria in the epithelial cells, p, and the highly amplified basal infoldings, O. —,
cuticular lining; », points where the epithelial cells closely approximate to regulate the rate of
blood flow. Bar 3.5um. (Maina 1990b)

(Fig. 14), mammalian (Fig. 12), and avian (Fig. 29) lungs. The constructional plan
comprises thin parallel epithelial cell layers which are joined by connective tissue
or pillar-like cell struts. This architectural configuration produces fine channels
through which blood flows, spreading out into an extremely thin film over an
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Fig. 14. a Semimacerated latex rubber cast of the gas exchange air spaces, s, of the lung of the
snake, the black mamba (Dendroapis polylepis) showing the blood capillary bearing septae, >,
b A completely macerated double latex cast of the gas exchange region of the snake lung
showing the sheets of septal blood capillaries, »-, which surround the air spaces, s. Inset Critical
point dried material showing a septum, », lining the air spaces. a Bar 100um; b 50 wm; insert
25um. (Maina 1989e)
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extensive respiratory surface. This appears to be the only plan which adequately
meets the structural requisites for efficient gas exchange. It provides optimal
exposure of hemoglobin to the external milieu for maximal gas transfer. The
external and internal gas exchange media are brought into as close proximity as
possible, interfacing over an extensive surface area in a highly dynamic organ.
In the human lung, about 213 cm’ of the blood in the capillaries is spread over a
respiratory surface area of 143m’ (Gehr et al. 1978; Weibel 1989), i.e., about
1.5cm’ of capillary blood per m’ generating an extremely thin film (a sheet) of
blood. While the mammalian fetal pulmonary circulation comprises less than
10% of the biventricular cardiac output, pulmonary vascular resistance is higher
than the systemic and the PO, of blood is low. Soon before birth, the blood flow
increases eight to ten times and a transition to low resistance circulation occurs
(e.g., Dawes et al. 1953; Cassin et al. 1964; West 1974; Teitel et al. 1987). These
changes appear to be influenced by the changes in the PO, in blood both in utero
and after birth, the process being mediated by changes in the K™ and Ca’"
channels in the smooth muscles of the pulmonary artery (e.g., Lewis et al. 1976;
Sheldon et al. 1978; Accurso et al. 1986; Cornfield et al. 1994). Pulmonary vascular
resistance is a product of pulmonary blood flow and the difference between the
pulmonary artery pressure (average 2kPa) and the left atrial pressure (about
0.7kPa). Even at rest, all the capillaries of the lung are perfused with plasma
within 2 min of blood leaving the heart (K6nig et al. 1993). Failure in reduction of
the pulmonary circulatory resistance after birth is a consequential clinical prob-
lem sometimes termed persistent pulmonary hypertension of the newborn and
leads to various neonatal respiratory disturbances (Heymann and Hoffman
1984). In the fish gills, blood flow is slowed down as it percolates through the
narrow vascular channels formed by the pillar cells (Fig. 15) improving O, uptake
by the erythrocytes (e.g., Hughes and Wright 1970; Soivio and Hughes 1978;
Farrell et al. 1980; Nilsson et al. 1995). While in transit, the erythrocytes are
greatly compressed (Fig. 86) and exposed to the external respiratory medium on
all sides across a thin tissue barrier. In the mammalian lung, it takes less than 1s
(West 1974; Lindstedt 1984; Swenson 1990) for the erythrocytes to pass through
the alveolar blood capillaries, a period within which the erythrocytes are fully
saturated with O, (Weibel 1984a). Because of the two-phase nature of blood, the
erythrocytes and the plasma may take different paths through the capillary net-
work (Okada et al. 1992; Konig et al. 1993) presumably depending on the resis-
tances offered across different capillary segments (Okada et al. 1992) and the
preponderance of leukocyte sequestration in the lumen of the blood capillaries
(Perlo et al. 1975; Lien et al. 1987; Hogg et al. 1988; Yoder et al. 1990). In the
skeletal muscle, 1 ml of mitochondria relates to about 14km capillary length and
0.22cm’ of capillary blood (Conley et al. 1987). At term, the human placenta
contains 45cm’ of capillary blood which is spread over an area of about 11 m’
(Aherne and Dunnill 1966), generating a film of blood 0.41 um thick. In the book
lungs of arthropods (Fig. 15), air rather than blood flows through the thin external
conduits.

The similarity in the design and construction of the gas exchangers could be
attributed to the plausibility that gas exchangers arose from a common ancient
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Fig. 15. a Book lungs of the desert scorpion, Paruroctonus mesaensis. The lamellae, x, are kept
apart by vertical struts, *. b A higher view of the lamellae, x, and vertical struts, *. a Bar 40 um;
b bar 13um. (Farley 1990)

structure, whose basic plan has developmentally been highly conserved. Alterna-
tively, as a process, gas exchange may enforced some basic, invariable structural
attributes which all organs had to meet. Biological evolution does not occur by
attrition but by parsimonious remodeling of common ancestral plans (Meyer
1988; Lauder and Liem 1989; Atchley and Hall 1991). In the ostariophysans (Order
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Siluriformes), the accessory respiratory organs of the air-breathing fish devel-
oped directly from the branchial tissue in the immediate concavities above the
gills (Hughes and Munshi 1968). In the African catfish, Clarias mossambicus,
the suprabranchial chamber membrane is-well vascularized (Fig. 66) and, where
necessary, the labyrinthine organs developed ¥s outgrowths from the gill arches
(Maina and Maloiy 1986; Fig. 65¢). Most bimodal-breathing fish have utilized
default (already existing) organs like the stomach, intestines, and the anus. Only
one siruriid, Pangasius, has evolved a gas bladder primarily for respiration
(Browman and Kramer 1985). In principle, whether at molecular, cellular, or
organismic level, when change must be made, existing structures are overhauled
and improved. Rarely do totally new structures have to develop. For example,
by evolving the appropriate enzymes, the evolution of aerobic respiration in the
eukaryotes entailed addition of the citric acid (Krebs) cycle onto the original
anaerobic (glycolytic) pathway of the anaerobic prokaryotes (Chapman and
Schopf 1983). Homologous structures (similar constructional plans enforced by
natural selection) illustrate the conservativeness of evolution. Investigating the
basis of the different aerobic capacities of the athletic and nonathletic animals,
Hoppeler et al. (1987) observed that in all species, the maximal average O, con-
sumption of the mitochondria was the same (3.4 to 4.6 ml O, min~' ml™') indepen-
dent of the aerobic capacity of the species: the greater oxidative capacity of the
athletic species was brought about by “building more mitochondria of similar
kind, rather than by modification of the metabolic rate of the mitochondria”. It is,
however, recognized that at a certain level of mitochondria-muscle fiber ratio,
further increases in the mitochondrial volume density may not only be futile but
may compromise muscle function (e.g., Pennycuick and Rezende 1984; Weibel
1985a; Hochachka 1987; Hochachka et al. 1988; Suarez 1992). Once established,
morphologic characteristics appear to be retained for indefinite periods of time
until there are imperatives for change. For example, mammalian orders have
retained a basically similar body form for 50 to 60 million years (e.g., Eldredge
and Gould 1972; Carroll 1988). Compared with the total longevity of a species,
however, changes take a much shorter period to be effected (Carroll 1988). Only
a very small proportion of the genome appears to be directed towards morpho-
logical restructuring. The amino acid sequence of 12 varied proteins differs by
only 1% between humans and chimpanzees (King and Wilson 1975).

Though argued to the contrary (e.g., Rose and Bown 1984; MacFadden 1985;
Chaline and Laurine 1986), evolutionary changes are not progressive nor are they
necessarily gradual improvements on earlier designs (e.g., Carroll 1988; Gould
1994; Kardong 1995). The apparent disparity of form between the various gas
exchangers has resulted from the singular fact that animals at different phyloge-
netic levels of development have had to respond to common selective pressures
(e.g., Murdock and Currey 1978), in such circumstances, individual solutions
being found using different strategies and resources. To a certain extent, phyloge-
netic plasticity will allow correspondent structures to develop, but in most cases,
alternative solutions are pursued. For example, long lungs (which are difficult to
ventilate) have evolved in the thin cylindrical animals such as the snakes and the
caecilians (Renous and Gasc 1989). The ventilation of such lungs is greatly hin-
dered by locomotion. In lizards, breathing has been uncoupled from locomotion
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(Carrier 1984, 1991). On the other hand, in an energy-saving strategy, bats have
adopted a 1:1 ratio between wing beat and breathing (Thomas 1987). Clearly,
what may constitute a constraint in one animal may be beneficial in another.
Amidst these shifts, some structures which may appear to be of no evident
biological value to organisms may evolve (e.g., Bock and von Wahlert 1965;
Kimura 1983; Pierce and Crawford 1997).

In biological systems, structure encompasses the qualitative and quantitative
characteristics of the constitutive components and their geometric features and
arrangements. By altering the proportions, positions, and configurations, new
polarities and states are created and different functional states are established.
The components of complex structures constitute an integrated pattern of up-
and downregulation of diverse functional capacities. For example, the arrange-
ment of the mineral crystals of CaCO; in the eggshell determines the porosity of
the shell and hence its diffusing capacity for O,, a feature which, in turn, ensures
proper development of the embryo. The permeability of the fish’s swim bladder
to gases depends on the orientation of guanine crystals in the bladder wall
(Lapennas and Schmidt-Nielsen 1977). Swim bladders of fish which operate at
depths greater than 1000m have a greater concentration of guanine per unit area
of the wall (Denton et al. 1970). The principles of homology and analogy are
fundamental to understanding the correlation between structure and function as
modified by natural selection and effected by the process of adaptation. Those
structures which undergo irreversible deconstruction become vestigial and even-
tually disappear while some may be commissioned to perform roles different
from those for which they were initially configured. Such adaptive traits were
called exaptations by Baum and Larson (1991). For example, the surfactant
evolved in the ancestral piscine lungs (e.g., Todd 1980) mainly to protect the
epithelial surface (Liem 1987a). However, with the development of the more
complex lungs in the tetrapods (where the buccal force pump was no longer
adequate to ventilate such lungs), compartmentalization of the gas exchanger was
necessary to enhance respiratory efficiency. With this modification, the surfac-
tant (Sect. 6.9), by increasing the lateral stability of the phospholipid layer
(Cochrane and Revak 1991), assumed the important role of reducing surface
tension (e.g., Wilson 1981; Golde et al. 1994). In the anaconda, Eunectes murinus,
the surfactant lining occurs in the alveolated and the succular parts of the lung
(Phleger et al. 1978). While in the protochordates the pharygeal region serves
as a filter-feeding apparatus (Sect. 6.10.1), in the chordates, with the addition
of a respiratory role, the trophic one was phased out. The complex relocation,
erosion, and eventual disintegration of some of the aortic arch blood vessels
(which serviced the gills) on the formation of the lungs, is another example of
such drastic transformations. Among vertebrates, the pulmonary arteries make
their first entry in the Dipnoi (lungfishes) as branches of the sixth pair of aortic
arches. Early in the development, the blood vessels supplied the swim bladder
which is thought to have given rise to the lungs (Sect. 6.2). Only the necessary
early structures (e.g., some of the blood vessels of the branchial arches) were
retained as the primal gill arch blood vessels were reconfigured. The degeneration
of one lung in, e.g.,, snakes (Ophidia) and the caecilians (Gymnophiona), is
thought to have been one of the sacrifices they had to make to develop thin,
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limbless, cylindrical bodies which are important for slithering through confined
spaces.

Unlike human-made machines, which are configured to carry out specified
functions, biological structures are dynamic, multifunctional, composite entities
designed to continuously absorb and respond to the fluidity of the external
pressures of natural selection. In what de Beers (1951) called mosaic evolution,
the different parts of an animal are variably affected by natural selection. Needs,
to a greater extent than phylogenetic level of development, dictate the direction,
nature, and magnitude of adaptive change. For example, the similarity of the
lung-air sac system of birds (Sect. 6.7.5) and the tracheal-air sac system of insects
(Sect. 6.6.1), animals separated by over 200 million years of evolution, indicates a
morphological convergence for flight. Furthermore, compared with the respira-
tory system of birds and that of insects, the lung of the human being at the acme
of evolutionary development is not as efficient. In the benign evolution of the
Homo sapiens, natural selection appears to have targeted the nervous and muscu-
loskeletal systems, leading to development of complex mental capacity, bipedal
locomotion, opposable thumb, articulated sound (speech), etc. In an adult human
being, the brain utilizes 25% of the overall resting O, consumption. While it
would be anticipated that these developments would impart particular specializa-
tions, especially with respect to the mechanisms and control of breathing, the
pulmonary system appears to have been disregarded during these transforma-
tions as long as it was adequate to support the ongoing changes. Except for the
Hering-Breuer reflex, which appears to be much less well developed, the human
respiratory characteristics are similar to those of all other mammals (Dejours
1990).

2.4 Scopes and Limitations in the Design and Refinement
of the Gas Exchangers

Animals are aphoristically said to be structurally and functionally well con-
structed to meet the adversities of life (e.g., Olson and Miller 1958; Frazzetta
1975). Though easily conceivable, dedicated biological engineering is not easy to
experimentally test, empirically prove, and convincingly demonstrate. This is
largely due to our anthropocentric approach and misconception that evolution-
ary change is determined and driven by the same rules (to serve the same pur-
poses) as human technological innovations (e.g., Basalla 1989). Whereas for
human insight advancement means improvement and improvement means more
sophisticated products, in nature, changes are generally highly resisted. If they
occur, they are strictly survival-oriented and are configured specifically around
the existing structures and prevailing conditions to engage known loads. Paleon-
tological studies do not support the popular belief that through the evolutionary
continuum, organismal design and function have undergone appreciable refine-
ment and complexity (e.g., Rudwick 1964; Hickman 1987; McShea 1991): the
ancient organisms were no less exquisitely designed than the modern ones. In-
deed, some ancient structures of now extinct animals seem to have dealt with
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complex problems that are unsolved in the present animals. Stipulation for origi-
nality in technical inventions is purely a property of human ambition and com-
petitiveness: evolution advances without purpose or direction, resulting in
unpredictable changes. Adaptation entails cumulative selection of innovations
that build on top of primeval ones. Mosaic evolution, i.e., selective degeneration
combined with progressive specialization, e.g., in the acoustic adaptations of
the fossorial rodents (e.g., Nevo et al. 1982; Heth et al. 1985) is an occurrence
which shows nature’s conservativeness and yet quest for optimization. It has been
suggested that human technological progress may be proceeding 10 million times
faster than natural evolution (Arthur 1997). Experiments on guppies, Poecilia
reticulata (Reznick et al. 1997), however, demonstrated that evolution can occur
very rapidly: in a 4-year observation, the rate of change of certain features was
some 10000 to 1 million times faster than the average rates estimated from fossil
record. Thompson (1911) pointed out (but see counterviews by, e.g., Cody 1974
and Howell 1983) that “biology does not necessarily make progress toward per-
fection by mechanical analysis of changes that go on in living bodies”. In nature,
even where radical changes such as mutations occur, designs are altered through
reconfiguring existing structures or enforcing new roles. Figuratively speaking,
animals appear constantly to “reinvent the wheel” (though they have yet to evolve
areal one!) as they look for the most relevant and least traumatic solutions to the
demands prevailing in their ecological settings. Future developments are not
anticipated. By combining the different assets they have gathered along the way,
new “adaptive functional complexes” of high selective value are configured, con-
ferring greater survival potential to an organism. S.A. Kauffman (cited in Ruthen
1993) asserts that “by selecting an appropriate strategy, organisms tune their
coupling to their environment to whatever value fits them best”. Comparative
biology reveals the parameters in the “primitive” life forms which have been
conserved during the evolvement of the complexity that characterizes the most
“advanced” kinds (Fishman 1983), defining in broad terms the pathways followed
and the strategies adopted in the quest for survival and self-perpetuation.
Establishment of optimum states calls for sound analysis of the alternative
strategies, evaluation of the costs incurred, the benefits which accrue, and the
difference between the level of operation with the theoretical maxima. In bats, for
example, a typical mammalian lung has been structurally and functionally refined
to supply the enormous amounts of O, needed for flight (Thomas 1987; Maina et
al. 1991); (Sect. 6.7.4.1). Unequivocally, this shows that the lung-air sac system of
birds and the tracheal-air sac system of insects, the gas exchangers which have
evolved in the only other two volant taxa, are not prerequisite respiratory designs
for flight. While the structural parameters are fixed, the functional ones are more
flexible. Bats have shrewdly utilized combinations of these parameters and pro-
moted the efficiency of a plainly inferior gas exchanger to rival and in a manner
equal that of the distinctly superior bird lung (Maina 1998). After sojourn at high
altitude (e.g., Bard et al. 1978; Heath et al. 1984; Durmowicz et al. 1993), factors
such as ventilation, hematocrit, hemoglobin concentration, erythrocyte count,
and blunted hypoxic pulmonary vasoconstrictor response change (some within
a matter of hours or days) to avoid cellular hypoxia and to correct for adverse
changes in the blood pH. The structural parameters, e.g., the thickness of the
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Fig. 16. Schematic drawing showing the resistance barriers across which O, diffuses in a water
breather and the principal structural features, namely the barrier thickness, t, and the respira-
tory surface area, s, which influence the diffusion process. The partial pressure gradient of O,
(APO,) decreases with the diffusion distance

blood-gas barrier and respiratory surface area, take months to change (e.g.,
Weibel 1984a). Whether in a water- or an air breather, O, procurement depends
on parameters such as the diffusional distance, respiratory surface area, physical
permeative properties of the respiratory barriers, and functional properties such
as ventilation and perfusion states (Fig. 16).

For optimal energy production, in organisms, gas transfer is aligned with the
metabolic needs. The correlation between an animal’s environment and its respi-
ratory needs is a very intimate one. Whereas O, need at rest is moderate, during
exercise, e.g., flight, it increases tremendously (Weis-Fogh 1967; Tucker 1972;
Thomas 1987). When exposed to a hypoxic environment, to support their normal
metabolic activities, organisms still need to extract and transfer to the tissues
the same quantity of O, as in a normoxic one. The respiratory system must be
designed with adequate flexibility to accommodate the extreme demands which
may occasionally be loaded on the organism (e.g., Maina 1998). Coordination of
external factors (i.e., those involved in the procurement) and the internal ones
(i.e., those involved in the uptake, transport, and distribution) ensures a satisfac-
tory supply of O, to the tissues. In the event of hypoxia, it is the external factors
rather than internal ones which become limiting. The high metabolic capacities,
especially in the endothermic homeotherms, were achieved through evolution of
more efficient means of O, procurement. This entailed development of features
such as double circulation, greater blood pressure, higher tissue capillarity,
higher mitochondrial volume density, and larger hemoglobin and myoglobin
concentrations.
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2.5 Optimal Designs in Biology and Gas Exchangers in Particular

2.5.1 Symmorphosis: the Debate

Form and function are inextricably interrelated. Indeed, it is axiomatic that ani-
mals should be constructed reasonably in order to be able to efficiently carry out
the essential activities of life. The perception of a form-function correlation
alludes to some advantages for the animals that possess the attribute (Gans 1988).
Vogel and Wainright (1969) put it that “function without structure is a ghost;
structure without function is a corpse” and Trivers (1985) bluntly stated that
“organisms are designed to do something”. The concept of optimal design of
biological structures is based on the recognition that natural selection continu-
ously regulates every aspect of structure and function. Though perceptively
simple to conceive, the actual manner in which structure and function actuate
each other is not that simple to read. This is particularly well known from the
disappointing attempts to conceive form from phylogenetic reconstruction based
on fossils (e.g., Cutler 1995). A correlation between structure and function can
only be meaningfully made if both structure and function are simultaneously
observed and quantified.

Based on their “firm belief that animals are built reasonably” and their confi-
dence that “structural design is optimized for the role it plays”, the rationale of
structure-function interdependence for adept performance of the lung was
formulated by Taylor and Weibel (1981) and Taylor et al. (1987b) and termed
symmorphosis. Symmorphosis was defined as a state of structural design com-
mensurate to functional needs resulting from regulated morphogenensis,
whereby the formation of structural elements is regulated to satisfy but not
exceed the requirements of the functional system. Direct morphological and
physiological data on the mammalian lung and the skeletal muscle mitochondria,
the primary O, sink, were adduced to show that the gas exchanger was reasonably
well constructed to meet the metabolic needs. However, scaling the morphomet-
ric diffusing capacity (DLo,m) and maximum O, consumption (VO,,,,,) with body
mass indicated a paradox (Gehr et al. 1981; Weibel et al. 1983; Weibel 1989):
VO,,,.x and DLo,m scaled differently with body mass - VO,,,,, with a scaling factor
(mass exponent b) of 0.8 and DLo,m with that of unity. This suggested that large
animals have a DLo,m far in excess of their metabolic requirements and called in
question the validity of what was initially conceived to be an encompassing
concept (Taylor et al. 1987b; Weibel et al. 1991). Considering these observations,
Taylor et al. (1987b) concluded that the principle of symmorphosis is only par-
tially satisfied in the lung. This departure from the expected perhaps serves as
a timely reminder of the intrinsic complexities of the biological systems. Such
entities are multidimensionally regulated and when integrated, singular normally
inconsequential events are greatly accentuated. Mathematical models with their
intrinsic assumptions cannot possibly inclusively describe the arrangements and
define the capacities of such complex matter. In complete departure from the
Newtonian predictability in physical sciences, the cause and event interactions in
complex systems are not necessarily linear and the output may not be anticipated.
In fact, the predictive power in the physical sciences is only good for simple and
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single events operating under very narrow circumstances. Where multiple and
possibly conflicting parameters interact and compromises and trade-offs
permutate in space and time with unpredictable probability, except for within
very broad limits, there may not be a single best solution to a problem. Maynard-
Smith (1968) observed that “we rarely know enough about laws governing the
components of biological systems to be able to write down the appropriate equa-
tion with any confidence”. Wilkie (1977) pointed out that “biological systems are
to some degree mixed regimes whose behavior is affected by physical quantities
other than those assumed to be dominant”. Compared with the physical struc-
tures, biological structures are complex and possess intrinsic hierarchical strati-
fications with certain resolutely restricting boundary conditions (Bartholomew
1982a; Brown 1994). Living entities are more difficult to conceive mentally while
physical ones are generally simple enough to be adequately expressed in math-
ematical terms. Despite the limitations of applications in biology, mathematical
reasoning is fundamental in defining the logical consequences of a situation at
intellectual depths and expressing and understanding what is theoretically con-
templated or observed.

Symmorphosis is not a totally new concept. Actually, the idea is as old as
science itself: the great Greek philosopher Aristotle (3 B.c.) observed that ‘nature
does nothing to no purpose”. The concept of symmorphosis corresponds with the
theory of optimality (e.g., Rosen 1967; Maynard-Smith 1978; Alexander 1982b;
1996; Kramer 1987) and the principle of minimum work (e.g., Murry 1926;
Mandelbrot 1983; Rossitti and Léfgren 1993a) which contend that, operating on
finite resources, self-regulating systems strive to optimize their operations.
Through cost-benefit trade-offs, some factors are subordinated while others are
augmented as an optimal match between structural design and functional perfor-
mance is established (e.g., Dullemeijer 1974; Wainright et al. 1976; Barel et al.
1989; Barel 1993). Remarking on the variability of the thermostability of proteins,
an observation which may apply to all levels of biology, Wedler (1987) observed
that “there is no single or universal mechanism (in nature) ... it appears that
nature has utilized every imaginable means, in different combinations, to achieve
the same end”. Evolution by natural selection is a continuous process of cultivat-
ing optimization: ways and means of enhancing fitness are aggressively pursued.
Of all forms of life which have evolved during the about 4 billion years life has
existed on Earth, about 99.99% are now extinct (e.g., Pough et al. 1989). Extant
organisms represent a very narrow range of the designs which have developed
during the long period of trial-and-error evolutionary experimentation and even
less of the infinite theoretical possibilities. The history of life occurs in form of a
complex, sporadic pattern of past evolutionary expansions and contractions as
assemblages of organisms in a particular time frame respond to the prevailing
conditions (Gans 1988): useful functions are intensified and improved while the
less beneficial ones are relegated or even eliminated. For instance, the evolution of
the complex, more efficient tetrapod lung entailed suppression and eventual
elimination of the hydrostatic role of the ancestral piscine lung (Joss et al. 1991),
creating a favorable situation for transition from aquatic to terrestrial life (Liem
1987a).
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The structures which comprise the gas exchange pathway, namely the lung,
heart, blood vessels, and mitochondria, have determinate functional capacities
(Weibel 1984a, 1987). Pulmonary design is coadjusted with functional needs
to supply O, at rates consonant with prevailing demands. Since animals have
a definable capacity to bear natural loads (be they from within or without),
overdesign and redundancy of biological systems is costly and untenable. An
optimum structural design is one which requires the least metabolic (energetic)
cost to work and sustain (e.g., Thompson 1959; Rosen 1967). Such a design may
operate at an optimum level, though it may not necessarily be optimally adapted.
While endeavoring to optimize their operations, biological systems appear never
actually to attain an optimum condition (e.g., Gans 1983; Lindstedt and Jones
1988). Optimization is a process which appears to be continuously aspired for.
There are, however, assertions that such states exist. For example, in their geom-
etry, the cerebral arteries (Rossitti and Lofgren 1993b) and the medium pulmo-
nary airways (Hammersley and Olson 1992) are thought to be optimized in
respect to the ratio respectively between blood/air flow and blood vessel/airway
radius minimizing resistance. Intuitively, a definitive optimal state should never
be consummated. Considering the dynamical nature of environments and the
plasticity of biological systems, optimum states cannot possibly be satisfied. As a
matter of fact, it would be imprudent to achieve such a condition since an
organism’s capacity to respond to further changes would be undermined. Joyce
(1997) asserts that “evolutionary search is a parellel process in which every indi-
vidual in a population has an opportunity to give rise to novel variants with
increased fitness”: this is thought necessary in order to minimize the real possibil-
ity of the population “getting trapped in an evolutionary blind alley from which
further improvements in the fitness are precluded”. In constant pursuit of optimi-
zation, the best level of “workmanship” possible under certain constraints and
opportunities is established, affording the best level of fitness. In this context,
Gans (1983) and Lindstedt and Jones (1988) define optimization as “the best level
of improvement possible under the evolutionary circumstances”. Williston’s law,
which asserts that serially repeated structures are reduced to fewer sets of undif-
ferentiated organs, illustrates an evolutionary process of optimization where
through a rigorous process of trial and error superfluous features are pruned,
leaving the bare essentials for life. The quest for optimization is a universal
process which encompasses all self-organizing structures. Howell (1983) pointed
out that “optimization does not belong exclusively to biologists, but to any disci-
pline where the subject has some effect on fitness”.

As a philosophical definition of the correlation between structure and function
in the design of biological systems, the concept of symmorphosis is heuristically
useful and as a working hypothesis implicitly valuable. It constitutes a useful tool
for bridging the different disciplines of biology. The breakdown of the concept
at some levels and in certain cases (e.g., Gehr et al. 1981; Weibel et al. 1983) is a
clear manifestation of the vicissitudes of evolution. Paradigms of pulmonary
structural-functional reciprocity occur in the nonmammalian gas exchangers but
refinements to the extent envisaged in the dictum of symmorphosis cannot be
proved owing to paucity of data. Birds, in particular, exhibit remarkable species-
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specific variations in the degrees of pulmonary structural refinements. The lungs
of the nonflying species, e.g., the domestic fowl, Gallus gallus variant domesticus
(Abdalla et al. 1982), emu Dromaius novaehollandiae (Maina and King 1989), and
the penguin, Spheniscus humboldti (Maina and King 1987), have subordinate
parameters compared with those of the more energetic ones, e.g., the
passeriforms (Maina 1984) and the hummingbirds (Dubach 1981) (Sect. 6.7.5).
Bats, the only volant mammals (Thewissen and Babcock 1992), have remarkably
highly specialized lungs (Maina et al. 1982a; Maina et al. 1991) which enable them
to provide the large amounts of O, needed for flight. Natural selection does not
seek efficiency for its own sake but only in so far as it can improve fitness for
survival and ensure self-perpetuation. Interestingly, in the construction of animal
bodies, gravity has spared the very small. The structural integrity of a body which
takes a jump from a height of 10 m is not threatened until the animal attains a size
of a puppy or is larger (Went 1968). Interspecific deviations of the aspects which
are envisaged to constitute safety factors, redundancies, or limitations exist:
they may explain why different biological systems manifest different physiologi-
cal threshold pressures.

2.5.2 The Operative Strategies for Optimization in the Gas Exchangers

The erythrocytes are packages which are said to provide an optimum environ-
ment for the function of the hemoglobin (Horvath and Borgia 1984). They present
an excellent example of the “multiple tradeoffs” or “shared adaptive effort” as
termed by Taylor et al. (1987b) of the morphohological, physiological, and bio-
chemical processes involved in enhancing O, uptake and transfer (e.g., Edsall
1972). In vertebrates, the hemoglobin concentration of about 5mM is close to the
saturation mark (e.g., Riggs 1976). Acclimatization to hypoxia, e.g., at high alti-
tude (Petchow et al. 1977; Wood and Lenfant 1979), and increase in aerobic
capacity (Carpenter 1975; Balasch et al. 1976) are largely accompanied by an
increase in the hemoglobin concentration so as to increase the O, carrying capac-
ity of blood. In an exercising horse and steer, as O, consumption increases,
circulating hemoglobin concentration rises, thereby enhancing the delivery of O,
to the tissues through the circulatory system (Jones et al. 1989). While compared
with the little auk, Plautus alle, the Arctic tern, Stema paradisaea has a lower
hematocrit due to smaller red blood cells and hence a lower total repiratory
surface area of the RBCs, the hemoglobin content per unit area of the RBCs in the
two species is similar (Kostelecka-Mycha 1987). Upward regulation of the hema-
tocrit (Hct) in particular serves a useful purpose only up to a certain point, when
the returns start to diminish. The flow of blood is exponentially related to the
blood viscosity, which in turn relates with the hematocrit. Change in the blood
0, carrying capacity through increase in the Hct contracts extra cost of pumping
work on the heart muscle. With a Hct of 65%, the blood viscosity of the elephant
seals is three times that of the rabbit, which has a Hct of 35% (Hedrick and
Duffield 1986). Birds with higher Hct such as the pigeon (Hct = 52%) adaptively
have low plasma protein concentration in blood to maintain the viscosity of blood
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at a level similar to that of the birds with lower Hct, e.g., 32% in the domestic fowl
(Viscor et al. 1984). There are diverse adaptations involved in optimizing gas
exchange in blood. While the hemoglobin-hematocrit-blood viscosity intercourse
appears to suggest an exhaustive process of refinement (e.g., Clarke and Nicol
1993), other evolved innovations continue to be discovered. For example, during
hypoxia and/or hypercarbia, fish erythrocytes swell, resulting in intracytoplasmic
dilution of the hemoglobin and nucleoside triphosphates, increasing the O, affin-
ity (Lykkebone and Weber 1978). The rheology of the erythrocytes (Merriil 1969;
Schmid-Schénbein 1975) and the hemodynamics of the blood flow in the blood
capillaries can improve the delivery of O, to the tissues (Zander and Schmid-
Schonbein 1973; Kon et al. 1983; Nilsson et al. 1995). This mainly occurs through
diminution of the diffusion boundary layer of blood plasma around the erythro-
cytes and possible intracellular physical agitation of the hemoglobin molecules
(Skalak and Branemark 1969; Secomb 1991; Maeda and Shiga 1994). The nucle-
ated erythrocytes, e.g., those of birds, are more resistant to shear deformation
than the nonnucleated mammalian ones (Gaehtgens et al. 1981; Nikinmaa and
Huestis 1984; Nikinmaa 1990). The shear modulus of the membrane of the nucle-
ated erythrocytes, which have a better-developed cytoskeletal system, is 5 to 15
times higher than that of the nonnucleated mammalian erythrocytes (Waugh and
Evans 1976; Chien 1985). Decreased deformability causes the erythrocytes to be
trapped in organs like the spleen, lung, and liver (Groom 1987; Simchon et al.
1987), reducing the microcirculatory blood flow in the tissues. Although experi-
mentally more resistant to deformation than the nonnucleated erythrocytes, the
nucleated erythrocytes are more deformed as they pass the blood capillaries (e.g.,
Chien et al. 1971; Akester 1974). Despite having a diameter 30% greater than the
human erythrocytes, the fish erythrocytes are as deformable as the human ones
(Hughes et al. 1982; Hughes and Kikuchi 1984). Deformation of the erythrocytes
reduces the apparent viscosity of the blood (Chien 1970) and provokes convective
mixing of blood (Bloch 1962). Contrary to anticipation, the size of the erythro-
cytes in mammals does not affect the lung diffusing capacity for O, (Betticher et
al. 1991): small erythrocytes have a greater surface-to-volume ratio, thinner
plasma boundary layer (Vandegriff and Olson 1984), and shorter intracellular
diffusion distance (Yamaguchi et al. 1988), factors which would be expected to
favor O, transfer. However, since a sphere is not deformable unless it is squeezed,
the less spherical an erythrocyte, the more malleable it is without changing the
surface area. Betticher et al. (1991), conceptualized that as the small erythrocytes
are more spherical, the plasma around them is less well mixed than in larger cells,
thus decreasing O, transfer into the cell. The elephant seals are thought to in-
crease O, storage at the expense of aerobic scope which results from viscosity-
limited perfusion efficiency (Hedrick and Duffield 1986). The normal hemoglobin
concentration of 150 g/l of the mammalian blood is the value at which maximum
amount of O, (210cm?), equivalent to the relative atmospheric concentration of
the gas (Davenport 1974), is transported with least circulatory work (Schmidt-
Nielsen 1984). Adaptive increase in the hemoglobin concentration at high altitude
and in small animals such as shrews (Ulrich and Bartels 1963) and bats (Jiirgens
et al. 1981), values which may respectively be as high as 170 and 244 g of hemoglo-
bin per 1 may set the operational limit to which hemoglobin and hematocrit levels
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may be usefully applied to improve respiratory efficiency. In the tracheolar sys-
tem of insects (Sect. 6.6.1), the mean free path of O, molecules in air (i.e., the
average distance a molecule travels in air before colliding with another) which is
about 0.008 um (Pickard 1974) sets the limit of the smallest tracheolar diameter.
Due to the remarkable variability and functional lability of the respiratory pig-
ment system (Sect. 2.8), among the evolved sections of the integrated gas ex-
change system, the respiratory pigments appear to be the most recent addition
and hence the least conserved parts. As opined by Jones (1972), the more ancient
factors such as the morphological features of the gas exchanger and the vascular
system, which are less flexible, would to a greater extent constitute limiting
factors in respiration.

Metabolically, animals operate at two extremes, a steady-state resting condi-
tion and under maximal stres