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ABSTRACT

Large-scale climate oscillations in earth’s history have influ-
enced the directions of evolution, last but not least, through
mass extinction events. This analysis tries to identify some uni-
fying forces behind the course of evolution that favored an
increase in organismic complexity and performance, paralleled
by an increase in energy turnover, and finally led to endothermy.
The analysis builds on the recent concept of oxygen-limited
thermal tolerance and on the hypothesis that unifying principles
exist in the temperature-dependent biochemical design of the
eukaryotic cell in animals. The comparison of extant water-
breathing and air-breathing animal species from various cli-
mates provides a cause-and-effect understanding of the trade-
offs and constraints in thermal adaptation and their energetic
consequences. It is hypothesized that the high costs of func-
tional adaptation to fluctuating temperatures, especially in the
cold (cold eurythermy), cause an increase in energy turnover
and, at the same time, mobility and agility. These costs are
associated with elevated mitochondrial capacities at minimized
levels of activation enthalpies for proton leakage. Cold eury-
thermy is seen as a precondition for the survival of evolutionary
crises elicited by repeated cooling events during extreme climate
fluctuations. The costs of cold eurythermy appear as the single
most important reason why metazoan evolution led to life
forms with high energy turnover. They also explain why di-
nosaurs were able to live in subpolar climates. Finally, they give
insight into the pathways, benefits, and trade-offs involved in
the evolution of constant, elevated body temperature main-
tained by endothermy. Eurythermy, which encompasses cold
tolerance, is thus hypothesized to be the “missing link” between
ectothermy and endothermy. Body temperatures between 32°
and 42°C in mammals and birds then result from trade-offs
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between the limiting capacities of ventilation and circulation
and the evolutionary trend to maximize performance at the
warm end of the thermal tolerance window.

Introduction

Evolution has generated highly complex animal life that spe-
cializes in limited temperature ranges between polar cold and
the upper limits of permanent heat tolerance, currently esti-
mated to be 45°-47°C for all metazoans (Schmidt-Nielsen
1997). During adaptation to various climates, optimization of
physiological and biochemical function has occurred depending
on body temperatures. This is evident especially in the complex
pattern of cold adaptation in Antarctic water breathers, which
contrasts with the patterns found in tropical species with con-
stantly high body temperatures and also in mammals and birds.
Body temperatures in all ectotherms, including Antarctic fish
and invertebrates, passively follow ambient values, whereas
body temperatures in mammals and birds are maintained above
ambient temperature by use of endothermy, the endogenous
generation of heat, combined with endogenous temperature
regulation and adequate insulation.

Key questions are how and why during metazoan evolution
the heat production machinery emerged and why endotherms
chose a permanent body temperature in the upper range of,
and especially in the case of birds, close to, metazoan heat limits
rather than at intermediate values. According to Ruben (1995,
p- 72), “there is no compelling reason to regard lower body
temperature as physiologically inferior or primitive.” Cooper
(2002) also concluded that the advantages are unclear for
choosing 37°C in man but variable body temperatures of 32°-
42°C between marsupials, mammals, and birds. In this context,
the principal physiological reasons need to be identified that
cause animals to undergo thermal specialization on evolution-
ary timescales. From a more general point of view, the question
arises, do unifying evolutionary principles and forces exist that
involve temperature and its oscillations and that shaped all
metazoan evolution and finally the evolution of endothermy?
Since endothermy involves high energy turnover, the potential
role of temperature in the general evolutionary trend toward
the generation of high energy turnover and then endothermic
life forms needs to be elaborated. Such an understanding may
help explain the role of energy turnover in determining and
limiting temperature-dependent geographical distribution of
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ectothermic species and populations. It may also help explain
similarities and differences between ectotherms and endo-
therms and finally explain the transition between the two.

Trade-offs and constraints in the thermal adaptation of cel-
lular, tissue, and organismic functions become visible when
ectotherms are compared that are specialized in various tem-
perature regimes in different climates. On a global scale, the
marine realm offers clearly defined thermal niches and thus an
ideal basis for such comparisons. Such studies, ideally carried
out in closely related species or populations of one species in
a latitudinal cline, have recently contributed to an understand-
ing of the physiological principles of thermal tolerance windows
and the key mechanisms of thermal adaptation and limitation.
From a wider perspective, there is evidence that such principles
are similar across animal phyla (Portner 2001, 20024, 2002b,
2002c¢).

The available physiological evidence indicates that maintain-
ing performance and thus survival in the cold represents a more
severe challenge to animal life than securing performance in
the warm. This conclusion is in line with ecological and pa-
leontological findings. In earth history, not all species were able
to undergo cold adaptation to survive periods of global cooling.
Huge climate oscillations, especially cooling events in earth
history, likely have contributed to mass extinction events (Stan-
ley 1987). For example, decreasing winter temperatures by
about 4°C with summer temperatures remaining constant was
associated with mass extinctions of marine invertebrates at the
Eocene-Oligocene boundary (Ivany et al. 2000). Furthermore,
the current decrease in biodiversity of marine macrofauna to-
ward high Northern latitudes (Roy et al. 1998) may be due to
the limited capacity of species to adapt to low but unstable
temperatures.

Unifying design principles in higher animals include func-
tional cell and tissue differentiation. Energy is produced aerobi-
cally. Body fluid circulation is used for oxygen and nutrient
transport. Nervous control supports functional integration of
various tissues into the whole organism. On evolutionary time-
scales, the accumulation of atmospheric oxygen is seen to be
correlated with the wider use of aerobic metabolism and the
consecutive gain in organismic complexity. Eukaryotes evolved
when oxygen levels were close to 1% of current levels; multi-
cellular organisms arose when oxygen increased beyond 7%
(Cloud 1988). Rapid metazoan radiation set in at the end of
complete global glaciation (Hoffman et al. 1998), when oxygen
levels continued to increase beyond 10% of the current level.
These levels allowed organisms to grow larger and more com-
plex due to enhanced oxygen supply, first via diffusion and
then via ventilatory and circulatory mechanisms. However, en-
hanced organismic complexity of animals, as a precondition
for an increase in performance and mobility, may have occurred
at the expense of a quantum increment in thermal sensitivity
(Portner 2002a). A simple comparison illustrates this conclu-
sion: in general, temperatures higher than 47°C are tolerated

only temporarily by the complex metazoans (Schmidt-Nielsen
1997), whereas more simple eukaryotes such as fungi or algae
still grow at temperatures of about 55°-60°C (Tansey and Brock
1972). Bacteria are even simpler and thrive continuously at
temperatures higher than 90°C.

Thermal Tolerance and Metabolic Design: The Conceptual
Framework

The goal of this study is to specify unifying forces behind the
course of animal evolution that may have favored an increase
in organismic complexity and performance, paralleled by an
increase in energy turnover, and finally, transition to endother-
my in mammals and birds. Recent insight that thermal toler-
ance windows are set by the limited capacity of oxygen supply
mechanisms, as a unifying principle across animal phyla, is
important in this context (Portner 2001, 2002a). Where whole
animal thermal tolerance windows are found on the temper-
ature scale and how wide these windows are, is ultimately de-
termined by temperature-dependent trade-offs in molecular
and cellular design, in the design of metabolic pathways, and
in individual tissue functioning. All of these integrate into the
functional properties of the whole organism. The biochemical
traits addressed are common properties of all eukaryotes as
they relate to primary metabolism and energy-dependent func-
tions, as well as their whole organism implications. These func-
tions include the glycolytic pathway, mitochondrial functions
such as respiratory chain and Krebs cycle, as well as interactions
of membrane-bound and metabolic processes. At the organ-
ismic level, the thermal responses of such fundamental bio-
chemical mechanisms contribute to defining performance lev-
els, thereby modulating mode of life and behavioral traits
(Portner 2002¢). The respective molecular and cellular prin-
ciples are unifying in similar ways as those relating to allometric
relationships (Schmidt-Nielsen 1984; Hochachka et al. 1988)
or to the energetics of exercise capacity (Lindstedt et al. 1998;
Portner 20025, 2002¢). Overall, the respective insights are in
line with the general hypothesis that ambient temperature and
oxygen levels set the main border conditions of animal
evolution.

Based on the unifying character of these principles, this study,
with adequate precaution and as a second step, extrapolates a
nontaxonomic conceptual approach. Comparisons across phyla
and genera are needed to elaborate the quantum leaps in the
evolution of life forms with high energy turnover and, finally,
endothermy (Fig. 4). The main reasons are that the full scope
of such changes and the environmental situations behind them
do not become visible within individual genera. Therefore, test-
ing the hypothesis developed in this article is difficult because
the groups to be studied are extinct and all physiological studies
of extant groups would be biased by their recent evolutionary
history and ecology. Accordingly, the energetic pathways lead-
ing to the evolution of endothermy are not fully accessible from
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comparisons of closely related extant species. However, the
ataxonomic approach applied does not neglect the existence of
evolutionary constraints, meaning that the phylogenetic posi-
tion and associated physiological or morphological design fea-
tures and constraints of species, families, or phyla may con-
tribute to limit the thermal adaptation capacity at the
organismic (highest complexity) level. For example, high mag-
nesium levels in the hemolymph of reptant decapod crustaceans
and their effect on neuromuscular function are interpreted to
limit the cold adaptation capacity of this group and to exclude
it from permanently cold waters (<0°C) of the Antarctic (Fred-
erich et al. 2001). Among endotherms, for example, phyloge-
netic constraints may be involved in determining the body
temperatures in birds versus mammals (P6rtner 2002a).

In conclusion, building on the general validity of oxygen-
limited thermal tolerance for animal aerobes, an understanding
of temperature-dependent trade-offs and constraints in molec-
ular, cellular, and tissue design and in their functional capacities
might reveal the unifying forces and mechanistic patterns of
climate (temperature)-dependent evolution of animal life. These
forces and mechanisms may have finally and repeatedly led to
the evolution of endothermy. An approach such as this also
supports a mechanistic understanding of optimality models used
to elaborate the benefits of thermal specialists versus generalists
(Gilchrist 1995) and also of the general trade-offs involved in
thermal adaptation (Huey and Kingsolver 1993).

Thermal Tolerance Limits and Aerobic Scope

The concept of oxygen-limited thermal tolerance is briefly sum-
marized and updated here from previous reviews (see Portner
et al. 2000; Portner 2001, 20024, 2002¢ for details and further
references). According to this concept, the earliest limits of
thermal tolerance are set at the highest level of organizational
complexity, that is, the functional coordination of organismic
components toward the larger unit. In fact, low and high ends
of thermal tolerance windows are set by capacity limits of cir-
culatory and ventilatory tissues to provide sufficient oxygen to
the organism. The temperature-dependent capacities of these
and other tissues are related to the capacities of underlying
cellular and molecular functions. This integration is reflected
in the symmorphosis principle, which was originally developed
for the respiratory system of mammals (Taylor and Weibel
1981). This principle says that excess capacities of individual
components contributing to the functional capacity of the
whole system are avoided. Accordingly, the symmorphosis prin-
ciple supports an understanding of the evolutionary trend to
adjust the functional design of an animal to ambient oxygen
limits. Transferring this insight to thermal physiology suggested
that the overall capacity of oxygen supply and delivery (ven-
tilation and circulation) is set to be optimal only within the
window of thermal tolerance. Only within this window, ade-
quate functional scope as set by the scope for aerobic metab-

olism is available to cover extra costs such as motor activity,
feeding, digestion, and growth on top of those of maintenance.
Beyond the limits of long-term thermal tolerance, cold as well
as heat tolerance is restricted by a progressively rising mismatch
between oxygen supply and demand, which is progressively lim-
iting aerobic scope. The respective findings in water-breathing
and air-breathing ectotherms also appear applicable to mammals.
For example, aerobic fitness in humans is beneficial for tolerat-
ing higher body core temperatures at exhaustion (Selkirk and
McLellan 2001). In the rat, progressive circulatory failure in the
cold below 20°C leads to progressive energy deficiency and el-
evated lactate levels (Jourdan et al. 1989).

These conclusions appear to conflict with others that have
frequently assumed a specific role of the nervous tissue in ther-
mal tolerance. Recent findings suggest, however, that the ner-
vous system is not a prime component in limiting thermal
tolerance, but is involved only through its functional integration
into the control of circulatory and ventilatory capacities. In
support of this conclusion, capacity limitations in oxygen sup-
ply become visible before nervous breakdown or coma in snails
(Sokolova and Portner 2003). Even in one of the master ex-
amples of (mammalian) heat tolerance, the African oryx an-
telope (Oryx gazella), recent findings (Maloney et al. 2001;
Mitchell et al. 2002) question the long-standing assumption
that the carotid rete is needed to protect the brain by cooling
to below body temperature. In the light of the symmorphosis
principle, selective brain cooling may just balance excess heat
production by the brain so that, on average, similar temper-
atures result in brain and body. From a more general point of
view, temperature-dependent adjustments of the aerobic meta-
bolic machinery as well as of energy-consuming functions are
found in several organs, arguing against tissue-specific limita-
tions. These adjustments rather indicate general cellular trade-
offs in setting the functional capacity of tissues and organism to
the required thermal tolerance window. This interpretation is
in line with the suggested whole organism sensitivity to tem-
perature extremes set at the highest complexity levels.

In conclusion, availability of aerobic scope for performance
is limited to a specific temperature window. Beyond the limits
of aerobic scope, survival of thermal extremes is more and more
by passive endurance. Passive survival is supported by lowering
energy demands through metabolic depression and by the use
of anaerobic metabolism to compensate for temperature-
induced hypoxia. Survival of extremes also includes cellular
and molecular anti-stress protection by antioxidative defense
or heat shock proteins. The use of the heat shock response may
in fact be restricted to organisms experiencing temperature
extremes (Portner 2002a). Recent findings by Zakhartsev et al.
(20044) emphasize that the heat shock response is likely not
involved within or at the borders of the thermal window of
aerobic scope of cod, Gadus morhua. The absence of the heat
shock response in Antarctic notothenioid fish (Hofmann et al.
2000) also suggests that this response may be more important
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in eurytherms adapted to tolerate extremes and possibly in
endotherms (King et al. 2002) and less relevant in stenotherms
such as Antarctic fish.

It should be noted that various animal groups with different
levels of energy turnover (e.g., birds, mammals, and reptiles)
survive up to similar thermal maxima, although they display
largely different functional capacities. This apparent contradic-
tion is alleviated when it is considered that, at the same body
size, oxygen demand as set by lifestyle requirements, climate,
and endothermy is correlated with the efficiency of gas
exchange via gill or lung on the one hand, and with circulatory
capacity on the other hand. Design limits then set the maximum
available body temperature. Two examples illustrate these re-
lationships: First, the reptilian lung operates at a rather low
level of efficiency. Reptiles, however, due to their lower met-
abolic rate, reach oxygen limits at the same or even higher
temperatures than mammals and birds. Second, gas exchange
efficiency is higher in the bird lung than in the mammalian
lung. This phylogenetic benefit allows birds to reach higher
body temperatures than mammals, despite higher metabolic
rates seen, on average, in birds.

Setting Widths and Locations of Thermal Windows

Within the conceptual framework summarized here, recent
comparisons of marine ectothermal animals, among them
closely related species or their populations from various cli-
mates and latitudes, suggested that adaptation to (1) ambient
temperature means, (2) various widths of ambient temperature
windows, and especially (3) narrow versus wide thermal win-
dows in the cold are associated with specific cellular design
features and their energetic consequences (see Portner et al.
2000; Portner 2001, 20024, 2002¢ for details and further ref-
erences). The narrowest thermal tolerance windows are found
in cold-adapted Antarctic ectotherms at low resting or standard
metabolic rates (SMRs). In general, these low SMRs correlate
with reduced aerobic scopes for exercise, which go hand in
hand with reduced capacities of ventilation and circulation.
Consequently, flexibility to respond to ambient-temperature
fluctuations is reduced such that narrow windows of thermal
tolerance result. In contrast, elevated SMRs are observed in
cold-adapted populations of subarctic eurythermal animals.
They need to tolerate large diurnal and seasonal temperature
fluctuations and possess wide windows of tolerance to begin
with, as well as the capacity to shift the window, that is, both
upper and lower tolerance limits in accordance with seasonal
temperature fluctuations. High SMRs found in cold-adapted
and cold-acclimated eurytherms extend to enhanced capacities
of ventilation and circulation as a precondition for widened
windows of thermal tolerance, and as a consequence, they sup-
port cold-compensated metabolic scopes and activity levels.
At thermal extremes on both sides of the thermal tolerance
window, shortage of organismic aerobic capacity occurs and

may need to be alleviated during thermal adaptation. During
adaptation or acclimation to cold, this shortage is compensated
for at the cellular level by mitochondrial proliferation as well
as molecular and membrane adjustments, which secure tissue
function. These mechanisms have been documented predom-
inantly in muscle and more recently in brain (of Antarctic fish;
Kawall et al. 2002) and are, depending on energy demand, likely
expressed to various degrees in all tissues. Muscles include those
responsible for ventilation and circulation; muscular capacity
adjustments within organismic performance should also in-
volve their nervous integration. As a trade-off in cold adap-
tation, mitochondria may absorb a large fraction of available
oxygen once at the warm end of the thermal window. This
oxygen demand, as it approaches the capacity of oxygen supply
and leads to a loss in aerobic scope, contributes to a reduction
of upper thermal limits. The change in mitochondrial densities
(and capacities) thus mirrors the unidirectional shift in upper
and lower thermal limits. However, this picture is overly sim-
plistic since the width of the thermal window may also change
during thermal adaptation, on seasonal or even evolutionary
timescales, leading to eurythermal and stenothermal life forms
with different metabolic characteristics.

1. Metabolic Capacities and Mitochondrial Functions in Cold-
Adapted Stenotherms and Eurytherms. One basic insight is that
for two species with the same moderate performance level, the
one with the colder body temperature needs more mitochon-
dria and/or more mitochondrial enzymes for the same aerobic
and thus functional capacity. Higher than moderate perfor-
mance levels, however, are not reached in the cold. Compared
with other vertebrates, aerobic design in terms of mitochondrial
densities appears maximized in (pelagic) stenothermal Antarc-
tic fish. On the one hand, cellular space constraints limit mi-
tochondrial densities (Lindstedt et al. 1998). On the other hand,
high mitochondrial densities should limit the functional scope
of oxygen supply by reducing the space available for contractile
fibers and, thereby, for maximum muscular force per unit mus-
cular mass.

In polar stenotherms, SMR is minimized despite maximum
mitochondrial densities. The reduction in SMR is linked to
minimized (ATP) synthesis capacities of mitochondria (Fig. 1;
Johnston et al. 1998) and, in parallel, to minimized mitochon-
drial proton leakage rates (Portner et al. 1998, 1999; Hardewig
et al. 1999). Proton leakage elicits the futile cycling of metabolic
pathways and the baseline respiratory idling of mitochondria
but does not involve ATP turnover. The key function of this
process is seen in maintaining kinetic balance between ATP
production pathways and ATP consumption capacities as a
kinetic precondition for a rapid rise in energy turnover (Brand
et al. 1994; Krauss et al. 2002). H" leakage thus not only reflects
metabolic costs associated with mitochondrial maintenance
and, finally, cold adaptation (Portner et al. 1998), but also the
costs associated with maintaining the functional capacity of
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Figure 1. Mitochondrial ATP synthesis capacities (measured as state 3
respiration rates) in stenothermal and eurythermal ectotherms (mod-
ified from Portner et al. [2000]). A, State 3 respiration rates at various
temperatures of isolated mitochondria from red musculature of Ant-

tissues and their mitochondria. Mitochondrial proton leakage
comprises a large fraction of SMRs; accordingly, low leakage
rates and thus low SMRs indicate that Antarctic stenotherms
escaped from the costs of cold tolerance. As a trade-off, how-
ever, the flexibility to enhance oxygen consumption is reduced.
Maximum aerobic metabolic rates of cold-adapted steno-
therms, which depend on the level of standard metabolism,
remain far below those reached in warm-adapted species.
The reduction in metabolic flux in Antarctic stenotherms, de-
spite enhanced mitochondrial densities, was suggested to be
brought about by setting kinetic barriers high through a rise in
activation enthalpies of key aerobic pathways and of mitochon-
drial proton leakage (Hardewig et al. 1999; Portner et al. 1999,
2000). This is only possible at constant temperature, since as a
trade-off, a high activation enthalpy (i.e., a large value of Q,,)
implies a large response by the respective process to warming.
For example, warming causes a large increase in baseline mi-
tochondrial oxygen demand through largely enhanced proton
leakage. A low SMR in the cold thus occurs at the expense of a
rapidly rising baseline oxygen demand in the warm and a rapid
loss in aerobic scope. Since capacities of ventilation and circu-
lation are reduced at the same time in hypometabolic steno-
therms, this would contribute to the low heat tolerance of Ant-
arctic stenotherms that display the narrowest thermal windows
known among animals. It thus appears that kinetic control of
oxygen metabolism on the one hand, and thermal sensitivity of
the intact animal on the other hand, are closely interdependent.
These principal considerations can also be applied to eury-
therms in the cold, where cellular and metabolic patterns differ
from those seen in the stenothermal cold (Fig. 2). In contrast
to metabolic down-regulation seen in cold-adapted steno-
therms, seasonal cold acclimatization and eurythermal cold ad-
aptation to high subpolar (Northern) latitudes is associated
with a compensatory increase in mitochondrial ATP—synthesis
capacities (Fig. 1), proton leakage rates, and finally, organismic
oxygen demand (SMR; Tschischka et al. 2000; Sommer and
Portner 2002, 2004; T. Fischer, R. Knust, and H. O. Pértner,
unpublished data). Cold tolerance at variable temperatures is
therefore associated with enhanced costs of mitochondrial

arctic (unfilled symbols), sub-Antarctic (South American, filled circles
and squares), and Mediterranean fish species (filled diamonds, redrawn
from Johnston et al. [1998]). B, State 3 respiration rates of mito-
chondria isolated from temperate and Antarctic bivalves and studied
at various temperatures emphasize the down-regulation of ATP syn-
thesis capacities, similar to fish. C, Elevated ATP synthesis capacities
in mitochondria from White Sea compared with Baltic Sea populations
of Nereis pelagica and Arctica islandica and from White Sea and North
Sea populations of Arenicola marina (D) correlate with elevated proton
leakage rates (Tschischka et al. 2000; Sommer and Pértner 2004). Sim-
ilar patterns were observed in a comparison of North Eastern Arctic
(Barents Sea) and North Sea cod (Gadus morhua) populations (T.
Fischer, R. Knust, and H. O. Pértner, unpublished data).
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Eurythermal cold adaptation and performance increments
go hand in hand, due to

¢ higher capacity mitochondria

* moderate mitochondrial proliferation
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(C20:3, 20:4, 22:6) in membranes
» higher mitochondrial proton leakage

+ higher ion leakage and exchange
« higher cellular protein levels
+  wider thermal tolerance windows

supporting:

» elevated standard metabolism
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co-evolution of high capacity
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Figure 2. Similarity of cold adaptation mechanisms used in cold-adapted eurytherms and of mechanisms linked to elevated energy turnover
in endotherms (extending from findings reported by van den Thillart and de Bruin [1981]; Wodtke [1981]; Hazel et al. [1992]; Hulbert and
Else [1999]; Farkas et al. [2000]; Portner [2002a], [2002¢]; Sommer and Pértner [2002]; Zakhartsev et al. [2004b]).

maintenance and associated high oxygen demand as well as
with high SMRs and, as a benefit, high functional capacity.

As a generalized conclusion, eurytherms are exposed to the
full costs associated with metabolic cold adaptation. These costs
may be high because they need to make use of their mito-
chondria within the widest possible range of short-term am-
bient temperature fluctuations. Accordingly, the metabolic in-
crement elicited by rising temperature must be kept small
during short-term warming to maintain aerobic scope in the
warm. Proton leakage may result higher because at variable
temperatures, temperature-dependent kinetic barriers such as
activation enthalpies have to be set low to minimize the thermal
sensitivity of oxygen demand and avoid early limitation of aer-
obic scope. Eurytherms may therefore choose to minimize mi-
tochondrial densities and maximize ATP synthesis capacities
instead (Fig. 1) to balance the cold-induced increase in baseline
metabolic cost.

2. Membrane Functions. The cost of cold adaptation is not only
associated with proton leakage across the mitochondrial
membrane, but also with ion movements (leakage) across the
cellular membrane, which need to be compensated for by active
ion exchange mechanisms. The adaptation of mitochondrial
and cellular membranes to cold modifies these passive proton
and ion fluxes and, accordingly, plays a key role in defining
the cost of cold adaptation. Maintenance of membrane fluidity
through homeoviscous adaptation is interpreted to be a key
requirement for functional integrity (Buda et al. 1994; Williams
and Hazel 1994; Hazel 1995; Tiku et al. 1996) and is associated
with a lower baseline level of saturated fatty acids and higher

levels of monounsaturated fatty acids. Rapid oscillations in di-
unsaturates between nighttime coolness and afternoon heat
were seen in desert teleosts and may reflect the capacity to
undergo short-term thermal acclimation (Carey and Hazel
1989; Williams and Hazel 1994). However, such modifications
are not clearly associated with changes in metabolic rate. The
levels of polyunsaturated phospholipids (C20: 3,20 : 4,22 :6),
especially docosahexanoic acid (22 : 6 n-3) in cellular and mi-
tochondrial membranes may be more relevant for setting met-
abolic activity. They were found to be related to metabolic rate
in a comprehensive analysis of ectothermic reptiles, amphibi-
ans, and endothermic mammals (Else and Wu 1999; Hulbert
and Else 1999; Hulbert et al. 2002).

The role of membranes in setting metabolic energy turnover
is less clear in eurythermal versus stenothermal fish compared
with other vertebrates. Compared with temperate and warm
water fish, Antarctic notothenioid fishes possess largely elevated
percentages and absolute levels of polyunsaturated membrane
fatty acid phospholipids and, to a lesser degree, higher levels of
monounsatures (Gracey et al. 1996; Storelli et al. 1998). However,
this is not paralleled by enhanced leakiness for ions or high
metabolic activity in Antarctic stenotherms, where in fact, met-
abolic activity is reduced compared with temperate and tropical
fish with an active lifestyle. This apparent discrepancy is likely
resolved when the densities and modulation of ion transport
proteins are also considered. In fact, a down-regulation of ion
channels was suggested to be key in cost reductions and to sup-
port the more sluggish mode of life of Antarctic (i.e., cold steno-
thermal) animals (Hochachka 1988). Otherwise, the fractional
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cost of ion regulation would increase as part of the cost of ad-
aptation to the permanent cold (Portner et al. 1998).

Currently, this molecular picture and the kinetic control of
transmembrane ion exchange is unclear in a comparison of
eurytherms and stenotherms. Preliminary evidence shows that
temperature-dependent pH regulation occurs at a higher cost
in (cold-adapted) eurytherms than in polar stenotherms. In
eurytherms, temperature-induced pH changes occur by active
ion transport, whereas they predominantly involve the effect
of passive buffering mechanisms in stenotherms (Pértner and
Sartoris 1999). These findings indicate a higher cost of ion and
acid-base regulation in eurytherms than in stenotherms. As a
corollary, not only the ratio and the levels of polyunsaturates
over monounsaturates but also the densities and the kinetic
properties of membrane proteins likely combine to set the level
of temperature-dependent metabolic activity. These features
would support elevated transmembrane ion exchange and leak-
age rates in the eurythermal cold.

3. Cellular Design Optimization for High Energy Turnover in
Eurytherms. As a consequence of cost elevations elicited by wide
windows of thermal tolerance, which include cold tempera-
tures, there are benefits that result from the trade-offs involved
in eurythermal cold adaptation. These benefits are associated
with the enhancement of mitochondrial, cellular, and tissue
functional capacities and flexibility (Fig. 2). In the eurythermal
cold, kinetic barriers for ion exchange (including proton leak-
age) result lower than in the stenothermal cold. The functional
(ATP synthesis) capacity per mitochondrium (or per mg mi-
tochondrial protein) increases on top of increasing mitochon-
drial volume densities (Guderley 1998; Sommer and Portner
2002), likely with less mitochondrial proliferation involved than
in stenotherms (Fig. 3). Accordingly, less cellular space is re-
quired for mitochondria, more can be allocated to contractile
proteins, and higher cellular protein concentrations result (Zak-
hartsev et al. 2004b; Fig. 2). These patterns would support
enhanced force development supported by aerobic metabolism.
Exposure to eurythermal cold thus appears as a major driving
force for enhanced metabolic capacities and maximized levels
of aerobic motor activity (Portner 2002¢). Nonetheless, eury-
therms at cold temperatures still do not reach the same level
of aerobic performance in the cold as their warm-acclimated
conspecifics at higher temperatures. In the future, these emerg-
ing patterns need to be followed through systematically by com-
paring lipid compositions and densities of functional proteins
as well as by the use and magnitude of kinetic barriers in
membranes, preferably in closely related stenothermal and eu-
rythermal ectotherms from various climates.

Climate-Dependent Pathways of Evolution?

The largely contrasting patterns of cold adaptation observed
in Antarctic marine stenotherms versus more eurythermal

Northern hemisphere ectotherms indicate that ambient tem-
perature fluctuations play an important role in defining energy
turnover. Accordingly, obligatory links very likely exist between
the stability of (cold) climates and the level of energy demand.
The patterns observed in extant animals (even in genetically
distinct populations of the same species) from a latitudinal cline
immediately suggest that climate oscillations in the earth’s his-
tory may also have played an important role in shaping the
energy turnover of animals. There is indirect evidence from the
marine fossil record that supports this line of thinking. The
sensitivity of marine fauna to decreasing winter temperatures
by about 4°C (with summer temperatures remaining constant)
and the associated mass extinctions at the Eocene-Oligocene
boundary (Ivany et al. 2000) emphasize the relevance of cold
adaptation capacity. Furthermore, the current decrease in bio-
diversity of marine macrofauna toward high Northern latitudes
(Roy et al. 1998) indicates the challenge inherent to adaptation
to cold oscillating temperatures, possibly due to the obligatory
increase in energy turnover and associated food demand.

A recent analysis of the marine fossil record revealed repeated
stepwise increments in the fraction of mobile animals among
aquatic marine ectotherms, which occurred during key mass
extinction events (Fig. 4; Bambach et al. 2002). Harmful effects
of aquatic CO, accumulation or hypoxia were believed to be
responsible for mass extinction events (Knoll et al. 1996; Bam-
bach et al. 2002; Retallack et al. 2003). However, the stepwise
increases in the fraction of active animals mirror transition to
enhanced levels of energy expenditure. The effects of hypoxia
and hypercapnia would rather hamper more active animals in
the first place and, therefore, would leave these activity incre-
ments unexplained. This discrepancy is resolved in the light of
the relationships between eurythermy and the level of energy
turnover. Cooling events especially during Permian-Triassicand
later mass extinction periods would have favored the survival
of cold eurythermal life forms with high energy turnover. As
outlined previously, these cold-adapted eurytherms would at
the same time be highly active animals with high energy turn-
over (Portner 2002¢). Such processes are effective across taxa,
supporting the nontaxonomic approach adopted in this study
and in Figure 4.

Moreover, the unifying principles of oxygen-limited thermal
tolerance in animals leave room for the effect of any additional
factor that modulates aerobic scope and thereby influences the
width of the thermal tolerance window. Since both hypoxia
and hypercapnia reduce aerobic scope and would thereby en-
hance thermal sensitivity, they may have synergistically con-
tributed to mass extinction events, leaving only the most eu-
rythermal animals with the largest aerobic scopes and thus
activity levels behind. In addition, the degree of eurythermy
increases with a reduction in body size, thereby explaining why
smaller animals survived the evolutionary crises better than
larger ones.

In summary, the patterns reported in Figure 4 and this anal-
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temperate zone to tropical eurytherms, considering their lower standard metabolic rates (Fig. 6) and (2) unfilled symbols for cold-adapted
eurytherms and endotherms, the latter based on similarities in cellular design in the two groups (Fig. 2). Using (cold) eurythermal mitochondria
in the warm supports maximized ATP synthesis capacities. Data were obtained from the literature and recalculated, if necessary, for fish from
Johnston et al. (1994), (1998); Guderley and Johnston (1996); St. Pierre et al. (1998); Blier and Lemieux (2001); for amphibians from Pye
(1973); Duerr and Hillman (1993); for mammals and man from Schwerzmann et al. (1989); Hoppeler and Taylor (1992); Jackman and Willis
(1996); Rasmussen and Rasmussen (2000); for hummingbirds from Suarez et al. (1991); Suarez (1992). Average Q,, values were 2.24 for cold
eurytherms and 1.74 for the stenotherms and warmer ectotherms. Dashed lines depict the 95% confidence intervals. B, Simple qualitative
model of tissue design limits for aerobic metabolism and performance levels as a function of body temperature (modified after Pértner [2002¢]).
In a trade-off between cellular space required by mitochondria, sarcoplasmic reticulum (SR), and myofilaments, the increased capacity of
mitochondrial energy production at warm temperatures allows levels of muscular power output at high body temperatures to be maximized
and densities of functional components to be increased. Design limits for aerobic metabolism are reached at lower performance levels in
Antarctic fish. The model takes the higher mitochondrial densities seen in Antarctic fish than in mammal and bird musculature into account

(Portner 2002¢). Furthermore, high mitochondrial densities at low capacity may characterize cold stenotherms, whereas moderate densities
with high capacities may characterize cold eurytherms.
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Figure 4. Correlated changes in atmospheric oxygen, CO,, and mean temperature levels compared with present atmospheric levels and the
evolution of mammals and birds (modified after Dudley 1998). In the background, stepwise shifts to more mobile marine animal forms are
depicted following Bambach et al. (2002). Such evolutionary shifts started with the Permian-Triassic mass extinction event, once ambient O,
levels were high and CO, levels were low. They appear as a consequence of the survival of eurytherms during evolutionary crises associated
with extreme climate oscillations. According to the “cost of eurythermy” hypothesis, progressively higher energy turnover lifestyles were favored
once high-capacity circulatory and ventilatory structures had evolved. In the terrestrial realm, the earliest possible onset of protomammalian
and bird endothermy is predominantly indicated by findings of respiratory turbinates in the fossil record (timescale according to Ruben 1995,
1996). The maximization of metabolic rates associated with maximized eurythermy would appear as a logical precondition for the onset of
endothermy and may well have been supported by periodically elevated atmospheric oxygen levels. Progressively enhanced performance of
ventilatory and circulatory systems may have been selected for during periods when atmospheric oxygen levels fell.

ysis are in line with a crucial role for cooling events and large
climate oscillations in mass extinction events (Stanley 1987;
Crowley and North 1988). The hypothesis arises that these
climate oscillations and associated mass extinction periods may
have been the primary driving forces supporting the evolution
of high activity life forms in the marine realm. The question
arises to what extent the same evolutionary principles hold true
in terrestrial environments and may finally have contributed
to the evolution of mammalian and bird endothermy.

Eurythermy in Air: Implications for the Evolution of
Endothermy?

Level of Eurythermy in Air

As a precondition for the coevolution of eurythermy and life
with high energy turnover, oxygen availability had to be max-

imized and the capacity of oxygen supply mechanisms selected
high (Fig. 2). Such preconditions were met with atmospheric
oxygen levels always above a minimum of 13%-15% during
animal evolution (Fig. 4). Moreover, such preconditions were
most ideally met in terrestrial environments since breathing air
rather than water implies a reduction by one order of mag-
nitude in the energy cost of ventilation at 30-35 times higher
levels of ambient oxygen and about 10’ times lower viscosity
of the respiratory medium. However, new and largely different
ventilatory systems had to be developed in air (lungs instead
of gills in vertebrates) in most cases (except for terrestrial crabs)
to exploit the excess amount of oxygen.

At the same time, thermal conductivity in air is more than
20 times less and specific heat about four times less than in
water, reflecting that thermal buffering is much less in the
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terrestrial than in the aquatic environment. As a consequence,
temperature changes occur on shorter timescales and at larger
amplitudes in terrestrial than in aquatic environments. There-
fore, terrestrial organisms at the same latitude are likely to
experience much larger temperature fluctuations than aquatic
organisms. Opposite to the marine realm, where temperature
oscillations are less in polar and tropical than in temperate
areas, those in air increase at high, especially Northern, lati-
tudes, as estimated for mainland locations in the Americas
(Gaston and Chown 1999). According to these considerations,
extreme stenotherms comparable to Antarctic marine species
are highly unlikely to exist in (cold) terrestrial environments.
Eurytherms will predominate instead.

Nonetheless, the basic relationships between the four factors,
oxygen-limited thermal tolerance, width of the thermal toler-
ance window, its location on the temperature scale, and met-
abolic capacity in relation to oxygen availability, also extend to
air breathers (Portner 2001, 2002a). However, the reduced cost
of ventilation in air may have allowed air breathers to be more
eurythermal at a lower cost than water breathers, whereas ther-
mal constraints on the circulatory system will be similar in both
groups. As a consequence, if long-term heat tolerance limits in
metazoa are generally found at about 45°-47°C, air breathers
might approach that limit more closely than water breathers,
provided that they have overcome the problem of desiccation
stress associated with breathing air, especially at high temper-
atures (Chown and Gaston 1999; Cloudsley-Thompson 2001).

Despite enhanced thermal flexibility, limited thermal toler-
ance windows are still observed in air breathers, likely for the
sake of energy savings. For example, 15°C is a low critical
threshold for warm-adapted arthropods living in desert envi-
ronments with large diurnal temperature fluctuations (cf. Port-
ner 2002a for review). Because these arthropods are hypo-
metabolic, they do not undergo the cost of cold adaptation.
The limited capacity of extant reptiles and amphibians to live
in colder climates (Navas 2003) would also be explained by the
fact that these groups are hypometabolic and lead an energy-
saving mode of life that disqualifies them from being active in
the severe cold. However, there is evidence for metabolic cold
adaptation in terrestrial ectotherms seen as an increase in SMR,
for example, in insects at high, especially Northern, latitudes
(Chown et al. 2002) or in cold-adapted lungless salamanders
(Feder 1986). These findings suggest that an adjustment of
aerobic scope is involved in thermal adaptation in air-breathing
ectotherms as much as it is in water breathers (cf. Portner 2001,
2002a for review). Such relationships may also be important
in determining the trade-offs between thermal preference, ther-
mal physiology (involving oxygen and temperature limitations),
and optimal physiological performance in amphibians and rep-
tiles in an altitudinal cline (Navas 2003). Along the same lines
of thought, terrestrial zoogeography is also shaped by temper-
ature. These relationships may also have played a role in evo-
lutionary crises. A role for aerobic scope in the survival of

Permian-Triassic mass extinctions by therapsid vertebrates was
recently suggested by Retallack et al. (2003).

These considerations cast new light on the importance of
hibernation strategies in poikilothermic ectotherms or of cold-
induced torpidity at night, which restrict activity to the daytime
warmth (e.g., beetles, bumblebees). These strategies minimize
the cost of cold adaptation that would otherwise lead to en-
hanced SMR if activity was to be maintained within the wide
thermal window covering both daytime and nighttime tem-
peratures on the one hand or winter temperatures on the other
hand. For the same reason, amphibians and reptiles rely on the
extensive use of energy-saving dormancy periods when living
in seasonal climates. However, the SMRs of terrestrial animals
displaying various degrees of eurythermy still need to be sys-
tematically investigated and compared in order to further sup-
port these generalized statements.

A larger degree of obligatory eurythermy in cold terrestrial
than in aquatic environments suggests that terrestrial eury-
therms active in the cold have available the required high level
of aerobic machinery. Being eurythermal, they can make use
of this machinery also for an increased level of performance
in the warm. Following the predictions outlined previously,
being cold-adapted in a highly oxygenated environment (air
compared with water) would provide terrestrial eurytherms
with the opportunity to maximize performance levels beyond
those of water breathers. Despite reduced ventilation costs in
air, high energetic costs of cold eurythermy would apply, sup-
ported by findings of metabolic cold adaptation, especially at
high Northern latitudes.

Eurythermy and Cellular Design in Endotherms

Figures 2 and 3 indicate that there are similar trends in cold-
adapted eurytherms and in endotherms in terms of cellular
design. Although the overall proportions of lipid monounsatu-
ration and polyunsaturation in relation to the percent fraction
of saturates in the membranes of permanent endotherms such
as rat and pigeon were found as extrapolated to their permanent
body temperature (Gracey et al. 1996; Farkas et al. 2000), some
differences prevail compared wtih ectotherms at the same tem-
perature. The levels of transmembrane ion transporters (Else
and Hulbert 1987) of polyunsaturated phospholipids (C20 : 3,
20:4, 22:6), especially of docosahexanoic acid (22: 6 n-3),
are higher in cellular and mitochondrial membranes of en-
dotherms than in those of ectotherms (Else and Wu 1999;
Hulbert and Else 1999; Hulbert et al. 2002). Largely enhanced
levels of 22 : 4n-6 rather than of 22 : 6n-3 fatty acids were found
in brains of permanently endothermic vertebrates (mammals
and birds) compared with cold water and tropical fish (Farkas
et al. 2000). However, although the rates of ion exchange and
proton leakage are higher in endotherms than in ectotherms
and thus parallel the level of SMR, their percent contribution
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to total metabolism is the same in endotherms as in ectotherms
(Brookes et al. 1998; Hulbert and Else 1999, 2000).

All of these phenomena indicate that the expression of eury-
thermy characters in the cold were not only involved but may
even have been enhanced in the transition to endothermy. In
fact, preadaptation to cold prevails especially in small mam-
malian hibernators that undergo extreme short-term fluctua-
tions in body temperature during repeated short-term arousal.
Short-term oscillations between —3° and 37°C were observed
in arctic ground squirrels (Boyer and Barnes 1999). This is the
largest body temperature change reported for any mammal and
beyond the range found in active, warm-adapted ectotherms.
The extreme changes in body temperature involved in hiber-
nation likely rely on the permanently cold-adapted eurythermal
tissue design of these mammals, which enables them to main-
tain baseline functions in the cold, once oxygen demand is
down-regulated. The animal remains fully aerobic during these
transitions (Heldmaier and Klingenspor 2000; Bock et al. 2002).
Thus, oscillations between high and low body temperatures take
place in the range between high pejus (getting worse) and low
critical temperatures in Figure 5, with little aerobic scope left
in the cold. Metabolic depression occurs in excess of the re-
duction in energy demand elicited by the decrease in body
temperatures and likely supports the avoidance of hypoxia and
of further cold adaptation costs. Body temperature minima
depend on ambient temperature extremes, on the duration of
the hibernation bout, and on the body size of the animals,
which influences the rate of heat loss during transition to cold
and in steady state. A reduction of body temperature during
torpor is also found in small modern birds with some uncer-
tainty about whether this is a late rediscovery of ancient traits
or whether it represents a recent and independent evolutionary
“invention” in this group (Geiser 1998).

Hibernating ground squirrels have been shown to modify
(drastically enhance) the content of C18: 2 fatty acids in the
cold (seen in heart microsomes), with a trend to reduced per-
cent levels of docosahexanoic acid, also seen in mitochondrial
membranes (Raison et al. 1981; Lee et al. 1994; Pehowich 1994).
The falling contribution of w3 fatty acids such as docosahex-
anoic acid in mitochondrial membranes was paralleled by an
increment in w6 fatty acids such as arachidonic acid (Pehowich
1994). Nonetheless, separation of membrane components is
seen in cold-hibernating ground squirrels, but these changes
are readily reversed in the warm (Azzam et al. 2000). Despite
some flexibility to undergo rapid thermal membrane adjust-
ments, some features of permanent cold adaptation such as
elevated polyunsaturate levels appear conserved in permanent
endotherms compared with similar-sized (terrestrial) ecto-
therms at similar temperatures.

On the basis of the assumption of unifying principles of
temperature-dependent cellular design, mammalian hiberna-
tors thus appear as permanent extreme eurytherms that allow
body temperature to oscillate between the upper and lower end

of their thermal tolerance window (Fig. 5). In a permanent
eurytherm, the cold-induced maximization of aerobic capacity
associated with low levels of kinetic restriction (i.e., low acti-
vation enthalpy) is not reversed during warmer periods. With
enhanced capacities of ventilation and circulation, this leads to
excess energy availability at warmer temperatures for a maxi-
mization of aerobic metabolic rates and scopes (Figs. 2, 3, 5).
At first sight, the adaptive flexibility with respect to body
temperature fluctuations as displayed by small mammalian hi-
bernators may have been lost in other mammals that are per-
manent endotherms. However, some adaptive flexibility very
likely persists, a hypothesis supported by the level of tissue
heterothermy found in many nonhibernating mammals. In po-
lar mammals and birds, the ability to reduce temperature in
the body or fractions thereof is extreme and implies permanent
eurythermal tissue design. Peripheral temperatures are allowed
to fall to below 0°C in extremities with the result that tem-
perature gradients of more than 35°C prevail within the or-
ganism. According to recent evidence, metabolic rates may even
be elevated in response to extreme tissue heterothermy (i.e.,
eurythermy in extremities, especially in legs). In this context,
early comparisons of SMRs (i.e., basal metabolic rates) in mam-
mals from a latitudinal cline had suggested that basal metab-
olism is independent of mean annual temperatures (Scholander
et al. 1950). However, Lovegrove (2000) recently compared
metabolic rates in mesic mammals with predictable resource
availability (exemplified in rodents normalized for body size).
His findings suggest that metabolic rates are higher in Nearctic
(North American) and especially in Palearctic (Eurasian) spe-
cies (i.e., those at high Northern latitudes) than those found
in Neotropical or Afrotropical mammals. These observations
are in line with the hypothesis proposed here that high costs
of cold eurythermy are also expressed as the cost of tissue
heterothermy in mammals. Similar relationships may prevail
in birds. A recent comparison of four populations of stonechats
(Wikelski et al. 2003) revealed genetically fixed elevations of
metabolic rates in Northern (Austrian, Kazakhstan) popula-
tions. These were also migratory and, in general, more active
than the sedentary tropical population. At high latitudes on
Northern continents and at largely fluctuating ambient tem-
peratures, the cost of heterothermy may thus play a role in
maximizing metabolic expenditures and, at the same time, con-
tribute to shape lifestyle characteristics among endotherms.
Further examples suggestive of adaptive flexibility in re-
sponse to cold in all mammals and birds include cold-exposed
mice, which after several generations of selection for elevated
exercise levels in the cold displayed improved exercise perfor-
mance and energy assimilation compared with control animals
(Koteja et al. 2001). Long-term cold-acclimated pigeons dis-
played increased pectoralis muscle mitochondrial densities,
lipid droplet accumulation, and capillary diameter, possibly
with only moderate muscular shivering being involved in elic-
iting these processes (Mathieu-Costello et al. 1998). These re-
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critical temperature, onset of anaerobic metabolism; terminology according to Frederich and Portner 2000 and Pértner 2002a).

ports as well as the one by Wikelski et al. (2003) not only show
patterns of cold adaptation in endotherms but are also in line
with the general conclusion that cold adaptation and elevated
exercise capacities go hand in hand because the mechanisms
of metabolic adaptation to unstable cold temperatures are sim-
ilar to those elicited by exercise (Portner 2002¢).

In conclusion, enhanced exercise capacity and reactivity at
high body temperatures in endotherms would result from the
permanently eurythermal character of their cellular design. In
other words, endotherms are permanent extreme eurytherms.
This is reflected in the use of cold-adapted (eurythermal) cel-
lular membranes with a high and noncompensated (for high
temperature) capacity for ion exchange at the expense of en-
hanced membrane leakiness (Else and Hulbert 1987). These
leaky membranes contribute to maximized oxygen turnover
with the benefit of large metabolic flexibility. It needs to be
emphasized here that in terms of cellular design, there is no
quantum leap involved between an ectothermic and an en-
dothermic organism, other than the maximized cellular ca-
pacity to produce and use energy in the endotherm. The ques-

tion arises how the eurythermy patterns observed in extant
mammals and birds arose on evolutionary timescales, a ques-
tion to be addressed in the light of the fossil record and climate
history.

Eurythermal Ectothermy and Endothermy: An
Evolutionary Continuum?

The consistency of patterns observed in water-breathing and
air-breathing ectotherms as well as in endotherms suggests that
extended eurythermy and its energetic consequences are likely
plesiomorphic. This principle would not only explain the evo-
lution of life forms with high energy turnover among ecto-
therms, but also the transition to endothermy. This evolution-
ary progress results as the final energetic step that became
possible in a (simplified) series from (1) being confined to
relatively moderate fluctuations in water temperature, to (2)
being exposed to relatively large and fast temperature fluctu-
ations in air, to (3) using the associated increment in energy
turnover to set permanent body temperature to the high end
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of the spectrum available to animal life, for the sake of max-
imum performance capacity.

Previously, the progressive rise in activity levels and in aerobic
capacity in terrestrial tetrapods and birds has been postulated
as the major process that initiated the increase in resting met-
abolic rate and associated heat production and finally allowed
transition to endothermy (Bennett and Ruben 1979; Bennett
1991; Ruben 1995). This transition is reflected in a larger num-
ber of aerobic muscle fibers found in mammals than in extant
reptiles. It is associated with about two times more voluminous
internal organs (i.e., visceral organs with homeostatic function)
and about two times higher aerobic capacity. The larger fraction
of visceral organs is easily explained by increased demand for
support, transport, and supply functions owing to elevated me-
tabolism. In mammals compared with vertebrate ectotherms,
the observed patterns of tissue design provide the basis for the,
on average, fivefold to tenfold increase in resting and maximum
metabolic rates and the sixfold to sevenfold increment in max-
imum endurable speed during exercise (Bennett and Ruben
1979; Bennett 1991; Ruben 1995). The enhanced metabolic rate
is the prime source of heat required for endothermy. Brown
adipose tissue is not primarily required in thermogenesis (and
in fact not found in birds, marsupials, and echidnas; Grigg and
Beard 2000). Heat is rather provided by muscles and viscera
(Else and Hulbert 1987; Brand et al. 1991; Steen et al. 1996).
Increased heat dissipation results from the net rise in (cellular
membrane) ion and (mitochondrial) proton leakage rates,
which are associated with elevated ion transport rates across
cellular membranes and with high ATP synthesis capacities due
to elevated mitochondrial capacities (Fig. 3) and densities.
These processes support the increase in reactivity and motor
activity as well as in heat production for the elevation of body
temperature above ambient. Adrenergic stimulation of non-
shivering thermogenesis may also be involved (e.g., Jansky and
Jansky 2002).

However, it needs to be questioned whether the driving force
for enhanced aerobic metabolism in mammalian and bird evo-
lution came exclusively from progressively enhanced exercise
levels. Early mammals and their ancestors were far from being
long-distance endurance runners. In the beginning, mamma-
lian ancestors were poikilotherms, due to small body size and
lack of insulation (Ruben 1995). These forms derived from
active therapsid reptiles that evolved during the Permian. Es-
pecially larger (i.e., less eurythermal) therapsids, however, did
not survive the global cooling periods characterizing the Perm-
ian-Triassic or further Paleozoic and early Mesozoic mass ex-
tinction events (Stanley 1987). When mammals finally evolved
from their small, cold eurythermal ancestors in the Late Triassic
and Jurassic about 200 m.yr. ago (Rowe 1992), they were still
small and under predatory pressure by once again larger the-
rapsids and dinosaurs. Consequently, they remained small and
were presumably active primarily during the cooler tempera-
tures of the night (Ruben 1995, 1996). These small organisms

were thus exposed to fast diurnal temperature oscillations on
top of climate change. Being small, however, already implies
an elevated metabolic rate per unit body mass (Schmidt-Nielsen
1984) and, accordingly, a high mitochondrial aerobic capacity
(Hochachka et al. 1988), which causes enhanced production of
metabolic heat and is associated with a larger degree of eury-
thermy (Figs. 5, 6). Extreme degrees of eurythermy as seen in
extant mammalian hibernators may have contributed to the
further maximization of metabolic rate (Fig. 6).

This scenario is in line with the general conclusion that mass
extinction events driven by temperature oscillations likely se-
lected small eurythermal species in similar ways in the terrestrial
as in the marine realm. Since small eurytherms were the starting
point for the next round of evolutionary speciation and radi-
ation, this meant a selection and shift toward high activity life
forms with high energy turnover (Fig. 4). Large oscillations in
paleoclimates then appear as a prerequisite for the evolution
of mammalian endothermy.

Such oscillations have in fact been observed. Long-term or
seasonal climate oscillations became more pronounced in par-
allel to the rearrangements of continents, especially at high
latitudes. First, climatic gradients and cold, glaciated poles de-
veloped when the supercontinent Pangaea covered all latitudes
from North to South during the Permian. Second, dramatic
climate oscillations between warm and cold periods caused or
contributed to the wavelike progressive mass extinction events
in marine and terrestrial, especially tropical environments in
the late Permian as well as Triassic to Jurassic periods (Stanley
1987; Retallack et al. 2003). This global and long-term selective
trigger provided by the oscillations between warm and cold
periods (Knoll et al. 1996) was most likely complemented by
the challenge to overcome excessive daily and seasonal tem-
perature fluctuations in the arid climates of the supercontinent.

Furthermore, the scenario developed here strongly suggests
that torpor or hibernation may have been early plesiomorphic
strategies of small mammalian ancestors to save energy in re-
sponse to the large oscillations in seasonal temperatures. They
would thereby escape from excessive costs of cold adaptation,
in similar ways as suggested previously for ectotherms. This
conclusion is supported by the observation that torpor and
hibernation are not triggered by food shortage but occur, for
example, in echidnas, at reduced ambient temperatures, even
with food around (Grigg and Beard 2000). In the absence of
stress, energy reserves are thereby conserved. In endotherms in
general, the cost of cold-adapted eurythermy is equivalent to
the cost of euthermy, that is, the cost of maintaining a con-
stantly high body temperature (Fig. 6).

In conclusion, the hypothesis that (cold) eurythermy was
involved as a precondition in the evolution of high activity
terrestrial vertebrates and finally endothermy is in line with the
paleoclimate record and with the evolutionary patterns ob-
served. The development of high activity levels and maximum
endurable speeds sixfold to sevenfold higher in mammalian
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involve a permanently eurythermal tissue design. For the sake of clarity, metabolic rate differences between 0° and 35°C are not to scale,

especially for the endotherms (Heldmaier and Klingenspor 2000).

endotherms than in lizards (Bennett and Ruben 1979) then
appears as a logical consequence of eurythermal tissue design
(Portner 2002¢). This line of thought is mutually exclusive with
the hypothesis that endothermy arose from thermal inertia in
large protomammalian ancestors and was conserved by in-
creasing metabolic rate during a decrease in body size (McNab
1978, 1983).

Scenario of Climate-Dependent Metabolic Evolution

The following scenario of metabolic evolution in largely oscil-
lating climates arises:

First, elevated resting metabolic rates typical for cold-adapted
eurytherms allowed small protomammalian (and bird) ances-
tors to be permanently active in a wide range of temperatures
including nighttime cold. This does not imply that they used
aerobic scope extensively, but only that they were able to remain
agile at low body temperatures at the expense of elevated SMRs.
Owing to the relatively long half-life of mitochondria (about

1 wk; Hood 2001), acclimation to warmer daytime tempera-
tures by reducing mitochondrial densities was not possible,
resulting in a permanently high oxygen demand (favored by
small body size). Extreme oscillations in body temperature re-
sult in a maximized level of energy expenditure (Fig. 6). On
the one hand, this high level of oxygen demand had to be met
by the selection for sophisticated ventilation and circulation
systems among mammalian ancestors (Fig. 2). On the other
hand, maximum heat output from high quantities of cold-
adapted mitochondria facilitated maintenance of elevated body
temperatures.

Second, a precondition for maintained endothermy is in-
sulation by lipids, fur, or feathers. In this context, a recent
review of large-scale thermal adjustments in aquatic ectotherms
suggested that cold exposure causes a shift to lipid accumu-
lation and metabolism, a pattern most expressed in the per-
manent Antarctic cold. Moreover, this trend is more pro-
nounced in active pelagic species with high mitochondrial
densities than in benthic sessile species (Portner 2002¢). Similar
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trends in terrestrial eurytherms, especially in their cold-exposed
peripheral tissues, would favor the formation of insulating lipid
layers, useful to reduce thermal conductance and to maintain
elevated body temperatures.

Third, as a consequence of enhanced baseline and active
energy expenditures, food requirements increased by the same
factor (Bennett and Ruben 1979; Ruben 1995). A body core
temperature independent of ambient values allowed for ex-
tended periods of activity and wide-roaming ranges as required
to meet elevated food requirements. Constant body tempera-
ture also provided a thermal and energetic basis for beneficial
incubation temperatures of the embryos and for extended pa-
rental care (Farmer 2000), required because of the small num-
ber of offspring. These considerations emphasize extended pa-
rental care as a secondary benefit and thereby eliminate the
apparent contradiction between the two hypotheses, endother-
my due to improved parental care versus aerobic scope for
exercise as discussed recently (Angilletta and Sears 2003; Farmer
2003). In the light of present insight, both do not appear as
prime driving forces for the evolution of endothermy but as
secondary benefits. Permanent endothermy also evolved to
maintain high reactivity during passive periods of hiding or
rest, situations that requested sophisticated use of the reptilian
thermostat. At small body size and in mammals only, endother-
my was supported by a tissue specialized in heat production,
which is brown adipose tissue with a maximum degree of mi-
tochondrial uncoupling (Cannon et al. 2000).

Finally, the scenario drawn by Ruben (1995) is not only
supported by the concept of extended ranges of cold-adapted
eurythermy, but the forces behind the evolution of endothermy
become fully comprehensible only in the light of this concept.
The “high cost of eurythermy” hypothesis also complies with
the conjecture that elevated metabolic rates did not evolve for
high body temperatures and endothermy (Bennett and Ruben
1979; Ruben 1995), but, according to the rationale provided
here, endothermy was a consequence of tissue eurythermy. Eu-
rythermy (which encompasses tolerance to cold) arose as a
“missing link” between ectothermy and endothermy because it
provided the excess energy and aerobic scope required to evolve
endothermy and associated benefits. Controlled endothermy
then secured the availability of elevated aerobic scopes and
agility at high body temperatures despite ambient fluctuations.

Final Details: The Fossil Record and the Role of Atmospheric
Oxygen Oscillations

According to the symmorphosis principle, the transition to
extreme eurythermy and then to endothermy could occur only
under the precondition that the increase in oxygen demand
was met by sophisticated ventilatory and circulatory systems,
which should have evolved in eurythermal mammalian and
bird ancestors (Fig. 2). As these were bound to be permanently
active to cover the costs of eurythermy by adequate food intake,

such systems could arise preferably in those vertebrates with
improved locomotory structures for efficient long-term aerobic
activity (Duncker 1991), that is, in therapsids. According to
Ruben (1995, 1996) and Ruben et al. (2003), the presence of
rudimentary anterolateral rostral ridges in the fossil record sug-
gests that early respiratory turbinates, similar to those observed
in all extant mammals and birds, were already present in large
late Permian theriodont therapsids (250 m.yr.), wolflike in-
habitants of subtropical regions, at a time 40-50 m.yr. before
the origin of the Mammalia. These structures support respi-
ratory water recovery and protect the body from desiccation
at high ventilation rates. Based on McNab (1978), Ruben (1995)
postulated that these animals were at least inertial homeotherms
in tropical to subtropical climates that did profit from elevated
metabolic rates but did not yet use endogenous heat production
for perfect thermoregulation. He later adopted the view that
the turbinates qualify the therapsids as endotherms (Ruben et
al. 2003). However, the turbinates may qualify these organisms
as hypermetabolic but not necessarily and originally for the
reason of endothermy. Large body sizes were eliminated during
climate-driven mass extinction events such that the turbinates
in small mammalian ancestors likely have arisen in response
to excessive eurythermy and their high metabolic rate, but not
in response to endothermy. Eurythermy as the “missing link”
between ectothermy and endothermy would easily explain the
origin of these patterns. Homeothermy in these therapsids may
have secondarily arisen from the combined use of eurythermal
tissues and elevated muscular activity at large body sizes, in
similar ways as observed nowadays in tuna.

Similarly, the relative constancy of elevated body tempera-
tures possibly existing among dinosaurs may not only be a
consequence of large body masses and their thermal inertia
(McNab 1978, 1983). Elevated degrees of cold-induced eury-
thermy may already have existed among dinosaurs and may
have allowed cold-adapted representatives of this group to enter
relatively cold subpolar environments (Rich et al. 2002). Eury-
thermy and the associated high oxygen demand at relatively
large body sizes most likely have allowed dinosaurs to be more
agile in colder climates than found in the extant, more sluggish
reptilian species.

It should be noted, however, that the trends to maximize
metabolic rates in endotherms reach beyond those observed in
(extant) eurythermal ectotherms (Fig. 6). Such metabolic in-
crements were possibly not only supported by the fact that
small (“good”) eurytherms survived mass extinction events
(Fig. 4). In the context of oxygen-limited thermal tolerance,
fluctuating atmospheric oxygen levels may also have played a
role. First, largely elevated and then decreasing atmospheric
oxygen levels may have been involved. During the Paleozoic,
oxygen reached 35% in air between Carboniferous to Permian
periods with a peak 300 m.yr. ago and decreased from these
high values between 300 and 250 m.yr. (Fig. 4). Life forms with
high energy turnover developing during the hyperoxic period
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(Graham et al. 1995) would have survived only by improving
ventilatory and circulatory gas exchange. The progressive de-
crease in oxygen levels may have been relevant for the secondary
selection of improved ventilatory and circulatory performance
in hypermetabolic protomammalian therapsids.

In the Mesozoic, oxygen levels rose again and reached about
26% oxygen in air during mid-Jurassic to Cretaceous and Ter-
tiary periods, 150 to 50 m.yr. ago. This period may have been
relevant for the maximization of energy turnover and the evo-
lution of endothermy in, once again, small ancestors of extant
birds. These changes occurred later and possibly started from
a more sophisticated ventilatory and circulatory design than in
mammalian ancestors. The periods of enhanced oxygen avail-
ability might also have supported the evolution of enhanced
aerobic metabolism during flight and associated exercise (Dud-
ley 1998; Berner et al. 2000; Berner and Kothalova 2001). The
decrease in oxygen levels after these later hyperoxia periods
may again have contributed to the selection for progressively
enhanced circulatory and ventilatory capacities. In the light of
the general hypothesis that thermal tolerance is oxygen-limited
in animal aerobes, the effects of concomitant fluctuations in
temperature and atmospheric oxygen levels on the pathways
of animal evolution warrant further investigation (Fig. 4).

Endothermy in Water Breathers

With the huge difference in oxygen levels, endothermy could
develop earlier and more perfectly in air than in water. In
scombroid fish like tuna and in lamnid shark, a current trend
to develop endothermy appears to include pathways that are
both similar and different from the patterns elaborated for the
evolution of mammalian endothermy. In the water breathers,
the use of rete mirabile or the conversion of muscle into heater
organs contributes to produce and conserve body heat (Block
1991). However, elevated aerobic capacity owing to permanent
eurythermy is likely involved, as reflected by the level of tissue
heterothermy in the heater organs of tuna (Fudge et al. 1998).
Ambient temperature oscillations may have served as evolu-
tionary triggers and are both environmentally and behaviorally
induced in these fish (Block 1991). This includes behavioral
hyperthermia used to warm up in surface water layers and,
secondly, vertical migrations into the cold deep after the mi-
gration of larger prey such as squid. In contrast to early mam-
malian endothermy, teleost and shark endothermy is supported
by large body sizes and high performance levels. Thereby, heat
loss is minimized, as discussed previously for the therapsids
and dinosaurs (Fig. 7).

Why Be Warm? Trade-Offs in Setting the Right Body
Temperature

As already indicated, another major question becomes acces-
sible from acknowledging the principles of an oxygen-limited

thermal tolerance in animals and also from acknowledging eu-
rythermy in the cold as a primer for the evolution of endother-
my. This question is why endotherms chose a permanently high
body temperature close to upper thermal limits rather than at
intermediate values. Optimization of physiological and bio-
chemical function would have been possible at lower temper-
atures as well, evidenced by the complex pattern of cold ad-
aptation in stenothermal Antarctic water breathers. Extending
from the previous analysis and partly from the compilation by
Cossins and Bowler (1987), benefits of selecting a high body
temperature would include the following:

1. A body temperature above ambient is required for opti-
mized temperature control and facilitated heat loss. Heat pro-
duction by the metabolic machinery is severalfold higher in
endotherms than in ectotherms and requires a large enough
temperature gradient to facilitate heat loss. If endothermy de-
veloped in the relatively warm climates of the Mesozoic, it
would have been difficult to defend a low body temperature
against the prevailing high ambient values.

2. Specific heat of water is minimal at 35°C, providing the
best set point for fine control of temperature, that is, minimal
heat that is required for warming. It should be emphasized,
however, that bird temperatures reach much higher and close
to Metazoan heat limits (see point 5).

3. Selection for high body temperatures is supported in air,
not only because of reduced thermal buffering compared with
water but also because more numerous thermal niches are usu-
ally accessible within shorter distances for air breathers than
for water breathers. Behavioral changes are used to maximize
activity and reactivity by choosing warm temperatures, for ex-
ample, in the sun, or to escape daily or seasonal temperature
extremes by hiding in the shade or even underground.

4. Optimal performance temperatures in active animals ap-
pear to be close to their upper thermal limits (for review, see
Angilletta et al. 2002). Maximized power output also explains
why the body temperature of some insects is brought to 35°C
or even 40°C before and during flight. Temperature-dependent
shapes of performance and growth curves are similar, which is
in line with the dependence of both muscular performance and
growth upon temperature-dependent maintenance of aerobic
scope. The requirement to have full aerobic scope and maxi-
mum performance achievable under resting conditions would
support a body temperature close to the upper pejus level, at
which aerobic scope for performance is maximal (Fig. 5B; Port-
ner et al. 2005). This occurs at the expense of elevated metabolic
expenditure; however, the benefit will be faster reactivity, a
larger scope for activity, and a higher power output than on
the cold side of the tolerance window (Bennett 1990). Benefits
are faster escape from predators, coverage of a larger roaming
range and, thereby, enhanced accessibility of resources. Con-
stantly high body temperatures alleviate some functional con-
straints imposed by cold temperatures and open opportunities
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Climate oscillations

Eurythermal cold adaptation: more and higher capacity mitochondria, leakier membranes

Long term
progressive cooling
of Antarctic waters

Reduction of seasonal
temperature oscillations

Reduction of standard metabolism:
Reduced mitochondrial capacities
Elevated kinetic barriers limiting metabolic flux

|

Stenothermal cold adaptation:
More and lower capacity mitochondria
Lipid storage and catabolism
Low metabolic scopes
Life in the slow lane

Terrestrial eurytherms (small)
High performance fish (large)

Short term temperature oscillations:

Daytime vs nighttime temperatures (terrestrial)
Behavioral hyperthermia and vertical migrations to cold in fish

\

Excess aerobic capacity and heat
production in the warm

\

Excess ventilatory and circulatory capacity
Temperature control and insulation; Rete in fish

v

Small eurythermal mammalian hibernators
Large stenothermal mammals and birds
Thermal inertia and heat conservation in large fish

Figure 7. Contrasting pathways of the evolution of cold stenothermy (marine water breathers) versus warm endothermy (terrestrial air breathers;
large high-performance fish, i.e., tuna), both starting from a situation characterized by eurythermal cold adaptation. Cold stenothermy seen
in Antarctic marine animals results from a trend to minimize cold adaptation costs despite high mitochondrial densities. In this case, reduced
levels of standard metabolism at maximized aerobic tissue design are supported by reduced capacities of mitochondrial respiration and,
supposedly, by elevated kinetic barriers limiting metabolic flux (Portner et al. 1998, 2000). In contrast, exposure to short-term (especially daily)
temperature oscillations causes maximized energy expenditure owing to cold-adapted aerobic capacities and minimized kinetic barriers and
thereby forms the metabolic basis of excess heat production, as required for the maintenance of endothermy. Further preconditions for
endothermy, that is, excess ventilatory and circulatory capacities and effective insulation, were met in highly evolved animal forms only. This
scenario is supported by the biochemical and metabolic similarities observed in muscle tissue of cold-adapted eurytherms and of high-
performance animals, for example, fish (Pértner 2002¢). The evolution of accessory heat production systems (like brown adipose tissue) is not

considered crucial in these transitions.

to expand and use niches and high energy turnover life options
otherwise not accessible to high-performance animal life.

5. Maximization of cellular to organismic performance by
elevated body temperature depends on the level of ventilatory
and circulatory capacity (Fig. 5) until close to the long-term
upper limit of animal life, 45°C. In general, and in accordance
with the 30-fold higher oxygen availability in air than in water,
maximum sustained body temperatures are higher and ap-
proach metazoan limits more closely in air breathers than in
water breathers. According to point 4, body temperatures are
set at upper pejus temperatures and result from a trade-off
between ambient oxygen levels, capacity of the gas exchange
system and maximum aerobic activity, and power output levels
in relation to baseline oxygen demand (aerobic scope). This
conclusion supports an understanding of different body tem-
peratures among mammals: in the more hypometabolic
(“primitive”) species (e.g., monotremata), lower ventilatoryand

circulatory capacities may explain their lower range of body
temperatures starting at 32°C (Portner 20024). Following this
analysis, they have stopped half way (or returned to the slow
lane) in a trade-off between setting body temperatures high
and minimizing the level of energy turnover according to mode
of life. In contrast, elevated whole organism aerobic capacity
and energy demand are enforced by tissue heterothermy. This
may support the shift of body core temperatures to higher
values as observed in mammals at high Northern latitudes
(Lovegrove 2003).

6. A comparison of gas exchange and circulatory systems
would also explain why body temperatures are higher in birds
than in mammals (Pértner 2002a). In the mammalian lung,
alveolar gaseous oxygen content remains far below that of in-
halant air, since air moves in and out the same way such that
incoming and outgoing oxygen-depleted air are always mixed
in a pool system. In such a system, blood oxygen tensions (Po,)
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remain below the Po, of exhalant air. This design limitation
(phylogenetic constraint) is eliminated in the bird lung, which
operates at a continuous unidirectional flow of air. Gas
exchange with a complex network of blood vessels occurs in a
crosscurrent system that allows oxygenated arterial blood to
reach a higher Po, than exhaled air (Scheid and Piiper 1972;
Schmidt-Nielsen 1997). As a consequence, the bird lung is two
times more efficient than the mammalian lung in extracting
oxygen from the air and in releasing CO,. On top of that, the
circulatory system of birds is more powerful than that of mam-
malians (Ruben 1995). The malleability of the lung is lowest
compared with other components of the oxygen delivery system
(Jones 1998). Accordingly, the phylogenetic constraints asso-
ciated with the design of the mammalian lung likely explain
why the maximum sustained body temperatures of mammals
are normally found between 37° and 38°C, whereas elevated
oxygen availability allows for even higher temperatures above
40°C in birds without compromising aerobic scope. Conse-
quently, a lesser degree of oxygen limitation at high tempera-
tures would support the more active lifestyle of birds compared
with mammals in hot terrestrial environments.

7. A crucial point not considered in point 4 arises from the
treatment of metabolic trade-offs involved in cold-adapted eu-
rytherms and stenotherms (Portner et al. 1998; Portner 2001,
2002a, 2002¢) and relates to temperature-dependent energy
budgets. Cold stenotherms compensated for the cost of cold
adaptation by reducing cellular and, as a consequence, systemic
energy turnover including locomotion, to allow for the sec-
ondary minimization of mitochondrial energy demand (re-
flected in low proton leakage rates). Among Antarctic notothe-
nioids as well as in a comparison of North Sea and Barents
Sea cod, low standard metabolism was found to parallel en-
hanced growth rates. This apparent contradiction of low energy
turnover (SMR) at maximized growth reflects enhanced cost
efficiency in the permanent cold, despite maximized levels of
aerobic machinery. Minimized SMR in the permanent Antarctic
cold thus supports efficient growth and fecundity (Portner et
al. 2001, 2005).

However, such a strategy to minimize metabolic costs and
enhance growth performance was not accessible to protomam-
malian and protobird terrestrial eurytherms, which were under
pressure to actively exploit low nighttime temperatures and to
tolerate heat exposure during the day. In the heat, the high cost
of oxygen delivery during warming and the high baseline idling
of the cold-adapted machinery would become significant fac-
tors in the energy budget. By progressively improving venti-
latory and circulatory capacities, they turned the apparent dis-
advantage inherent in high costs of eurythermy into a benefit.
They used the excess mitochondrial ATP formation capacity
available in the warm for maximizing not only agility but also
growth. The associated formation of excess heat became avail-
able for thermoregulation. Maximized energy turnover thus
compensates for the loss in growth performance, however, at

the expense of elevated baseline costs. Among ectotherms, sim-
ilar trends are found in extant coleoid cephalopods that max-
imized SMRs and even reach mammalian levels of growth rates
(Lee 1994). At high resource availability, a maximization of
energy turnover is thus an adequate strategy to escape from
the trade-off between either maximized growth or a maximi-
zation of the capacity for muscular exercise.

Accordingly, the following conclusions integrate the various
aspects of thermal adaptation in an optimality approach with
respect to body temperature and thereby deepen the under-
standing of previously stated points 4-6:

Reaching less muscular performance despite maximized aer-
obic design characterizes the trade-offs and constraints involved
in stenothermal cold adaptation required to support sufficient
growth (Fig. 3B; Portner 2002¢). In contrast, maximum avail-
ability of aerobic energy for maximized performance levels
(covering both growth and exercise) requires high cost effi-
ciency, which is reached at minimized densities of mitochondria
but at their maximized ATP formation capacities. This leaves
a maximum of cellular space for other functions including high
concentrations of contractile proteins for muscular work (Fig.
2). Extrapolations to the warm end of the (eurythermal) activity
spectrum immediately suggest that aerobic muscle with max-
imized aerobic power output at high cost efficiency is best
designed close to upper metazoan heat limits. Starting from
eurythermal cell design metabolic rates, efficiency and power
output rise with increasing body temperatures as long as suf-
ficient oxygen can be provided. Accordingly, the preferred or
regulated body temperature in highly active ectotherms and
endotherms is likely set to a value of maximized aerobic effi-
ciency at payable costs of ventilation and circulation, as a trade-
off, that is, to the upper pejus temperature (Fig. 5B).

Summary and Perspectives

Although the chronological development of endothermy is not
fully understood from the fossil record, the general picture
arises that the evolution of mammalian and bird body tem-
peratures is only one final step in the general context of the
evolution of eurythermal life forms with high energy turnover.
Oxygen-limited thermal tolerance windows in animals together
with a role for eurythermy in the maximization of energy turn-
over and activity levels are indicative of a key role for climate
oscillations, that is, temperature (and oxygen) oscillations, in
the evolution of endothermy. The set of preconditions for the
final step, the setting of controlled endothermy, involves (1)
tolerance to extreme temperature fluctuations at low thermal
buffering in air, (2) high ventilatory and circulatory capacity
to profit from excess ambient oxygen availability, (3) a high
degree of tissue eurythermy at small body size, and (4) the
potential for perfect insulation. For a more detailed under-
standing of these relationships, the interactions between oscil-
lating climate factors, patterns of biochemical adaptation, and
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their physiological whole organism consequences need to be
investigated even further to come to a more thorough and
quantitative understanding of the forces involved in climate-
dependent evolution. Along the way, it also needs to be ad-
dressed why, with excessive oxygen availability, maximum body
temperatures tolerated permanently by animal aerobes do not
likely exceed 45°—47°C.
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