314

Linking Molecular Physiology to Ecological Realities*

Steven L. Chown"'

Kenneth B. Storey”

'Centre for Invasion Biology, Department of Botany and
Zoology, University of Stellenbosch, Private Bag X1,
Matieland 7602, South Africa; *Institute of Biochemistry,
Carleton University, 1125 Colonel By Drive, Ottawa, Ontario
K1S 5B6, Canada

Accepted 11/2/2004; Electronically Published 2/8/2006

ABSTRACT

Although molecular physiology and ecology have drifted apart
as a consequence of early separation in the questions posed
and techniques used, there is a resurgence of interest in forging
links between them. Here we explore the reasons for this re-
newed interest and provide four examples of how this is hap-
pening. Specifically, we examine links between molecular phys-
iology and ecological realities in insect responses to thermal
stress, vertebrate responses to anoxia, metabolic fuel use and
torpor in mammals, and the recently developed “metabolic
theory of ecology.” Several novel insights are emerging from
integrated approaches to these problems that might not have
come forward from any single perspective on them. Nonethe-
less, prospects for linking molecular physiology and ecological
realities are likely to remain poor if greater focus is not given
to developing these links. Mostly, this is a consequence of the
differing approaches and “languages” adopted by these fields.
We discuss approaches by which the prospects for synthetic
work might be improved.

Introduction

Browsing the contents pages of the American Naturalist and
Physiological Zoology from the early 1900s quickly demonstrates
that during this period there was little that distinguished ecol-
ogy and physiology from each other. Papers routinely addressed
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the links between these fields, and finding physiological work
in the former journal and ecological questions in the latter was
not unusual. However, developments in both fields changed all
of that. By the latter part of the last century, the barrier between
the fields was, if not impermeable, certainly crossed with a
much lower frequency than had been the case in the past.
Ecology’s gaze was fixed on population regulation and inter-
actions, while that of physiology was generally turning inward
to lower levels in the physiological hierarchy as the mechanistic
tools to explore them became increasingly accessible (Spicer
and Gaston 1999; McNab 2003).

In many ways, this divergent course has been set by and
continues to be followed because of the compartmentalization
that is the reality of modern science. Biologists in different
subdisciplines find themselves in different “solitudes”—voca-
tional separation and isolation based on ideas and concepts
used, on testable hypotheses employed, on experimental meth-
odology available, and on publishing norms that do a poor job
of conveying ideas outside a narrow “in-group.” However, re-
cent years have seen a dramatic resurgence of interest in bridg-
ing these solitudes or at least forging better links between them.
This desire for improved integration has clearly arisen for a
wide variety of reasons (see discussions in Spicer and Gaston
1999; McNab 2003; Chown et al. 2004), but four strike us as
most noteworthy.

First, sound comprehension of the evolution of physiological
responses and the mechanisms underlying them plainly requires
incorporation of their ecological, phylogenetic, and paleontolog-
ical contexts (Huey 1987; Garland and Carter 1994; Clarke 1996;
Feder et al. 2000). Second, ecology, in both its pure and its more
applied forms (e.g., pest management and conservation biology),
is making an increasing number of assumptions about the ways
in which organisms respond to their abiotic environments (see
discussion in Chown and Clarke 2000; Gaston 2003; Chown and
Nicolson 2004). Third, much of life-history theory is concerned
with the ways in which organisms acquire and use energy and
information to maximize fitness, issues that are by their very
nature physiological (e.g., Roff 1992; Stearns 1992). Fourth, the
higher levels of biological organization must be well worked out
before molecular studies, which are essential for elucidating the
mechanistic basis of responses to the environment and for fully
comprehending their associated trade-offs (e.g., Zhao and Zera
2002; Zera 2004; Zera and Zhao 2004), can be undertaken. Suc-
cessful molecular science requires testable hypotheses—testable
at the molecular level.

Effectively, it has again become clear that if we are to un-
derstand how organisms maximize fitness in the face of both
changing and variable environments, which in turn determines
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variation in strategy, abundance, and range size and in so doing
results in the diversity of life we see today, then linking eco-
logical realities and molecular mechanisms in a new synthesis
for this century is imperative. Here we bring together four
examples from the session “Linking Molecular Physiology to
Ecological Realities” at the Third International Conference of
Comparative Physiology and Biochemistry, held in South Af-
rica, to show where this is starting to happen.

Coping with Cold and Heat

Temperature is one of the most significant abiotic factors de-
termining the distribution and abundance of life on Earth.
Directly, it limits animal distributions by exceeding thresholds
for survival, development, and reproduction (Cossins and Bow-
ler 1987; Feder et al. 1997; Spicer and Gaston 1999; Dahlhoff
and Rank 2000; van der Have 2002) and by altering rates and
processes over both ecological and evolutionary time (Cossins
and Bowler 1987; Rohde 1992: Hochachka and Somero 2002;
Evans et al. 2005). Indirectly and in combination with water
availability, it determines available energy, which has a major
influence on the number of individuals that can occur in an
area and therefore, ultimately, the area’s species richness (Haw-
kins et al. 2003; Willig et al. 2003; Evans et al. 2005). For this
reason, temperature variation and its effects on animals have
long fascinated biologists (e.g., Shelford 1911; Andrewartha and
Birch 1954). The current and likely future effects of global
climate change (Davis and Shaw 2001; Walther et al. 2002; Root
et al. 2003; Thomas et al. 2004) have given this interest renewed
urgency, and much attention is now being paid to geographic
variation in tolerances, how much of this variation is a con-
sequence of basal responses as opposed to phenotypic plasticity,
how much scope there is for evolutionary change in both, and
what the biochemical and molecular bases are for these re-
sponses (e.g., Stillman and Somero 2000; Denlinger et al. 2001;
Angilletta et al. 2002; Hoffmann et al. 2003; Stillman 2003).
Insects have long been useful models for investigating ec-
totherm responses to temperature, owing to both their diversity
and the tractability of some species as model organisms (An-
drewartha and Birch 1954; Parsons 1981). While investigations
of geographic variation in insect responses to temperature have
a venerable history (Scholander et al. 1953; Messenger 1959),
recent large-scale, or macrophysiological (Chown et al. 2004),
studies have revealed several novel and consistent patterns. At
global, regional, and local scales, it appears that the range of
upper thermal tolerances is lower than the range of lower ther-
mal tolerances and that the former shows much greater vari-
ation with either latitude or altitude than the latter. This is true
of basal responses (Addo-Bediako et al. 2000; Chown 2001)
and also appears to be typical of induced responses such as
those associated with cold and heat hardening (Chen et al.
1990), although variation in induced responses can sometimes
appear counterintuitive. For example, populations of Drosoph-

ila species from warm areas tend to have a reduced heat shock
response compared with those from cooler environments
(Serensen et al. 2001; Zatsepina et al. 2001), mostly because
repeated expression of heat shock proteins is likely to mean a
reduction in fitness. In laboratory acclimation experiments,
there also appears to be a reduced response to high tempera-
tures compared with that to low temperatures (e.g., Klok and
Chown 2003). Indeed, in some cases it appears that acclimation
responses to low temperatures can be sufficiently large to ac-
count for all of the geographic variation shown in cold tolerance
at both small (Klok et al. 2004) and large (Ayrinhac et al. 2004)
spatial scales. Laboratory selection experiments have revealed
similar differential responses to heat and cold (Gilchrist et al.
1997; Hoffmann et al. 1997).

Although there are notable and important exceptions to these
generalizations (Hoffmann et al. 2002; Sgro and Blows 2004),
it does appear that high- and low-temperature responses are
decoupled in insects, unlike the case in many other ectotherms,
especially those from marine environments (Prosser 1986; Cos-
sins and Bowler 1987). Recently, Portner (2001, 2002) has sug-
gested that thermal tolerance limits in marine organisms might
be set as a consequence of insufficient mitochondrial aerobic
capacity at low temperatures and a mismatch between oxygen
demand and delivery at high temperatures and that this might
also account for coupled upper and lower lethal temperatures.
Several recent studies on insects have explored these ideas either
explicitly or implicitly (Klok et al. 2004; Kostal et al. 2004;
Sinclair et al. 2004; Woods and Hill 2004). The data indicate
that oxygen limitation most likely does not set upper lethal
limits, probably as a consequence of the efficient tracheal ox-
ygen delivery systems that are characteristic of insects. However,
it might well contribute to lethal limits at the low end of the
temperature scale (Hosler et al. 2000; Sinclair et al. 2004). Thus,
it is not higher-level failure of delivery systems that sets thermal
limits in insects but, probably, the extent of cellular level re-
sponses. These include the expression of stress proteins and the
production of polyols and antifreeze proteins (reviewed in
Chown and Nicolson 2004).

The role of heat shock proteins (Hsps) in protecting insects
against heat, cold, and desiccation stress, both during diapause
and when it is broken, is becoming increasingly well understood
(Yocum et al. 1991; Goto and Kimura 1998; Rinehart et al.
2000; Denlinger et al. 2001). Differences in the time course of
Hsp expression for heat and cold shock have been demonstrated
in a variety of insects. During heat shock, Hsps are synthesized
during the stress, and synthesis ceases almost immediately on
cessation of the stress (Denlinger and Yocum 1998). By contrast,
after cold shock, Hsp synthesis commences only after the an-
imals have been returned to a higher temperature and may
then continue for days (Denlinger and Lee 1998). It is also
clear that there is an interaction with diapause such that stress
proteins that normally interfere with cellular growth and dif-
ferentiation can be upregulated continuously because of cell
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cycle arrest (Denlinger et al. 2001). Recent work has demon-
strated that Hsp 70 RNA interference (RNAi) affects cold tol-
erance, so supporting the role of Hsp70 in conveying tolerance,
and it is well established that Hsp90 and HSc70, which are
constitutively expressed in Sarcophaga crassipalpis, are upreg-
ulated after both cold and desiccation exposure (Hayward et
al. 2004).

Rapid cold hardening refers to the reduction in cold shock
mortality that can be induced by a short-term exposure to a
sublethal temperature before the cold shock (Lee et al. 1987).
It is thought to be of considerable ecological importance be-
cause it enables animals to respond to short-term changes in
temperature (Kelty and Lee 2001) without the need for de-
ployment of the full suite of biochemical responses that char-
acterizes longer-term cold hardiness (see Ramlgv 2000), which
usually takes several weeks. Although rapid cold hardening is
not typical of all insects (Sinclair and Chown 2003), it has been
found in the large majority of those that have been investigated
(Chown and Nicolson 2004). In their original investigations,
Lee et al. (1987) found that the rapid cold-hardening response
is associated with an upregulation of glycerol, although this
response is not consistent across all species. However, other
studies have shown that in all of the species investigated, both
Hsp70 and Hsp23 (and several other stress proteins) are up-
regulated in response to cold shock (see Yocum et al. 1991;
Denlinger et al. 1992; Denlinger and Lee 1998; Yocum 2001).
Indeed, recent work by Denlinger and colleagues has shown
that RNAIi of hsp23 causes a significant and substantial reduc-
tion in survival of cold shock following hardening in the flesh
fly S. crassipalpis, so substantiating the significant role of Hsp23
in the rapid cold hardening response. By contrast, the same
response was not found with RNAI of hsp70, leaving the up-
regulation of Hsp70 during rapid cold hardening unexplained.
Nonetheless, this work has provided substantial insight into the
molecular underpinnings of those strategies that enable insects
to cope with both temporal and spatial variation in the thermal
environment. Thus, the link between molecular mechanisms
underlying responses to temperature and the ecological impli-
cations thereof is, in this instance, clearly two-way. Comparative
work at ecological scales supports the role of cellular-level re-
sponses, while the molecular approach elucidates just how these
might have evolved.

Surviving Anoxia

The majority of species on Earth have evolved to take advantage
of the high ATP yields that are derived from the oxygen-
dependent catabolism of metabolic fuels in mitochondria. In-
terruption of oxygen supplies to tissues is rapidly fatal to hu-
mans and most other mammals, but a variety of vertebrate
(and many invertebrate) species have developed effective mech-
anisms for long-term survival under hypoxic or even anoxic
conditions. Studies at the ecological, physiological, and bio-

chemical levels using freshwater turtles as model systems are
documenting the range of strategies that are combined to pro-
vide anoxia tolerance to these remarkable animals. Freshwater
turtle species hibernate underwater, and in northern latitudes,
this can result in many weeks of continuous submergence in
ice-covered ponds (Ultsch 1989). Lung breathing becomes im-
possible, but aquatic gas exchange can be used in some cases.
Often, however, ice-locked aquatic habitats become oxygen de-
pleted, and animal survival is then dependent on anaerobic
metabolism. Hypoxia-intolerant species, such as the soft-shelled
turtle Apalone spinifera, select dependably oxygenated sites for
overwintering and remain largely aerobic by utilizing aquatic
gas exchange (Reese et al. 2003). Hypoxia-tolerant species, such
as the painted turtle Chrysemys picta, can survive in ponds and
lakes that may become stagnant and hypoxic; indeed, they can
endure submergence in anoxic water for up to 5 mo at 3°C.
To do so, they have optimized two major strategies: (1) met-
abolic-rate depression that achieves a coordinated suppression
of all metabolic reactions and (2) effective buffering to slow
the accumulation of lactic acid produced from anaerobic gly-
colysis and to limit the resulting acidosis (Jackson 2000, 2002).
Recent work has made extensive progress in understanding this
second strategy and revealed the central importance of the
turtle’s shell. Two separate shell mechanisms are involved: (1)
the release of calcium carbonate from the shell buffers the
accumulating products of anaerobic glycolysis (lactate anion
and H™), and (2) lactate is removed from circulation and taken
up into the shell itself, where it is buffered and sequestered.
Together, the metabolic and buffering mechanisms permit sta-
bilization of blood pH in the face of circulating lactate levels
that can rise to 150 mmol L™" or higher (Reese et al. 2001;
Jackson 2004).

These studies are not only important in their own right but
also critical to development of the field of vertebrate anaero-
biosis. Because they have solid and complete information about
turtle behavior in the wild, the physiological ecology of over-
wintering, and the patterns of change in multiple metabolic
parameters (e.g., metabolic rate, plasma pH and ions, end-
product accumulation), other scientists have been able to con-
tinue the story of anoxia tolerance down to the molecular and
gene levels. Studies of important model organisms, such as
freshwater turtles, illustrate and define the elastic limits to
which biochemical adaptation can be stretched to cope with
environmental stress and allow us to reach a full understanding
of functional metabolism—the regulation and adaptation of
life on Earth (Storey 2004a).

One of the key early observations made by Jackson and
colleagues (Jackson 1968; Ultsch 1989) was the strong sup-
pression of metabolic rate during submergence in pond turtles
of the genera Trachemys and Chrysemys. For example, the met-
abolic rate of C. picta submerged in cold water is only about
10% of the corresponding rate in air at the same temperature.
By strongly suppressing metabolic rate in anoxia, as well as
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reorganizing the priorities for ATP use, organisms gain a major
extension of the time that they can survive using only anaerobic
pathways for ATP production.

The biochemical mechanisms that regulate anoxia-induced
metabolic-rate depression in turtles are the focus of research
in several labs (Bickler et al. 2002; Lutz and Milton 2004; Storey
and Storey 2004; Storey 2004b). Metabolic arrest targets both
ATP-producing processes, such as fuel utilization, and ATP-
utilizing processes, such as ion pumping, transcription, and
translation, using two main principles: (1) the reversible sup-
pression of the rates of multiple cell enzymes, pathways, and
processes using reversible biochemical controls, such as cova-
lent modification of key enzymes; and (2) the anoxia-induced
expression of selected genes to produce protein products with
specific functions in the anoxic cell (Storey and Storey 2004;
Storey 2004b). The primary mechanism for reversible sup-
pression of cellular enzymes and functional proteins under an-
oxia (and in multiple other hypometabolic states) has proved
to be the addition or removal of covalently bound phosphate,
carried out by protein kinases and protein phosphatases (Storey
and Storey 2004). For example, several enzymes of the ATP-
generating glycolytic pathway are coordinated in this manner
under anoxia in turtles, including glycogen phosphorylase,
phosphofructokinase 1 and 2, and pyruvate kinase. Proteins
involved in ion homeostasis (pumps and channels), transcrip-
tion, and translation are also reversibly suppressed in this way.

However, despite global transcription and translation sup-
pression in anoxia, selected genes are upregulated. This is
achieved via the actions of specific transcription factors under
the control of specific anoxia-responsive protein kinases. For
example, prominent in the response to anoxia by turtle organs
is the activation of c-Jun N-terminal kinase (JNK), whose ac-
tivity peaks after 5 h of anoxic submergence (Greenway and
Storey 2000). JNKs function specifically in mediating changes
in gene expression. Much recent work has focused on which
genes are upregulated in response to anoxia, utilizing two tech-
niques: cDNA library screening and DNA array screening.
These studies are providing novel insights into gene expression
changes that support anoxia tolerance by documenting upreg-
ulation of genes that code for proteins with diverse functions;
these include proteins in the mitochondrial respiratory chain
(Cai and Storey 1996; Willmore et al. 2001), solute carriers,
antioxidant enzymes, shock proteins, and protease inhibitors.
In particular, recent studies using cDNA array screening have
revealed the novel upregulation in anoxia of protease inhibitors,
particularly several serpins (serine protease inhibitors; Storey
2004b). Many serpins are irreversible covalent inhibitors of
proteases that act at critical checkpoints in the proteolytic cas-
cades involved in blood coagulation, inflammation, and other
responses. Upregulation of these serpins suggests that one as-
pect of long-term anaerobic survival may be inhibition of pro-
teolytic reactions and cascades that could otherwise cause cu-

mulative damage to tissues over the long term in an
energy-restricted state.

Hence, new explorations of anoxia-induced gene expression
are producing many novel leads into areas of metabolic func-
tion that have never been considered as contributing to fac-
ultative anaerobiosis. For the comparative biochemist, these
opportunities for significant new discoveries are exciting; for
the physiological ecologist, they offer insights into how animals
cope with anoxia and what might limit animals in achieving
survival.

Meeting Energetic Challenges

Fuel use and its regulation in mammals are important from a
range of perspectives from human athletic performance to tor-
por and hibernation in other mammals. How fuel levels and
usage rates vary at the whole-animal level and what the
molecular-level controls are that can be used to suppress fuel/
energy use by multiple cell functions (e.g., transcription, trans-
lation, carbohydrate catabolism) to allow entry into torpor and/
or hibernation are clearly topics that provide linkages between
molecular mechanisms and the ecological realities that animals
face.

To match ATP supply with demand, mechanisms must be
in place to ensure adequate delivery of metabolic fuels and
oxygen to mitochondria. The mixture of fuels used (fats, car-
bohydrates, proteins) and their individual flux are tightly or-
chestrated to cope with changing physiological needs (Storey
2004a). The control of fuel selection under environmental stress
shows many common themes across evolution, although with
a few recently uncovered apparent exceptions. ATP turnover is
continuously adjusted, often on a minute-by-minute basis. In-
stantaneous fuel use is determined by multiple, interacting
mechanisms involving fuel availability, storage location, muscle
recruitment, fiber recruitment within each muscle, and meta-
bolic pathway selection within each fiber (Haman et al. 2004b).
ATP flux can change enormously in response to physiological
demands, for example, being increased sharply in exercise, cold
exposure, and lactation or being decreased during fasting or
diving or in torpor/hibernation. In general, of total fuel re-
serves, 85% are lipids, making this fuel a major target of evo-
lutionary adaptation. Central to our understanding of fuel use
is the constancy of this dominant use of lipids under resting
conditions and low exercise intensity. By contrast, carbohy-
drates have a more limited pattern of use as fuels. They are
key when oxygen is limiting but are used increasingly as exercise
intensity rises, becoming the major fuel as exercise intensity
nears the aerobic maximum. This is a constant pattern, seen
across phylogeny regardless of aerobic capacity, body size, or
various environmental stresses.

Surprisingly, new data show that shivering has a different
pattern of fuel use than does exercise (Haman et al. 2002, 20044,
2004b, 2004c), a remarkable finding in a field where it was
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thought that muscle fuel use patterns were all well understood.
These studies show that new paradigms are required to fully
understand the use of fuels in different types of muscle work,
for example, shivering and long-distance migration. Hence, ex-
citing unknowns remain to be explored in a field with a very
long history where no major changes were expected. As the
physiological realities of these fuel choice patterns emerge, they
will be a very fertile field for biochemical and molecular genetic
studies.

Hibernation and daily torpor are the most powerful measures
that endotherms can use to reduce their energy consumption
(Heldmaier et al. 2004). In torpid states, organisms drop their
metabolic rate to just a fraction of the normal resting metabolic
rate; for example, during daily torpor, Djungarian hamsters
reduce their metabolic rate by more than 70% for several hours
while sleeping. Metabolic suppression affects multiple (perhaps
all) aspects of metabolism. For example, using the nuclear run-
on technique, the rate of transcriptional initiation in hamster
liver was shown to be reduced by 40% during torpor but re-
bounded fully after arousal (Berriel Diaz et al. 2004). Protein
synthesis is also strongly suppressed during torpor/hibernation,
as documented by analysis of the relative activity of the trans-
lational machinery (e.g., polysome content and active mRNA
transcripts). For example, torpor is marked by a disaggregation
of transcriptionally active polysomes that indicate that the over-
all rate of protein synthesis is strongly reduced. Carbohydrate
catabolism 1is also slowed in torpor/hibernation, and this is
regulated at least in part by inhibition of pyruvate dehydro-
genase, the enzyme that gates entry of carbohydrate fuels into
the mitochondria (Heldmaier et al. 1999). Regulation is applied
via posttranslational covalent modification of the enzyme.
Taken together, these events and others resculpt cells and tissues
to suppress ATP turnover, reduce heat production, and allow
substantial energy savings. A particularly important advance in
our understanding of the overall role and origin of torpor/
hibernation in mammalian biology was revealed by recent work
on Madagascan lemurs (Dausmann et al. 2004). The fat-tailed
dwarf lemur Cheirogaleus medius hibernates for several months
of the year, even though ambient temperatures during this time
can range up to 30°C. Hence, in this instance, hibernation is
not necessarily coupled to a low body temperature, which chal-
lenges the idea that hibernation arose as a mechanism of winter
cold hardiness. Instead, this study points to a more general and
ancient role of hibernation as a measure to cope with a seasonal
interruption of food/fuel supplies. Thus, as these examples from
human shivering and mammalian hibernation demonstrate,
new principles are still being discovered, and much still remains
to be learned about the selection and regulation of fuel use and
the strategies for matching fuel supply to physiological demand
and environmental stress.

Scaling Up to Diversity

One of the most significant and potentially unifying ideas pro-
viding links from the molecular level through to the ecological
level is the nutrient supply network model for metabolic scaling
proposed by Brown, West, Enquist, and their colleagues (West
et al. 1997, 1999, 2002), which they have widely explored and
termed the “metabolic theory of ecology” (Brown et al. 20044a).
The model builds on several key assumptions. These include
that the rate at which energy is dissipated is minimized, that
transport systems have a space-filling, fractal-like branching
pattern, that the final branch of the network is size invariant,
and that branching patterns preserve cross-sectional area. From
these and other assumptions, the quarter-power metabolic (and
other) scaling that is apparently typical of all groups (e.g., Sav-
age et al. 2004) can be derived. Indeed, building on the premise
that metabolic rate is the most fundamental biological rate
process, West et al. (1997, p. 126) have claimed that quarter-
power scaling is the “single most pervasive theme underlying
all biological diversity.” Later work has incorporated the tem-
perature dependence of whole-organism metabolism, and the
Van’t Hoff-Arrhenius relation is thought to describe this tem-
perature dependence relatively well across all organisms, from
unicellular microbes to multicellular animals and plants (Gil-
looly et al. 2001). The combined temperature and scaling equa-
tion has subsequently been used to make comparisons across
organisms that differ substantially in their forms and life his-
tories. Brown and colleagues argue that this metabolic theory
predicts how metabolic rate, by setting rates of resource uptake
and allocation, controls ecological processes at all levels of or-
ganization, from life-history attributes through population pro-
cesses to those at the ecosystem level, and eventually also de-
termines large-scale variation in biodiversity (for review, see
Gillooly et al. 2001; West et al. 2001; Allen et al. 2002; Brown
et al. 2004a). Brown et al. (2004a) emphasize that this metabolic
theory is one that encompasses all levels from the molecular
to the ecological and argue that it explains much of the diversity
that is the most characteristic and significant feature of life on
Earth.

Like all general models, the metabolic theory proposed by
Brown, West, and Enquist is controversial (and should perhaps
at this point be termed the “metabolic hypothesis”). There have
been vigorous discussions in the literature regarding the un-
derlying theory, its biological assumptions, the empirical re-
lationships predicted by the model and found in nature, and
the extent to which the metabolic theory will prove useful for
addressing questions in community and population ecology
(e.g., Dodds et al. 2001; Symonds and Elgar 2002; Ricklefs 2003;
Clarke 2004; Clarke and Fraser 2004; Cyr and Walker 2004;
Finkel et al. 2004; Kozlowski and Konarzewski 2004; Sterner
2004; Tilman et al. 2004). Brown, West, Enquist, and their
colleagues have only begun responding to these critiques (e.g.,
Savage et al. 2004; Brown et al. 2004b), and for many of the
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issues the jury remains out. Proponents on both sides claim
that their explanation is the one that best fits the data, makes
the most realistic assumptions, or has the most generality.

Time, careful investigations of the models’ assumptions, ad-
ditional theoretical analyses, and additional empirical data will
tell. However, they will do so only if the metabolic theory is
given the close inspection that it deserves, from the molecular
to the ecological level, especially because it is one of the few
models that encompass the full range of the hierarchy (see
Brooks and Wiley 1988 and Kauffman 1993 for other ap-
proaches, including one that incorporates the genealogical hi-
erarchy). While there is clearly much that this metabolic theory
does not explain (e.g., Brown et al. 20044; Tilman et al. 2004),
and while it might end up being subject to considerable mod-
ification and possibly eventual disproof, it is of heuristic value
because of the attention it has drawn to the ways in which
molecular mechanisms and ecological realities are linked and
the importance of exploring these links. Moreover, it also draws
attention to a fundamentally applied question: what the effect
of such enormous and expanding use by humans of global
energy input will be on the biodiversity that is the mainstay of
our existence (Gaston 2004; Li et al. 2004).

Lessons

Our rationale for organizing a symposium session on linking
molecular physiology to ecological realities was not to deter-
mine whether this is possible. We believe that it is and that
doing so is important (see also Storey and Storey 2000; Chown
et al. 2003). Rather, we wanted to ascertain the extent to which
such linkages might be forged, where and how this is already
happening, and what insights might be gained beyond those
that are a consequence of more narrow “molecular” and “eco-
logical” approaches. From the above discussion, it is clear that
links between molecular physiology and ecological realities con-
tinue to be forged and that these links are producing a range
of insights beyond those that might be achieved by adopting
only a single approach. Achieving these insights is important
not only for a fundamental understanding of how life works.
It also has practical applications ranging from those concerned
with resolving the metabolic basis of human disease and per-
formance under a range of conditions to those that encompass
the human-environment interaction, including the welfare of
the planet’s diversity. These form the bases of a reasonable
physiological and psychological quality of life. Indeed, one of
the most pressing ecological realities facing all species, including
humans, is the increasing level of environmental stress and
variation that humans have precipitated as a consequence of
their own phenomenal reproductive success (Cohen 1996).
Coping with this reality is a pressing concern for society (Sala
et al. 2000; Tilman et al. 2002; Watson 2002; Parmesan and
Yohe 2003).

However, we are also aware that there is considerable selec-

tion, if only indirect, against the continued establishment of
these links. As we have pointed out, much of the reality of
modern science of all types is compartmentalization. The mo-
lecular literature is largely inaccessible to ecologists—and only
slightly more transparent to physiologists. It is hidden in plain
sight, burdened by (1) the extensive use of jargon and com-
plexity that makes the straightforward seem mystical, (2) the
use of technologies that nonmolecular scientists feel cannot be
either learned or applied to their system, (3) the increasingly
posthypothesis nature of some of the genomic and proteomic
work, such that huge amounts of data are presented in undi-
gested lumps, and (4) the publication of papers in the diverse
biochemical and genetic literature, where most of the papers
are on systems of no interest to the comparative community.
This last problem is somewhat compensated for by “overlap”
journals where the two worlds can meet in one journal. How-
ever, the weakness of some of these overlap/comparative jour-
nals is that they have relatively small impact, and they give
relatively little attention to producing easy-to-understand re-
views that would inform their diverse readership, in favor of
publishing narrow, specialist-read-only papers.

The ecological and ecophysiological literature is bypassed by
molecular scientists for some of the same reasons, including
the use of speciality journals and the seeming lack of connection
of the ecological to the molecular level (the books by Brooks
and Wiley [1988] and Kauffman [1993] and many of the papers
we have cited here are notable exceptions). More serious are
the unique reasons that much physiological ecology work is
not now and will never be followed up at the molecular level.
(1) While ecology and physiology papers are more hypothesis-
driven than most molecular papers, they often require molec-
ular scientists to digest voluminous literatures on complex eco-
systems, statistics, and other aspects that they cannot readily
interpret in order to obtain what they most crave: unity. (2)
Common themes, testable at the molecular levels, are the only
ones that can be explored because of the costly and time-
consuming nature of molecular searches. (3) The higher levels
of biological organization must be worked out before molecular
studies can be undertaken. In A Streetcar Named Desire, Blanche
DuBois voiced a lament echoed by molecular scientists every-
where, “I have always relied on the kindness of strangers.” Only
after the higher levels of organization are worked out for dif-
ferent biological systems can testable and significant hypotheses
at the molecular level become apparent. The gap between the
generation of most current ecophysiological hypotheses and the
reality of molecular work remains a critical problem in com-
parative science. What, then, is the prospect for ongoing in-
tegration of molecular physiology and ecological realities? This
depends on how we elect to take what Ortega y Gasset (1930)
called the barbarism of specialization but many others would
term its success and make it work to our advantage. In our
view, it will require groups thinking of bridging these levels of
biological organization to select a paradigm for future work
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ranging from (1) growth of individual labs to huge sizes to
cover experimental needs of studies that range from ecology
to molecular biology to (2) movement of ecologically trained
students, postdoctoral fellows, and other scientists to take up
molecular studies in collaborative labs to (3) “handing off” the
ecological and physiological knowledge of selected organisms
to willing molecular labs to continue studies using their own
personnel. Whatever the route, it is clear that there is much to
be gained by linking molecular physiology to ecological realities.
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