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Abstract

Much of the debate aboutalterndive scaling exporents may result from
unavareness of thedimensondity appropnate for different data and questions in some
cases andysis hasto indudea fourth temporal dimensonandin othersit does not
Propottiond scaling simultaneoudy applied to an organism and its generation time,
treating thelatter as a naural fourth dimenson, produes a simple explanaion for the ¥,
power in large-scale interspecies comparisons Andysis of daasets of reduced
dimengondity (e.g., ones condructed such that one or more of thefour dimensonsare

fixed), resultsin predictably lower metabolic exponents of % and )4 , unde oneand two

congraints, respectively. Our space-lifetime view offers a predictive framework mutudly
congstent with much of the content of existing GB-dimensiondOtheories, but does not
currently offer an aternae mechanism. Our view is useful as a step in developing amore

complete mechanistic theory of metabolic scaling.
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Introduction

The ¥ power scaling of metabolism with animal body mass (KleiberG

Law;Kleiber 1932)generalized to all forms of life (Brown et a. 2004;Hemmingsen
1960;Savageet a. 2004) has been nat unlike Fermat® Theorem in thetheory of
integers: it is an observation tha has been relatively easy to see but hard to explain.
From thebeginning, dimensond arguments have played an important rolein
attempts to accountfor metabolic scaling. Before Klelber, metabolism was thoughtto

scale asthe % power of mass, since organisms metabolize throughtwo-dimensond

surfaces but supply athree-dimensond body (Rubner 1883) Recent work has produced
alargdy satisfactory general explanaion of the observed tendency for metabolic rates to
scale interspecifically according to Kleiber@ law (ingtead of %{ ) by focusing onthe
geometry of organismsOinternd distribution networks for metabolites or nutrients
(Banavar et a. 2002;Banavar et a. 1999;West et al. 1997;West et al. 1999) In this

theoretical approach the ¥, exponent results because the network scales asif it hasa

metaphorical GextraOspatial dimenson, related to the extra distances that afundiond
network requires asit increases in size (butfor different reasons depending onthe
modds of different research groupg. This characteristic of networks has been dubbel the
Gourth dimengon of lifeO(West et al. 1999. However, here we discuss something
different: we arguetha thereisadistinct andliteral sense in which the conventiond
fourth dimensonN time N may be profitably incorporated into biological scaling
theory. Our god hereisto adoptthislitera (rather than metaphorcal) four-dimensond

view of organismic scaling and explore novd predictionsarising fromit.
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Part of our motivationistha even if nework geometry explainsthe prevalence of
Kleiber@ law, thereis condderable variationin the degree to which different subsets of
organisms and taxa conform to it (Glazier 2005;White et a. 2007) Thefield of
Metabolic Ecology, recently (haptizedOby Brown and colleagues (Brown et al. 2004)
has developad quickly over thelast decade and incorporates many previoudy discovered
+ )/ power dlometries, induding those for generation time (Bonne 1965, rate of
popuktionincaease (Fenchd 1974) popuation dengty (Damuth 1987;Damuth 2007)
and many others discovered and summarized by earlier workers (Calder 1984;Peters
1983; Savageet d. 2004) All exhibit variation and mog are interrelated, such tha
articulating an adequae theoretical accountof theempirical complexity of metabolic
ecology appearsto beadauntingtask (Glazier 20(B). A four-dimensond approach
reveals order and smplicity notreadily appaent in thetraditiond three-dimensond
view.

Our point of departure is awell-known observation: With respect to body mass

(M) inawiderangeof taxa, mog life history traits scale either as approximately M
(rates of physological processes, and reprodudion) or as M (varioustimes, induding
genegationtime andlifespan, (Brown et a. 2004;Calde 1984). It is striking tha when
combined with the ¥, interspecific scaling of metabdism, such life history scaling gives
riseto ahog of invariants or isometries with respect to body mass (Calder 1984;Charnov

1993) For example, lifetime metabolism scales as M”11 M% = M' andthusis

propottiond (isometric, not allometric) to bodysize. As aconsquence, Since mass-

specific metabolism scales as M , thelifetime metabdism of each gram of an

organism isindgpendent of bodysize. Thoughfrequently remarked upon this
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characteristic of thelifespan isusudly consgdered an outcome of other scaling
relationships (Brown et al. 2004;Lindgedt and Calder 1981)and has not been treated as
aprimary prindple of scalingtheory N athoughit has formed the basis of atheory of
aging (Pearl 1928) To us these observationssuggest tha, indead, the scaling of
lifetimes may reflect afundanental mannea in which organisms of all body masses are
ecologicaly and evolutionaily fundiondly similar. Thus we would expect tha adding
time to scaling theory would simplify thetheory with no loss of explanaory power.
Here we build forcefully on this suggestion by defending a simple propostion: it
is produdive to view organisms as four-dimengond objects with three spatial
dimengonsand onetempora dimengontha isequd to thegeneaationtime. This space-
lifetime hypothesis has immediate implications Scaling now has to bethoughtof as
simultaneouspropottiond changein all linear dimensonsand in generation time. On this

view, ¥ scalingof metabolismisna at al surprising since the exchangeof energy with
the environment takes place throughathree-dimensiond surface (two spatial and one
temporal) and expenditures are correspondngly four dimensond (three spaial and one
temporal). All the ¥, -power allometries for linear dimensonsand life history follow
simultaneoudy from this smple view.

Blum (1977)reasoned similarly tha if organismswere literally four-dimensond
then the ¥, exponent follows easily, but hedid not suggest wha tha fourth dimenson
should be Time assodated with physological processes has been treated as an explicit
dimendgonin some physological modds of metabolism (daSilvaet a. 2006;Heusner
1982b)and of course plays a key role in many others (e.g., Banavar et al. 2002)

However, in this pgper we are concerned with ecological time, and specifically



91

92

93

94

95

96

97

98

99

100

101

102

103

104

105

106

107

108

109

110

111

112

generation times. Ecological time-related characters have been mentioned in theliterature
as candidaes for afourth dimenson, butthis topic has not been explored further (Calder
1984;Hainsworth 1981)

It isastraightforward observation tha, to afirst approximation, the power of

unity in thelifetime metabolic-expenditure isometry (M7 x M” = M') is subdivided

into approximately equd quaters amongthefour total temporal and spaia dimensons

lifespan scales as M’ and metabolic rate per chronologica unit of time asM” . Purely
equd subdivison amongthedimensonsdoes not have to occur, and in fact there may be
many exceptions For example, usgng the daabase of Froese and Pauly (2000 we
deermined (Ginzburg, unpublshed ms) tha the dopeof metabolic rate of fishes, after

adjuging for temperature, is 0.84, highe than ¥, . We foundtha at the same time fish

geneationtime scales with theexponent of 0.16, so thelifetime metabolism scales agan
aspower 1. In contrast, mammals show amore even distribution between temporal and

spaia dimensons(Calde 1984)
Generation time as a dimension

Why should generation time be so significant tha it forms afourth dimengonfor
organisms? Time units driven by astronomical events do notform a naural timescale for
biology. Althoughorganisms may respondto various astronormical cycles, the periodicity
of such cycles dependsuponaccidental propeties of the solar system and notthe
fundiond requirements of biological systems. When we adoptatimescale more suitable
for organisms we would expect it to exhibit a clear relationhip to processes important for

organismic fundion and fitness.
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Since popuktionsof established species tend to beroughly stable over thelong
run, the per-capitarate of survival to the next generation has to be approximately unity.
Tha is, onesurviving daughter of asize equd to its mother has to replace each mother
per generation. Thisis arequirement for ecological and evolutionay success.
Condructing oneviable and reprodudively capable daughter requires a certain duration
(agenerationtime) tha is conveniently viewed as an organism@ fourth dimenson. So, on
average it takes a geneation time of metabolism for a mothe to guarantee the existence
of he replacement. On this basis we deduce tha the generation-time (and correlated
lifetime) metabolism should beisometric to bodysize, as described above Thus
genegationtimeisaplaugble condraint inseparably linked to the size dimendonsof an
organism throughmetabolism. Generation time isthe fundamental timescale in studies of
evolution and in much of popuktion dynamics, because of the obviousimportance of
reprodudive rates (Ginzburg and Colyvan 2004).

It is theaverage metabolic rate unde naural conditionsN thefield metabolic
rate (FMR) N tha ismog relevant to this four-dimensond view, since organisms do not
typicaly live ther entirelives at basal or standad metabolic rates. However, our andyses
are necessarily restricted to usgng basal rates, since currently there aretoo few species for
which both published FMR and life history daa are available (Anderson and Jetz 2005;
Nagy et a. 1999) In any case, FMR scalesroughly parallel to basal ratesin vertebrate

taxa, andiscloseto ¥ in placental mammals (Nagy 2005). We expect tha theresults of

usng basal rates will thusbe comparable to use of FMR directly.
We have further foundtha theresiduds of the scaling of basal metabolism and

the scaling of maximum lifespan covary negdively (226 species shared by daasets of
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Savage et a. 2004and Ernest 2003;correlation coefficient £0.25, p < 0.0002) although
thescatter islarge Tha is, aspeciesthat is overmetabolic with respect to the metabolism
linehas atendency to bebdow thelinefor generation-time allometry, and vice-versa.
We venture bd ow to make some specific predictions based on our four-
dimengond view. We have been able to test some of them with satisfactory results;

others remain conjectures for future testing.

Predicted and actual allometries for subsets of reduced dimensionality

First, congde aset of organisms of different sizesthat all share thesame
geneationtime. This meanstha onedimenson out of fouris fixed and the organisms
differ only in three dimengonsrather than four. Metabolism in athree-dimengond

system would be expected to scale notas ¥, , butas %, condstent with thereasoning of

Rubne (1883)and other pre-Kleiber workers. However, from our four-dimensond view

thereason tha the dopewill bedifferentis ssmply tha onedimenson has been removed.
An important special case of such three-dimensonal setsistha membersof a

single species have essentially the same generation time. Thuswe would predict that

intraspecific metabolism would scale with alower exponent, ideally % . This prediction
isin complete agreement with the well-known observation that intraspecific scaling
exponeants for metabolism are often different than interspecific exponents and tend to be
closrto 7 thanto ¥ (Chown et a. 2007;Feldman and McMahon 1983;Glazier 2005)
Secondly, note that if, in athree-dimensond set of organisms, we standadize an

additiond dimengon (for example, oneof thethree spatial dimensons say, bodylength),
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we effectively removetwo of thefour dimensonsand, by theforegoing reasoning,
expect thedopeto be ¥ (i.e, theremaining variability is two-dimensond).

Subdantial data are available to test these predictionsfor Homo sapiens. Asa
single speciesit isthree-dimensond and thusshoud exhibit a metabolic scaling
exponent of % ; infact, thedata we have andyzed show the exponent equd to 0.63 with

a95% confidence interval of 0.59t00.67 (Fig. 1A). We can furthe reduce the
dimensondity by performing a multiple regression of metabolic rate on both mass and

heght, in which case we would expect avalueof % for thepartial regression coefficient

assodated with mass. In agreement with the prediction the observed valueis0.47 (043D
0.51; Fig. 1 B). If, equivaently, we bin theindividuds into groupsof equd haghts (0.01
log height[cm]), themean dopefor the scaling of metabolism within groupsgives the
sameresult: 0.47(0.42D0.52). Standad textbookformulas used in human physology
tha regress surface areafor humansonthar haght and weight have the exponents of
weight varying between 0.43 and 0.54, in agreement with our own estimate (Dubin and
Zietz 1996;Dubois and Dubois 1916;Verbraecken et al. 2006)

We can peform the same test on an interspecific scale across placental mammal
species, with some caveats. The mammal daa certainly incorporate awider rangeof
variation in ecological and physological condraints than dointraspecific daa. In
paticular, it is known tha metabolism in small mammals (< 50g) scales with amuch
shdlower dopethan it does in large mammals (Glazier 2005;McNab 1988)N see
bdow. Accordingly, we will restrict our andysis to species > 100gin bodymass, anong
which the allometric relationship isrelatively uniform. We have also peforce used

maximum recorded lifespan to represent generation time; thoughan imperfect proxy,
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lifespan does scale similarly to theother life history characters that jointly determine
actud generationtimes (Lindgedt and Calder 1981). Findly, we have notinvestigaed
whethe phylogengtic nonrindependence affects our estimates of dopes. Our interest here
isin adirect comparison with the human daa for which no comparable genealogical
informationis available. Moreover, published phylogenetically-based and non
phylogenetic studies tend to yield similar exponents for therelevant allometries in
mammals, thoughsome life history traits may be exceptions(Duncan et a. 2007;Martin
et al. 2005;Nagy 2005. We expect that theresults of aphylogendticaly-based andysis
would be quditatively the same as ours, but an exploration of this additiond complexity
Is beyondthe scopeof the present work.

Table 1 shows tha theresults for mammals are similar to those for humans In the
four-dimensond (uncndrained) case, the metabdic exponent is not different from ¥,
and the 95% confidence interval doesnotindude % . In thethree-dimensond case
(controlling for lifespan), the exponent islower, but variationis such tha it is congstent
with either 7 or ¥ . Inthetwo-dimensond case (controlling for both lifespan and
length), theexponent is 0.46, not significantly different from ), and aimos exactly the
valuetha we obtained in theintraspecific case.

Thefoca vauesof ¥, % and )4 correspondto integer redudionsin

dimengondity, and they seem to represent themodd values seen widdy in metabolic
scaling (Glazier 2005) However, we can easily imaginefractiond dimendonredudion,
which would produe metabolic scaling exponents of variousintermediate values. For
example, mammals are not perfect cubes, and the dopeof theregression of body mass to

length tendsto bedightly larger (upto 3.6) than the expected 3.0 in mog orders (Damuth

10
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1990;Silva 1998. Thesame exponent is closer to 2.8 for fishes (this pgper) and for
mammalian carnivores (Van Vakenburgh 1990) Thus condraining by bodylength
would be expected to have different effects in different groups because sighty more or
dightly lessthan afull spatia dimenson contributing to bodymassis bang standadized.
Actud morphological, developmental, or temporal condraints (as oppo®d to

thoe imposd satistically by theinvestigator) may also cause oberved metabolic
allometries with powers outside of this ssimple set of %1 fractionsor with powers

unexpected from the appaent dimendondity of the system. For example, thelow
exponents for metabolic scaling observed in small (< 50g)mammals (/4 or even ) ; ref.
(Glazier 2005)immediately suggest to ustha small mammal species form effectively at
mog atwo-dimengond set. We conjecture that small mammals experience condraintsin
both spdial and tempora dimensons At present we have no suggestionsfor the source
of the appaent redudion by an additiond dimenson. Neverthdess, thefour-dimensond
view allows usto frame anovd question aboutthe system tha may lead to further
undestanding. Likewise, some researchers arguethat true basal metabolic rates of birds
and mammals scale with an exponent near % (Glazier 2005;Heusner 19823 White and
Seymour 2003) Should thisturn out to bethe case, it would suggest to ustha unde
basal conditionsmammals experience some condraints tha have the effect of reducing

thedimensondity by approximately one in contrast to the ¥, scaling observed for FMR

and predicted by our four-dimengond peaspective.

11



223

224

225

226

227

228

229

230

231

232

233

234

235

236

237

238

239

240

241

242

243

Discussion

The space-lifetime view predictsthe ¥ exponent for metabolic scaling across

species. Significantly, it also successfully predicts the exponents of metabolic scalingin
sets of organisms of progressively lower dimengondity, and further correctly predicts
that intraspecific metabolic Sopeswill tend to belower than interspecific Sopes N and

ordinaily closer to % . Consdering these obervations and other conjectures discussed

above we suggest tha our proposd four-dimengond view of metabolic scalingisin
many ways simpler than theconventiond 3-D view butwith asimilar and, in some cases,
supeior predictive power.

We are aware tha there are multiple explanaionswithin the 3-D framework for
many of the same paternstha we address (Glazier 2005) Perhgpssurprisingly, we
would arguetha our theory is notlikely to bea competing causal theory nordoesit
necessarily contradict existing 3-D theories. We rely, informally, on the conaept of
QludityOto suggest how this can be so.

Dudity isawiddy used conaept in modern physcs. Thetwo dud theories
describethe same factsin different ways, typically by differing by onedimengon.Ina
sense they are the same theory, but distinct formulationstha emphasize different aspects
or packagetheingredients differently (Randdl 2005). Neither 3-D nor 4-D metabolic
theory has yet been developad sufficiently to deerminewhether thetheories are formally
dud. Butitisinthespirit of such a possible dudity tha we offer our 4-D view. Thefact

tha we do not have a mechanistic 4-D modd, yet see predictable relationshipsfrom tha

12
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perspective, strongly suggests dudity with 3-D mechanistic theory rather than an
alterndive or replacement.

We thuspresent our view at this time withouta mechanistic undepinning.
Knowledgeof regular paternsin naure withou aconaurrent undestanding of ther
undelying mechanismsis more common (and useful) in science than people often think
(Greene2001) Darwin@® lack of knowledgeof the mechanisms of heredity (which we
now undestand), or physcsOlack of amechanism for gravity (which we still do not
undestand) are jugt two examples. Our presentation of anon-mechanistic framework
meansonly tha thisrepresents less of an intellectual advance than onewould strive for. It
isin this spirit of stepwise progress tha we offer our views.

When we add generation time to scaling theory as an organism@ fourth
dimengon, we see order involving metabolic exponents tha was previoudy obscured.
Theexponents depend in asimple way onthedimensiondity of the set of organisms

being consdered: % for twodimensons % forthree, ¥ for four. We bdieve tha our

view can serve as agenera organizing framework, within which varioustheories and
mechanisms may coexist peacefully, occupying their own (sub)space of correctly
identified dimensondity. Ingead of expecting universal applicability of oneof the
exponents (e.g., %, % or %), we expect to see variousexponents based on variationin
dimengondity. Thefour-dimensond view thusembraces network theory, aimed at
explaining the central tendendes of interspecific scaling, and smultaneoudy other
approaches, induding those involving multiple condraints (e.g., Demetrius2006;Glazier
2005;Kooijman 2000 tha seek to explain much of the variation in metabolic scaling at

variousscales and in particular groups At the same time, the scaling paterns predicted

13
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and successfully explained by thefour-dimensond view offer achdlengeto traditiond
theories, which mug accountfor them.

Induding thetemporal dimenson as an integral pat of the organism@ phenotype
may have broader applicationsin ecology than jug those involved with metabolism and
scaling. If organisms are consdered to occupy a 4-dimensond space, then time, like the
dimensonsof 3-D space, can beconsdered aresource. Where time for growth and
reprodudionisin short supply there are fewer resources to bedivided, with implications
for diversity, resource partitioning, and biogeography. Other ecological processes
ultimately depending on reprodudive rates (such as popuktion fluctuaionsand local
extinction probability) mug depend patly ongeneration time. We speculate tha an
extended four-dimensond view, if confirmed by additiond studies, may provide similar
clarification of theoretica areas of ecology currently based in three dimendons

Generation time has always been thefundamental unit of time for undestanding
evolution. Our suggested view of metabolic ecology istha agenerationd timescaleis
equdly fundamental for ecology. A well-known metaphor by Hutchinson (1965 sets
ecology as a theater and evolution as a play. We bdieve that the theatre® clock ticks at
the same rate tha theplay is baeng performed. The coinddence of thebasic time scale of
ecology to tha of evolutionis anothe confirmation of theunity of thetwo fields of

biology.
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