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Review

Climate, energy and diversityAndrew Clarke1* and Kevin J.
Gaston21Biological Sciences, British Antarctic Survey, NERC, High
Cross, Madingley Road,

Cambridge CB3 OET, UK2Biodiversity andMacroecology Group,
Department ofAnimal and Plant Sciences, University of
Sheffield,

Sheffield S10 2TN, UKIn recent years, a number of species-energy
hypotheses have been developed to explain global patterns inplant
and animal diversity. These hypotheses frequently fail to
distinguish between fundamentally differentforms of energy which
influence diversity in dissimilar ways. Photosynthetically active
radiation (PAR) canbe utilized only by plants, though their
abundance and growth rate is also greatly influenced by water.
TheGibbs free energy (chemical energy) retained in the reduced
organic compounds of tissue can be utilized byall heterotrophic
organisms. Neither PAR nor chemical energy influences diversity
directly. Both, however,

influence biomass and/or abundance; diversity may then increase
as a result of secondary populationdynamic or evolutionary
processes. Temperature is not a form of energy, though it is often
used loosely byecologists as a proxy for energy; it does, however,
influence the rate of utilization of chemical energy byorganisms.
It may also influence diversity by allowing a greater range of
energetic lifestyles at warmertemperatures (the metabolic niche
hypothesis). We conclude that there is no single species/energy

mechanism; fundamentally different processes link energy to
abundance in plants and animals, anddiversity is affected
secondarily. If we are to make progress in elucidating these
mechanisms, it is importantto distinguish climatic effects on
species' distribution and abundance from processes linking energy
supplyto plant and animal diversity.

Keywords: abundance; energy; photosynthetically active
radiation; speciation;species richness; temperature

1. INTRODUCTIONIt is clear that, as a broad generalization,
species diversityon land and in the sea attains its highest values
in thetropics and is lowest at the poles, with temperate
regionstypically intermediate. There are also longitudinalgradients
in the sea, driven by the high species richnessof the Indo-West
Pacific and Caribbean regions, and onland across a number of
continents (Rosenzweig 1995;Clarke St Crame 1997; Brown &
Lomolino 1998; Gaston2000; Gaston St Blackburn 2000). Here, we
examine twobroad classes of explanation for these patterns,
namelythose based around climate and energy availability.

The idea that favourableness of climate is a key factorpromoting
tropical diversity goes back to the earliestnaturalists (von
Humboldt 1808), and it is now widelyrecognized that climate exerts
an important influence onplant and animal distribution (Turner et
al 1987, 1988;Currie 1991). These relationships have
receivedincreased attention through the use of statistical
models(bioenvelopes) to predict the potential response of

organisms to climate change (Parmesan et al 1999;Walther et al
2002; Parmesan St Yohe 2003; Pearson StDawson 2003). Discussion of
the effect of energy flow ondiversity has its roots in the
development of the trophicstructure of ecosystems by Odum and
Lindemann, butespecially Hutchinson (1959). Wright (1983)
formalized

*Author for correspondence ([email protected]).

this by modifying classic island biogeography theory,replacing
area with energy. Specifically, Wright arguedthat the diversity of
one trophic level was determined bythe amount of energy available
from the level below, andtested this with data for plants and birds
living on islands.

Although these are distinct ideas about the role ofclimate and
energy in the regulation of diversity, theybecame subsumed under
the umbrella term 'species/energy hypotheses'. Originally
formulated for terrestrialsystems, these ideas have been extended
to the sea (see, forexample, Fraser St Currie 1996; Roy et al 1998;
Huntet al. 2005; Rex et al 2005). Recently, it has
becomeincreasingly recognized that regulation of diversity by

climate and by productivity are quite separate
mechanisms(Ricklefs 2004; Turner 2004). Productivity is difficult
to

measure in the sea and so temperature has frequently beenused as
a proxy measure, thereby confounding temperature and productivity
effects on diversity.The different hypotheses that are frequently
grouped

under the general title of 'species/energy hypotheses'
thusdiffer significantly in the extent to which a physicalmechanism
is described, and in what is meant by energy.

2.WHAT ISMEANTBY ENERGY?The literature discussing the
relationship between diver

sity and energy availability encompasses a number ofdifferent
meanings of'energy'. These may be summarizedas follows.

? 2006 The Royal Society2257
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(i) Radiation energy, or more specifically photosynthetically
active radiation (PAR), which is thefraction of the visible
spectrum between 400 and700 nm.

(ii) Thermal energy, frequently expressed as eithertemperature
sensu stricto, or more loosely incombination with other factors
that determineclimate,

(iii) Gibbs free energy (chemical energy) released fromthe
covalent bonds of reduced organic compounds

when these are oxidized during intermediarymetabolism.

These are three quite different forms of energy, and thelack of
consensus or clarity in the ecological debate iscaused in part by
confusion between them. This confusionisnot helped by our inability
to define energy other than asthe ability to do work (Haynie 2001).
Nevertheless, cleardistinction needs to be maintained between
radiationenergy, thermal energy and chemical energy whendiscussing
patterns of diversity, because they differ in the

way they influence diversity.Recent discussions of
species-energy relationships have

distinguished between solar or ambient (thermal) energyand
productive (chemical) energy (Evans et ah 2004;

Rodriguez et ah 2005). Allen et ah (in press) recognize allthree
forms of energy identified above, but by analogy withthe
terminology developed to describe the physics of

moving bodies, they classify them as either kinetic orpotential
energy. Under this scheme kinetic energyincludes both radiation and
thermal energy, whereaspotential energy equates to Gibbs free
energy (Haynie2001). The combination of radiation and thermal
energyinto a single class obscures an important distinction

between two forms of energy that influence organisms inquite
different ways.

In this short review, we seek to distinguish the variousforms of
energy and identify the different ways in whichthey might influence
biological diversity. Our aim is toclarify the mechanistic links
between the various forms ofenergy and diversity, and specifically
to distinguishrigorously between the effects of climate and
chemicalenergy on diversity. First, we discuss the links
betweensolar radiation (PAR) and plant diversity, for it is at
thislowest level of the food web that the important distinction

between the effects of energy supply on biomass and ondiversity
are clearest. We then discuss the links betweenthe chemical energy
retained by those plants in theirtissues and the diversity of
herbivores and higher levels inthe food web. Finally, we explore
the role of thermalenergy in these mechanisms, and introduce a
previously

unrecognized mechanism linking temperature to diversity.

(a) Radiation (photon flux)For

plants,a fundamental resource is light. In this sense,

the photons in sunlight are the primary driver of
allbiodiversity, for they are the source of almost all energyused
in the biosphere. The major exceptions are thosesystems where the
energy for synthesis of organic tissue isobtained chemically. Most
discussions of the relationshipbetween PAR and diversity have
concerned non-microbialorganisms, and for the rest of this review
we will limit ourdiscussion to higher plants and animals. We also
limit

ourselves primarily to terrestrial habitats, for this is
wheremost data are available.

If photon flux were all that was involved in determiningthe
abundance or diversity of higher plants, then we mightexpect amore
even distribution ofthat diversity across theglobe than is actually
observed. There is strong latitudinalvariation in the seasonality
and intensity of light input, thelatter being caused by the shallow
angle of incidence andgreater scattering in the longer atmosphere
path-lengthtowards higher latitudes. However, when averaged overthe
year, the difference between received energy at thetropics and
poles is only about fourfold (?pik St Rolfe2005), whereas the
variation in plant diversity is verymuch greater (Barthlott et al
1996; Davies et al. 2005).

The reason that plant distribution and diversity are notlinked
directly to patterns of received light energy is thatfor a plant to
make use of the light which it receives, it alsoneeds water. As
well as providing the electrons andprotons needed by
photosynthesis, water is the solventfor biochemistry, and is
involved as reactant or product inall of the major classes of
physiological reactions. Mostimportant, however, is that movement
of water is whatallows the plant to absorb nutrients and to move
materials.It is therefore perhaps not surprising that the
mostsuccessful of the energy-related diversity hypotheses
hasundoubtedly been the demonstration that much of thelarge-scale
biogeographical variation in the diversity ofterrestrial vascular
plants can be explained by variations inwater availability (Currie
1991; O'Brien 1993, 1998;

Francis St Currie 2003; Moser et al. 2005). Because wateris
involved, plant abundance and diversity are not dictated

by light or temperature alone: hot deserts have low
plantdiversity. Water availability is frequently determined
aspotential evapo-transpiration (PET), a measure of the rateat
which a saturated surface loses water to the atmosphere.

O'Brien (1993, 1998) has argued that the
PET-richnessrelationship is hump-shaped and that a combination
ofPET and precipitation is the best predictor of plantrichness. The
importance of water to plant biomass andplant richness have also
been shown recently by Bjorholmet al (2005) and Sankaran et al
(2005).

Although light is the primary energy source for plants,they use
only a small fraction of the incident PAR, typicallyless than 1%
(?pik & Rolfe 2005). We have an excellent

understanding of the molecular mechanisms by whichplants utilize
PAR to synthesize reduced carbon compounds for new tissue, but
variations in PAR alone explainvery little of the global patterns
of higher plant diversity.

There is thus no direct relationship between plant diversityand
energy (PAR); there is, however, a fairly strongrelationship with a
combination of water availability andtemperature. While it iswidely
observed that habitats withfreely available water and a warmer mean
temperaturesupport a greater biomass of plants and/or a larger
numberof individuals, it is not immediately clear why this
greaterabundance should necessarily be distributed among alarger
number of species. Before returning to this point,

we need to examine the links between plant biomass anddiversity,
and the diversity of the herbivores that eat them.

(b) Chemical energyThe energy in photons trapped by plants is
used to buildtissue biomass. The energy retained in the covalent
bondsof the reduced carbon compounds synthesized by plants is

Proc. R. Soc. B (2006)
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then utilized by herbivores and other heterotrophicorganisms in
the food web. The Gibbs free energy in thefood is released by the
catabolic processes of intermediary

metabolism, retained within a small number of energycarrier
molecules such as ATP and NADPH, and thenused either to build new
tissue or to perform physiologicalwork. Organisms also store energy
in the short term in theform of chemical, osmotic or electrical
gradients across

membranes, but these are transient and not important interms of
energy flow between organisms. For energeticrelationships within
food webs, the important factor is thechemical energy retained
within the organic fraction of thebody tissue and consumed at the
next trophic level.

To a first approximation, therefore, what is importantto a
heterotrophic organism is simply the amount of food(and because
trophic relationships are dynamic, it is therate of production
rather than standing crop biomass thatis critical). Clearly, there
are subtle physiological complications, such as the need for
vitamins, essential aminoacids (Mevi-Sch?tz St Erhardt 2005),
specific fatty acids(Sargent et ah 1999), or stoichiometric
relationships(Sterner St Elser 2002). Overall, however, it is the
amountand nature of food resources that are important to
aheterotroph, and not the range of species which comprisethat food.
This might imply that some measure of thechemical energy available
as biomass should be the bestpredictor of animal richness, but this
does not seem to bethe case (e.g. Kaspari et ah 2000, 2004;
Rodriguez et ah2005). The difficulty here is the extent towhich
traditionalecological measures of food biomass reflect the
chemicalenergy available to the next trophic level; for example,
thepresence of lignin and cellulose in plants means that
manyherbivores can utilize only a small fraction of their food.

Although the existence of greater food resources wouldobviously
support a larger biomass of heterotrophicconsumers, it is not at
all obvious how or why this shouldnecessarily equate to a higher
heterotrophic diversity(Blackburn St Gaston 1996). This is clearly
an analogous

problem to that posed in the previous section for plants:why
does a higher abundance of resources result in greaterdiversity of
organisms utilizing that resource, and notsimply a higher
biomass?

(c) Abundance and diversityWe have established above that fairly
simple and wellunderstood mechanisms link the availability of
resourcesto the abundance or biomass of organisms utilizing
thoseresources. In the case of plants, the resources are light
and

water (and inorganic nutrients); in the case of herbivores,the
resource is their plant food, and for carnivores it isother
animals. One mechanism by which the increase inplant, herbivore or
carnivore abundance leads to higherdiversity is that larger
populations buffer species againstextinction, the risk of which is
an inverse and nonlinearfunction of population size (Lande 1993).
Greater overallabundance enables more species to attain viable
population sizes. This is the more-individuals hypothesis (MIH)used
to explain why areas with greater resources supporthigher
diversities (Wright 1983; Srivastava & Lawton1998; Evans et ah
2005).

A second important factor is that a greater diversity offood
plants allows for the evolution of a wider range ofspecialist
herbivores, which in turn allows for a widerrange of predators,
parasites and pathogens (e.g. Gaston

1996). However, this depends on the different plantspecies being
present in sufficient abundance to enablespecialization. There is
actually rather little evidence forgeographic covariation between
numbers of plant speciesand numbers of animal species, once
environmentalcovariation has been accounted for (see, for
example,

Hawkins St Porter 2003a; Hawkins & Pausas 2004).Where the
greater species richness of plants also translates

into enhanced structural complexity, this greater structural
diversity may allow a greater diversity of organismsutilizing these
habitats (Hutchinson 1959; Pielou 1975;Lee & Rotenberry 2005),
although caution is needed todistinguish between species diversity
and habitat diversity(Rosenzweig 1995). These three mechanisms,
theMIH,

prey specialization and habitat complexity, allow forgreater
diversity at one level in the food web to promotehigher diversity
at higher levels. They are, however,secondary processes which build
on the enhanced biomassor abundance driven by the higher levels of
availableenergy. For a recent review of these mechanisms, seeEvans
et al (2004).The existence of mechanisms linking plant diversity
toherbivore and higher trophic level diversity means thatthese may
also be correlated with factors that drive plantdiversity. Thus
many studies have shown that animaldiversity is frequently
correlated with PET, actual ?vapotranspiration or remotely sensed
measures of plant

production such as the normalized difference vegetationindex
(NDVI; Currie 1991; Hawkins et al 2003; Baileyet al 2004; Seto et
al. 2004; Bellocq & G?mez-Insausti2005; Pautasso & Gaston
2005). Although the availabilityof water may affect the ability of
animals to exploit theirfood resources, these correlations are
generally indirect,mediated through the effects of water
availability andtemperature on plant diversity.

We thus have two quite different forms of energyinfluencing
diversity at different levels of the food web,

namely light energy in plants and chemical energy inheterotrophs
(herbivores and carnivores). In both cases,however, the link to
diversity is indirect, and ismediatedthrough population processes
linked to abundance. We

now explore how these two relationships are influenced bya third
form of energy, namely thermal energy (enthalpy),and to what extent
thermal energy is validly approximatedby temperature.

3. TEMPERATUREAND DIVERSITYTemperature is not energy; it is
ameasure of the tendencyof a body to gain or lose heat. Two bodies
are said to be atthe same temperature if there is no net heat flow
betweenthem; this is the definition of temperature and is sometimes
formalized as the zeroth law of thermodynamics(Haynie 2001).
Temperature can be expressed either as aninterval scale such as
degrees Celsius, or a ratio scale suchas Kelvin (Stevens 1946).

Neither is temperature a direct measure of heatcontent; two
bodies at the same temperature can containvery different quantities
of heat energy, this beingexpressed as thermal capacity (specific
heat capacity inthe older literature). The very different thermal
capacitiesof air and water mean that a given volume of
watercontains very much more heat (by a factor of roughly X4)than
the same mass of air at the same temperature,

Proc. R. Soc. B (2006)
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difference which is fundamental to the global climatesystem and to
thermal ecology.

Because temperature is not energy, it cannot be used assuch by
organisms (Huston 2003). Despite this, manydiscussions of the
species-energy hypothesis equatetemperature with energy supply, and
the ecologicalliterature is replete with graphs of diversity as a
function

of temperature. Most often, temperature here is beingused as a
surrogate for some measure of chemical energy(for example, net
primary production), but sometimestemperature is viewed
(incorrectly) as a source of energyin itself.

Despite this lack of clarity in the literature, it is possibleto
discern two separate themes in the profusion ofproposed links
between diversity and temperature: (i)temperature affects diversity
directly and (ii) temperatureaffects diversity by determining rates
of speciation andextinction. We will discuss these in turn.

(a) Direct effects of temperature on diversityA direct effect of
temperature on diversity occurs when

there is no intermediate link between the two, whereby achange
in temperature leads inevitably and directly to achange in
diversity. Any hypothesis that temperaturecontrols diversity
directly has the simple consequentialprediction that diversity will
be greater where temperatures are higher. This explanation has its
origin in theintuitive feeling that warmer habitats are easier
places to

make a living than colder ones, a view that goes back to
theearliest naturalists and which has been summarizedsuccinctly by
Currie (1991) as 'benign conditions permit

more species'. It appears in a number of guises, includingthe
'physiological tolerance hypothesis' (Currie et ah2004), the 'range
limitation hypothesis' (Evans et ah2005) and the 'thermoregulatory
loads' hypothesis(Lennon et al. 2000). Turner (2004) calls it the
'ambientenergy hypothesis' to distinguish it from the
productivitybased hypothesis ofWright (1983). These are all
slightlydifferent hypotheses, but have a common theme in that

warmer places are seen as more amenable, either byallowing
greater activity, more species to exist (though it isnot clear
quite how), or in the case of endotherms byreducing the
physiological costs in keeping warm andthereby releasing energy to
allow larger populations.

Although the precise physical mechanisms are not
alwaysspecified, these ideas are given strength by the
widelyobserved correlation between latitude (which is
frequentlytaken as a proxy for climate or environmental
temperature) and diversity. These correlations are widespread,
andinvolve plants, ectotherms and endotherms (Gaston2000).

The problem with this hypothesis comes with envisaging a
mechanism by which temperature could regulatediversity (or at least
set a maximum value: Currie 1991).One can recognize that particular
habitats could set

specific physiological challenges that only certain groupsof
organisms could meet. Examples might be polar regionswith shallow
permafrost and winter temperatures belowthe freezing point of body
fluids, temperate regions withregular winter frosts, or tropical
areas with low humidity.In a classic contribution to ecology,
Hutchinson (1959)suggested that as one moves from tropics to poles
habitats

become somehow tougher, with fewer and fewer organisms being
able to tolerate the conditions. But in the same

essay, Hutchinson himself posed the counter question: ifsome
species of a group of organisms can evolve to live intougher
places, why cannot others? This perceptive

question is centred on the subjective view of some habitatsor
regions being in some way tougher for organisms. Whilethis might
seem intuitively reasonable it is not easy toenvisage a mechanism
by which temperature alone couldregulate diversity.

Although temperature is not energy, confusion hasarisen by
grouping what are essentially hypotheses ofregulation by an abiotic
factor (temperature) within theclass of 'species/energy
hypotheses'. Temperatureundoubtedly affects the activity and
distribution of manyorganisms (Turner et al 1987, 1988) and also
has apowerful influence on energetics (Clarke 2003); nevertheless,
a cow, lizard or fish can bask forever in warmtemperatures, but
without food it will die. At present,therefore, we are left with
the intuitive (but dangerouslyanthropocentric) feeling that somehow
warmer places aremore amenable, and hence can support more species,
but

with no viable mechanistic explanation as to how thismight work.
In the case of plants, it is possible that

temperature might limit overall abundance in polarregions
through its control of nutrient availability andtranspiration, and
through the MIH mechanism therebylimit diversity. This, of course,
is limitation by temperatureas an abiotic environmental factor, not
as a source ofenergy, and the same is true of ectothermic animals,
wheretemperature influences the rate of physiological processes.In
the absence of a convincing mechanism, it is difficult tomove the
debate beyond the current phase of simplycorrelating diversity with
temperature.A second possibility is that diversity is controlled
not by

mean temperature, but by variability in temperature.Although a
number of authors have considered thepossibility of a link between
diversity and climatevariability, the modern debate was opened by
Stevens(1989). Stevens suggested that organisms living at
highlatitudes required a more generalist physiology andecology
because of the strong seasonal variation in climate,and thus
species were able to become more widespread. Incontrast, at low
latitudes the low climatic variabilityresulted in more localized
species ranges, and hencehigher richness. What keeps diversity low
at high latitudesis thus not the low mean temperature, but the
largeseasonal differences between summer and winter. This

mechanism is thus quite independent of any postulatedeffect of
mean temperature on diversity; the two processescould of course act
in parallel or even synergistically.

Gaston St Chown (1999) have recently shown that thecritical
factor is the relationship between the variabilityand the mean
value, which suggests that many speciesoccurring at intermediate
latitudes can also occur across

much of the tropics.As is often the case, Stevens (1989) tested
his

hypothesis only with data from one hemisphere and onecontinent
(in this case North America). Most of theexamples used were
terrestrial, although Stevens didextend the argument to the sea.
The marine taxa used(fishes and molluscs) do show a strong
diversity cline fromtropics to poles, at least in shallow water,
but this is not

matched by the pattern of temperature variability in theseas,
which is very different from that on land. Polar

marine environments are typically much less variable

Proc. R. Soc. B (2006)
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Figure 1. (a) Mean (black) and annual (grey) range of
sea-surface temperature (SST) along 170? W in the Pacific Ocean.
Notehow the largest seasonal variations are in the temperate
latitudes. Data are averages for the period 1983-2003. The
AVHRRPathfinder v. 5.0 SST data were obtained from the Physical
Oceanography Distributed Active Archive Centre (PO.DAAC) atthe NASA
Jet Propulsion Laboratory, Pasadena, California
(http://podaac.jpl.nasa.gov). (b) Mean (black) and annual
(grey)range of synoptic air temperature for terrestrial habitats.
Mean annual temperature data (?C) for the period 1961-1990 at10 min
resolution interpolated from station means (New et ah 2002), and
resampled to an equal-area grid using a Behrmann

projection at a resolution of 96486.2 m at the standard
parallels of 30? N and 30? S (provided by R. G. Davies). Data are
forNorth and South America (available at
http://www.cru.uea.ac.uk/cru/data/tmc.htm), and plotted after
pooling into bins of Io of

latitude, with the range calculated from seasonal average
maximum and minimum in each bin.

seasonally than cold or warm temperate latitudes, withtropical
regions also being relatively stable (figure 1).

These differences allow for a simple test of the role ofclimate
variability in governing broad patterns of diversity.If temperature
variability were the key determinant ofdiversity, we would expect
marine diversity to peak inpolar and tropical latitudes, with
reduced diversity in thehighly seasonal temperature latitudes. This
is not what isobserved (Clarke St Crame 1997). However, there
aresome indications that strong climate seasonality isassociated
with reduced marine diversity, both in benthosand plankton. The
first is that the diversity of benthicmolluscs on both the Atlantic
and Pacific continentalshelves of North America drops steeply at
the point where

marine temperatures switch from the relatively aseasonaltropics
to the seasonal temperature zones (Roy et al1998). The second is
that the diversity of epipelagic

marine copepods is lower in more seasonal provinces(Woodd-Walker
et al 2002). These are, however, simply

correlations and it is not at all clear what the
mechanismunderpinning a reduction in diversity in
climaticallyseasonal habitats might be (although one
possibilitymight be if an obligately eurythermal physiology
werenecessarily more energetically expensive than one adaptedto a
narrow range of temperatures).

(b) Temperature, speciation and extinctionThe previous two
classes of explanation involvingtemperature concern an equilibrium
world: temperaturesets limits to maximum diversity either through
itsabsolute value or its seasonal variability, and organismshave
diversified until those limits are reached and thehabitats
saturated. Currie (1991) recognized that inNorth

America many higher latitude areas have only recentlyrecovered
from the last glacial maximum, but felt that

there has been sufficient time for the new habitats tobecome
saturated; the observed patterns were thus theresult of limits set
by climate and not slow and incompleterecolonization. There is,
however, some evidence for ahistorical recolonization signal in
North American speciesrichness (Hawkins et ah 2003; Hawkins St
Porter 20036;Hawkins 2004).

Another class of explanation is that rates of speciationand
extinction are determined by temperature, and as aresult tropical
areas have achieved higher diversities thantemperate or polar
regions. This could operate both as a

non-equilibrium mechanism (if the process of diversification in
colder regions is simply slower and has not yetproceeded so far as
in the tropics) and as an equilibrium

mechanism (if rates of speciation and extinction are atsteady
state, but differ between tropical and polar regions).

The most recent contribution to this debate is that ofAllen et
ah (2002), who linked the widely observedcorrelation between
diversity (both plant and animal)and temperature to the metabolic
theory of ecology(Brown et ah 2004), and to the principle of
energeticequivalence (Damuth 1987). They argue that diversity
islinked directly and mechanistically to temperaturethrough 'the
generally faster biological rates observed at

higher temperatures' (Brown et ah 2003). If temperaturedid
govern diversity through its effect on speciation ratethen this
mechanism could not explain the observeddiversity patterns in birds
and mammals, whose bodytemperatures are maintained at a relatively
high and moreor less constant level (Storch 2003). In fact, both
birds and

mammals show strong diversity gradients, so this mechanism
linking diversity directly to temperature fails toprovide a
convincing general explanation.Allen et ah (in press) have
subsequently developed theidea further, abandoning the link to the
energetic

Proc. R. Soc. B (2006)
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Figure 2. Temperature and metabolic niches, (a) Variation in
resting metabolic rate in teleost fish (Clarke St Johnston
1999).Note the wider range of values at higher temperatures, (b)
Diagram showing how absolute aerobic scope also increases with

temperature. This arises because resting metabolic rate
increases positively with temperature and relative aerobic scope
(theratio of active to resting metabolism) is temperature
invariant. Although the model was based on data for teleost fish,
it alsoapplies to other ectotherms (Clarke 2003). (c) Energetic
niches in mammals (black) and birds (grey). Data are for field
metabolicrate, and have been corrected for body mass assuming amass
exponent of 0.75 (redrawn from Anderson & Jetz 2005). Note
the

wider range of values at higher temperatures.

equivalence of populations (which is itself controversial:Gaston
St Blackburn 2000) but combining the metabolictheory of ecology and
the neutral model of biodiversity(Hubbell 2001). They propose that
temperature dictatesthe evolutionary rate of a population, whereas
theavailability of free energy governs the number ofpopulations;
these two processes in concert dictate theoverall speciation rate
and thus standing diversity. Turner(2004) has also proposed that
large-scale patterns in

diversity can be explained by an interaction betweentemperature
and processes formalized in Hubbell's neutraltheory of
biodiversity.

A central tenet of these proposals is that temperatureaffects
the evolutionary rate of populations. This evolutionary rates
hypothesis (Rohde 1992) makes several keyassumptions (Evans
StGaston 2005). Most importantly, itassumes that higher
temperatures promote mutation. Thiscan be either through direct
pathways, or through indirectpathways such as an effect of
temperature on generationtime, metabolic rate or population size.
Analysing therelationship between temperature and speciation
ratesthus involves the disentangling of two separate effects:
theinfluence of temperature on mutation rate, and on

generation time. The first process generates mutations(although
these can be corrected), but it is meiosis that

determines whether these mutations are transmitted to thenext
generation. Recently, Gillooly et al (2005) havetackled this in a
formal manner, starting with the premisethat mutation rate is
driven directly by metabolic rate,through the production of
reactive oxygen species and freeradicals (an idea proposed over a
decade earlier by Martin(1995)). Using the metabolic theory of
ecology, they

predict the relationship to be expected between mutationrate and
temperature, after correction for body mass. Datafor four different
sections of the mitochondrial genomeencompassed the predicted
value, whereas data for thenuclear genome were equivocal (Gillooly
et al 2005). Incontrast, Held (2001) could detect no decrease in
the rateof molecular substitutions in polar crustaceans
compared

with those from warmer waters. Any evolutionary rateshypothesis
for a direct link between temperature and

diversity implies that adaptation to new ecologicalcircumstances
would not be mutation-limited, and that

mutation rates limit speciation rates. There is rather
littleevidence for this (Evans St Gaston 2005).The evolutionary
rate hypothesis also assumes

implicitly that there is a strong correlation between currentand
historic energy levels; this is probably reasonable.Although it
isnow recognized that variations in the Earth'sorbit will result in
changes in the amount and distributionof solar energy received on
the surface of the planet, thesechanges are too small, and plants
utilize such a smallfraction of that solar energy, that they do not
influencediversity directly. These Milankovitch climate cycles
do,however, have a profound influence on the distributionand timing
of the seasons, together with other climatefactors, and these
climate cycles in turn are a major driverof speciation and
extinction (Clarke St Crame 1997, 2003;

Dynesius St Jansson 2000; Jansson St Dynesius 2002).Finally, the
evolutionary rates hypothesis assumes thatchanges in species'
ranges following speciation do notsufficiently weaken the
correlation between the rate ofspeciation in an area and species
richness. This seems

unlikely.Speciation is, however, only one aspect of
diversity;

extinction is also important. Unfortunately, studies ofvariation
in extinction with latitude or temperature arealmost
non-existent.

4. TEMPERATUREAND METABOLICNICHESRecent studies have revealed a
previously unrecognizedrelationship between environmental
temperature and the

diversity of metabolic niches, which is that the absolutescope
for activity (the difference between maximal andresting metabolic
rates) in ectotherms increases withenvironmental temperature. This
increased absolute

metabolic scope follows because of two factors; the firstis that
resting metabolic rate increases with temperature(figure 2a), and
the second is that relative metabolic scope(the ratio between
resting and maximal metabolic rate)

remains more or less constant across the physiologicalProc. R.
Soc. B (2006)
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temperature range (Clarke 2003). This implies that thereare more
energetic ways of making a living at warmtemperatures than at cold
temperatures, and hence apotential opportunity for higher diversity
(Clarke 1993,2003; Clarke St.Johnston 1999). The mechanisms
underpinning these relationships are not yet clear, though
theyundoubtedly involve a balance between the costs of

maintenance processes and of a particular ecologicallifestyle
(Clarke 1993, 2004; Clarke & Fraser 2004).

Data for resting metabolism in teleost fish suggest thatthere is
indeed a wider range of metabolic rates in warmerthan in colder
fish (figure 2b), and this is coupled with awider range of
lifestyles; in particular, highly activepredatory lifestyles are
found only in warmer water fish(Clarke & Johnston 1996).

Recently, Anderson St Jetz (2005) have shown a relatedpattern
for birds and mammals (figure 2c), whereby therange of metabolic
rates (in this case field metabolic rates)is wider at lower
latitudes. They link this pattern totemperature, and their
explanation is thus a version of thebenign environment hypothesis.
Lovegrove (2000, 2003)has shown that resting metabolic rate tends
to be lower inmammals from tropical habitats, and this may be
linked tolower thermoregulatory costs. The mechanism thus
differs

between ectotherms and endotherms, though both arerelated
directly to the correlation between environmentaltemperature and
resting metabolic rate. Nevertheless,there are strong parallels in
that environmental temperature is affecting diversity through its
influence on

metabolic rate and the consequent range of lifestyles thatcan be
supported. We term this the metabolic nichehypothesis, and propose
that this affords a mechanism bywhich diversity may be linked
positively to environmentaltemperature. We emphasize that this is
only one

mechanism, and we do not suggest it is the completeexplanation
for the widely observed correlation betweendiversity and
environmental temperature; we do, however,suggest that it is worthy
of further exploration.

5. SUMMARYThe range of species-energy hypotheses in the
literatureencompasses three different meanings of energy,
namelyPAR, Gibbs free energy retained in the reduced
carboncompounds that comprise tissue (chemical energy), andthermal
energy. Temperature is not energy, and only PARand chemical energy
can be utilized by organisms andthereby affect their abundance and
biomass; temperaturedoes, however, affect the rate at which
organisms make useof PAR and chemical energy, and itmay influence
the rateof molecular evolution.

Only plants can utilize PAR and this step is the sourceof almost
all fixed biological energy on the planet.However, the diversity of
land plants is correlated notwith energy, but with a combination of
energy and water

availability. The energy extracted from PAR by plants isused to
reduce C02 to the organic compounds comprisingtissue, and this
chemical energy fuels all other levels of thefood web. In neither
case does the amount of energy, northe rate of its utilization,
affect diversity directly. Rather itincreases biomass and/or
abundance, and diversity mayincrease as a second-order effect
through population

dynamics and speciation processes. In all cases, temperature
plays a key role in influencing rates, though it is not

ft?*temperature----1--**

water

temperature

plantdiversity

herbivorediversity

carnivorediversity

Figure 3. A conceptual diagram showing the complexity
ofprocesses that link energy supply to organism diversity.
Solidarrows illustrate the transfer of energy, with
photosynthetically active radiation (PAR) shown as an open arrow
andchemical energy shown as grey arrows. The influence
oftemperature is all-pervasive and complex; it influences therate
of utilization of energy (left-hand side of the diagram)and also
the availability of water, and rate of mutation andpopulation
processes linking abundance to diversity (righthand side of the
diagram). This diagram emphasizes thatthere is no single
species/energy hypothesis, that differentprocesses underpin the
evolution of plant diversity andanimal diversity, and that
temperature has a complexinfluence.

a source of energy in itself. This is shown schematically
infigure 3.

There is thus no single species-energy hypothesis, butrather
there is a suite of mechanisms linking diversity toenergy. In
particular, there is a fundamental distinctionbetween plants and
animals in the nature of the energythey use, and the role played by
temperature. To makefurther progress, we need to distinguish
clearly betweenthose processes that influence plant diversity and
thoseaffecting animal diversity. We now have an outline
workingunderstanding of the control of plant diversity by
acombination of energy supply (PAR) and water dynamics,sufficient
to be codified in an empirical model (O'Brien1998; Field et ah
2005). The influence of plant diversity onherbivore, and thereby on
carnivore diversity means thatthere are also statistical
associations between the sameenvironmental factors and animal
diversity. Togetherthese provide the structure for the productivity
hypothesisadvanced originally by Wright (1983), with the
moreindividuals hypothesis providing the mechanistic link
fromabundance to diversity. Associations between herbivore
orcarnivore diversity and abiotic environmental variationsare thus
best viewed as epiphenomena, and not separatehypotheses or
mechanisms in themselves. We shouldabandon the use of environmental
temperature as asurrogate for radiation or chemical energy,
especially inthe sea, using instead direct measures of the form
ofenergy that is hypothesized to influence diversity. This isnot
always easy, especially in the sea, but only then we willbe in a
position to make progress in understanding the truerelationship(s)
between species diversity and energy.

The ideas in this paper were first outlined at a
workshoporganized by the Santa Fe Institute and the Centre for

Theoretical Studies in Prague, October 2004. We thank Drew
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comments which significantly improved the paper.
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