
ronments, such as marine systems, and to smaller

organisms such as plankton and bacteria.
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3Departamento de Biodiversidad y Biologı́a Evolutiva, Museo Nacional de Ciencias Naturales (CSIC), 28006 Madrid, Spain
4School of Geography, University of Nottingham NG72RD UK

5Department of Biology, University of Ottawa, Ottawa, Ontario K1N6N5 Canada
6Center for Macroecology, Institute of Biology, University of Copenhagen, DK-2100 Copenhagen, Denmark

7Departamento de Ecologı́a, Universidad de Alcalá, 28871 Alcalá de Henares, Madrid, Spain
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INTRODUCTION

Evaluating the Metabolic Theory of Ecology (MTE)

of Brown et al. (2004) with respect to broadscale

diversity gradients (see Allen et al. 2002, 2006) was the

motivation of Hawkins et al. (2007). We used 46 data

sets to test predictions for the slope(s) describing the

relationship between species richness and temperature.

The predicted slopes were found in very few data sets,

leading us to question MTE as a general framework for

understanding terrestrial diversity gradients. Latimer

(2007) reanalyzes some of our data sets using a Bayesian

approach and supports our conclusions, whereas Gil-

looly and Allen (2007) [hereafter G&A] disagree with

our approach and raise a number of epistemological

issues regarding our evaluation of MTE. Here, we

address these issues, focusing on the structure of theories

and how a change in epistemological framework

undermines the relative strengths of MTE.

THEORIES, HYPOTHESES, AND MODELS

We view MTE as a general theory, defined as ‘‘a

logical construction comprising propositions, some of

which contain established information (axioms) while

others define questions (postulates). The working part of
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a theory provides the information and logical basis for

making generalizations’’ (Ford 2002:43).

From a body of knowledge encompassed by a theory,

postulates are derived that must be investigated to

support the theory’s generality (Ford 2002). Allen et al.

(2002:1545) established one postulate, stating unambig-

uously that their extension of MTE ‘‘quantitatively

predicts how species diversity increases with environ-

mental temperature.’’ Such clarity is rare among theories

purporting to explain broadscale diversity gradients (but

see Field et al. [2005]). Allen et al. (2002) and

subsequently Brown et al. (2004) also presented their

hypothesis for diversity gradients as a formal model,

proposing that the relationship between ln-transformed

richness and 1/kT (where k is Boltzman’s constant and T

is temperature in kelvins) has a negative relationship

with a slope between�0.6 and�0.7 (in the 2004 version

of the model). They also made numerous data state-

ments, which define the scientific procedure for investi-

gating a postulate by specifying the measurements to be

taken, the data requirements, and the statistical tests to

be applied (Ford 2002).

Allen et al. (2002) tested their model using seven data

sets comprising both altitudinal and latitudinal gradi-

ents. Hawkins et al. (2007) simply expanded this test to a

large number of broadscale data sets selected solely on

the basis of data availability. The results were inconsis-

tent with MTE predictions in most cases (see also Algar

et al. 2007). In response, G&A claim that we oversim-

plified the theory and used the wrong methodology.

However, we used the methods developed by Allen et al.

(2002), and the model that we tested was exactly as

described by Allen et al. (2002) and Brown et al. (2004).

G&A also argue that we misunderstand Allen et al.

(2002), because we ignored later developments in MTE

that provide an evolutionary and mechanistic basis for

the theory (e.g., Allen et al. 2006). We strongly support

evolutionary approaches to understanding diversity

gradients (see, e.g., Hawkins et al. 2005, 2006, in press),

but the newer models must be the subject of future tests.

For now, we cannot find where in Allen et al. (2006) or

G&A these new developments are said to invalidate

Allen et al. (2002) and Brown et al. (2004), so we have to

assume that slopes between�0.6 and�0.7 still constitute

a valid prediction of their models. Adding a mechanism

to a model based on the same theory should not change

the basic patterns predicted by the model, unless one or

the other is intrinsically wrong or incorrectly developed.

As the more recent papers provide no new prediction for

the relationship between richness and temperature, it is

unclear how the new developments invalidate the

conclusions of Hawkins et al. (2007). Alternatively, if

the new work shows that the original prediction was not

correct, then we agree that the MTE model presented in

Allen et al. (2002) and Brown et al. (2004) is not an

unequivocal explanation for diversity gradients. This

leads us to the next issue: what assumptions must be met

and what data statements are necessary to test a theory?

ASSUMPTIONS AND DATA STATEMENTS

To test a theory we first need to know when and where
it applies. Clearly, MTE applies to ectotherms, but G&A

say that we should exclude many groups of ectotherm
organisms that are able to ‘‘maintain relatively constant

body temperatures in different thermal environments,’’
and thus the model only applies to ‘‘true ectotherms.’’

Also, it is ‘‘not expected for groups that are narrowly
defined’’ (G&A). Further, Allen et al. (2002:1547) say,

‘‘. . .we do not mean to imply that temperature is the only
variable that affects biodiversity,’’ which G&A reiterate.

They recognize that other factors are important (see also
Whittaker et al. 2001, Willig et al. 2003), and their stated

purpose was to ‘‘only predict the slope of the diversity–
temperature plots’’ (Allen et al. 2002:1547). This was

also the purpose of Hawkins et al. (2007). Additional
restrictive conditions with respect to MTE’s applicabil-

ity are also advanced by G&A: we should avoid areas
with extreme water deficits and regions without a broad
range of temperatures, although Latimer (2007) reports

that the latter condition does not explain poor model
fits. Taken together, the restrictive conditions lead to a

revised claim that MTE explains richness gradients when
it is not too hot, too dry, the wrong region, the wrong

scale, or the wrong group. At this point, it is legitimate
to question the scope and generality of the theory.

If a model is built on unrealistic assumptions,
empirical data should rarely agree with it. The model

of Allen et al. (2002:1546), stating that ‘‘the natural
logarithm of species richness should be a linear function

of 1000/T ’’ (or 1/kT in Brown [2004]), is based on
several key assumptions (e.g., communities follow the

energetic equivalence rule, and abundance and average
body size are spatially invariant). Testing these assump-

tions thus requires detailed data on variation in body
size and abundance at broad spatial scales. It is also

difficult to know whether the assumptions are realistic,
or how violating them affects the model’s predictions

(see Currie et al. 2004). G&A question our analysis
because the data were not selected carefully to meet all
of the assumptions, but it is clear that neither Allen et al.

(2002) nor any of the subsequent papers were able to
check the assumptions for the data that they used. Our

data are at least equivalent to the broadscale data that
they and others have used to support MTE. Therefore, if

our data are questionable then all published analyses
cited by G&A using broadscale data are equally

questionable. Proponents should not dismiss non-
confirmatory results based on data quality, unless they

subject results claimed to support their model to an
equally rigorous evaluation of the data and consider-

ation of underlying assumptions.
G&A’s criticisms of our use of some data sets

highlight that proponents must be much more explicit
about data statements than they have been. We welcome

the clarifications that they provide, but additional data
statements are still needed. How do ecologists obtain the

‘‘correct’’ data? How should we test MTE predictions in
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a given situation? It is obvious that data should lie in the

model’s domain, but these must be clearly defined:

which taxonomic groups are appropriate; in what

environmental conditions does it apply (e.g., what

temperature range and water deficit); which measure of

temperature should be used? These issues are critical if

they want to generate a formal, testable theory for

diversity gradients.

Another key issue regarding data statements concerns

statistical methods. For example, should we use model I

or model II regression? Proponents’ claims are incon-

sistent on this: compare Allen et al. (2002) and Brown et

al. (2004) and note that G&A introduce yet another

method. Should we use spatially explicit regression

models rather than nonspatial methods, or do these only

increase uncertainty when correcting Type I errors due

to spatial autocorrelation? Further, because multiple

factors interact to affect biodiversity, should we generate

models with many variables and use partial regression

coefficients for temperature? If so, what variables must

be included? Shifting to a multiple regression approach

will also mean that multicollinearity will be a potentially

serious problem (Graham 2003). Finally, and most

importantly, the potential overlap of predictions of

MTE and those of alternative models must be consid-

ered. This leads to our final point about confronting

models with data.

HYPOTHESIS TESTING AND MODEL SELECTION

We agree that MTE initially had an advantage over

theories based on purely correlative methods. The

attractive feature of the model of Allen et al. (2002)

was that it provides a theoretical prediction that can be

compared with observed slopes. Testing such predictions

is usually done in a Fisherian-Popperian framework.

However, G&A argue that this results in ‘‘unreasonably

casting aside this young theory.’’ Although this episte-

mological framework may indeed be questioned and

alternative frameworks do exist (see Hilborne and

Mangel 1997), it is widely accepted that the Fisherian-

Popperian framework permits ‘‘strong’’ tests in ecology,

as opposed to weak tests based on inductive curve fitting

(see McGill 2003).

Hawkins et al. (2007) compared observed and

predicted slopes using 46 data sets, further dividing

nonlinear data into pieces to increase the chances of

finding supportive slopes in regions where energy is

expected to influence diversity strongly (Hawkins et al.

2003, Whittaker et al. 2007). Although many 95% CI

intervals encompassed the predicted slopes, they also

encompassed zero, giving the null hypothesis of no

relationship between richness and temperature equal

standing from a hypothesis-testing perspective. Further,

the distribution of slopes was extremely broad and

centered nowhere near �0.65. Ultimately, using OLS

regression, only one of the 46 data sets was consistent

with the coupled predictions of Allen et al. (2002) and

Brown et al. (2004) that the relationship between

rescaled temperature and ln-transformed richness is

both linear and has a slope near �0.65 (none were

consistent using RMA regression). G&A accuse us of

being too Popperian, but an acceptance rate of 0–2%

offers minimal support for a hypothesis under any

framework and casts serious doubt about the validity of

the postulate. To sidestep this, G&A recommend a shift

from a falsificatory to a confirmatory testing procedure.

This is in part what Latimer (2007) did using a Bayesian

approach, by finding a ‘‘consensus’’ slope for 23 of our

data sets instead of testing individual slopes against the

predicted value of �0.65. It is important to note that

Hawkins et al. (2007) also used a similar approach by

performing a meta-analysis for the same purpose, with

results that were largely confirmed by Latimer’s (2007)

reanalysis. Even so, switching tests of MTE from a

falsificatory to a confirmatory procedure also creates

new problems, to which we now turn.

If predictions of MTE become vague and not subject

to falsification, how does MTE differ from other

theories (see Lavers and Field 2006)? G&A optimisti-

cally interpret our results as promising, despite the

extreme range of slopes found. They note that, after

controlling for the effects of other variables, one data set

shows an ‘‘exponential increase of richness with

temperature,’’ arguing that this is consistent with the

model of Allen et al. (2002). But it may also be

consistent with most theories for geographical diversity

gradients, highlighting the limitation of the confirmatory

approach when multiple models make qualitatively

similar predictions. We also consider a defense of

MTE based on the ‘‘youth’’ of the theory to be an a

posteriori attempt to salvage it after its central

predictions fail. Proponents should abandon the ‘‘baby

in the bathwater’’ argument in either a falsificatory or a

confirmatory epistemological context.

Using a confirmatory approach, G&A nonrandomly

select three of our 46 data sets for reanalysis, but instead

of fitting the best model under least squares, they force a

slope of �0.65 and interpret the explanatory power of

their model based on coefficients of determination.

Notably, one of the groups that they selected (tiger

beetles) is inconsistent with two of their restrictive

conditions, being a narrowly defined taxonomic group

and comprising species that thermoregulate (Pearson

and Vogler 2001, Dajoz 2002). They also select

amphibians, but many of these also thermoregulate

(Hutchinson and Dupré 1992). This illustrates the

difficulty in understanding when the theory applies.

Irrespectively, we repeated their approach for all 46 data

sets, ignoring any nonlinearity following G&A but

violating the postulate of linearity by Allen et al.

(2002). The coefficients of determination of these tests

were very low, with 27 being zero, and eight others being

less than 0.30 (Table 1). Across all data sets, the r2 values

were substantially lower than the r2 values from OLS fits

(paired t test¼�5.39; P , 0.001), despite low overall fits

of temperature using either method (average r2
G&A ¼
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0.153; average r2
OLS ¼ 0.272). Although we currently do

not have other environmental predictors for all data

sets, previous meta-analyses (Hawkins et al. 2003)

indicate that r2 values of other variables (derived from

theories related to water–energy balance; e.g., O’Brien

[2006]) have much greater statistical explanatory power.

Moreover, recent modeling of geographic range overlap

explicitly based on MTE generated results with lower

explanatory power than those generated using alterna-

tive models (Rahbek et al. 2007).

If the confirmatory approach is to be used for testing

MTE, and any positive relationship between tempera-

ture and diversity is ‘‘promising,’’ evaluations will

become mainly correlative, as with many competing

theories. Therefore, model developers must clearly

describe the unique predictions made by their model

(Shipley 2000, Currie et al. 2004). This is essential for

understanding diversity gradients, because the spatial

structure of climatic variation on Earth causes nearly all

theories developed to explain broadscale richness

gradients to predict a positive correlation between

richness and temperature, even when no causal link

between them exists, such as in the ‘‘pure tropical

conservatism’’ model (Wiens and Donoghue 2004).

CONCLUDING REMARKS

MTE can be viewed as the core of a research program.

The hypothesis of Allen et al. (2002), together with the

model(s) developed to test it, is one facet of the program.

Their model(s) can be tested and rejected, but this does

not necessarily challenge the core. As pointed out by

Hawkins et al. (2007), our evaluation was restricted to

the predictions of Allen et al. (2002) and Brown et al.

(2004) for richness gradients and cannot be generalized

to MTE as a whole (also see Latimer 2007). Even so, we

contend that the tests by Hawkins et al. (2007) are as

valid as proponents’ tests and provide strong evidence

against the model as a general explanation. Of course, it

is difficult to know whether the failure of the model’s

predictions occurs at the postulate, hypothesis, or theory

level. Incorporating additional variables (including

spatial variation in average body size and abundance,

as well including potential deviations from the energetic

equivalence rule) might generate improved models that

better fit the empirical data. Perhaps this could support

the claim that MTE explains richness gradients, at least

in part (see also Latimer 2007). But arguing that it might

and showing to what extent it does are very different

propositions.
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Guégan, D. M. Kaufman, J. T. Kerr, G. G. Mittelbach, T.
Oberdorff, E. M. O’Brien, E. E. Porter, and J. R. G. Turner.
2003. Energy, water, and broad-scale geographic patterns of
species richness. Ecology 84:3105–3117.

Hilborne, R., and M. Mangel. 1997. The ecological detective:
confronting models with data. Princeton University Press,
Princeton, New Jersey, USA.

Hutchinson, V. H., and R. K. Dupré. 1992. Thermoregulation.
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