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Environmental determinants of global patterns in species richness are still uncertain. The Metabolic
Theory of Ecology (MTE) proposes that species richness patterns can be explained by environmental
temperature acting on the metabolism of ectothermic organisms. However, the generality of this theory
has been questioned due to its low fit to the geographic variation in species richness of different taxo-
nomic groups. Here, we investigated whether the MTE drives elapid richness, testing the non-
stationarity of the relationship between the natural logarithm of species richness (In S) and the in-
verse function of temperature (1/kT) using a geographically weighted regression (GWR). The relationship
between In S and 1/kT varied systematically over space and showed non-stationarity. Few tropical lo-
cations were consistent with MTE predictions, whereas other regions fitted differently. Although the
slope of the GWR model ranged from low to high, the temperature did not predict species richness
strongly on average and did not limit the upper values of richness. The response of richness to tem-
perature in some areas might reflect a recent history of colonization and diversification of species across
tropical and subtropical regions. In regions not affected by temperature, species richness should be
structured by other biotic and abiotic interactions. This scenario reveals that the non-stationarity of the
relationship would be linked to idiosyncrasies in the sample sites, which can drift the magnitude or
change the relationship between species richness and temperature throughout space.

© 2014 Elsevier Masson SAS. All rights reserved.

1. Introduction

habitat heterogeneity and area availability have become the most
acceptable (and testable, given the measurability of these variables)

The mechanisms driving spatial the patterns of species richness
have been discussed by many researchers (e.g. Gaston, 2000;
Hawkins et al., 2003a; Whittaker et al., 2007; Brown, 2014; Field
and Svenning, 2014), and although efforts have been intensified,
there are many uncertainties concerning the ecological and
evolutionary mechanisms underlying these patterns. More
recently, current climate, historical processes (time to speciation
and niche conservatism, variable speciation—extinction rates),
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hypotheses to explain diversity gradients (Jetz and Rahbek, 2001;
Whittaker et al., 2001; Willig et al., 2003; Brown, 2014). Among
these, climatic factors have been widely cited as powerful pre-
dictors of species richness (Hawkins et al., 2003a). However, most
of the discussion concerning the relationship between climate and
diversity has been based on phenomenological models (those that
require an empirical, but not a mechanistic, relationship between
testing variables) (O’Connor et al., 2007), so that it is difficult to
establish mechanisms that potentially cause the increase in species
toward low latitudes based on correlative tests alone.

The Metabolic Theory of Ecology (MTE) predicts that numerous
ecological patterns can be explained by environmental
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temperature, because this variable acts on the metabolic rates of
organisms (Gillooly et al., 2002; Brown et al., 2004), and Allen et al.
(2002; see also Gillooly and Allen, 2007) developed a model based
on the MTE to explain diversity gradients of ectothermic organisms.
They proposed that the natural logarithm of species richness
should be a linear function of the inverse absolute environment
temperature, with slope values raging between —0.6 and —0.7. The
MTE is based on the premise that an increase in environmental
temperature also increases the corporal temperature of ecto-
thermic organisms, which leads to the acceleration of metabolic
processes. This acceleration increases mutation rates, leading to
high rates of speciation (see Allen et al., 2006), resulting in a high
species richness in tropical regions.

The MTE has been applied to explain large-scale richness pat-
terns (e.g. Storch, 2003; Cassemiro et al., 2007; Hawkins et al.,
2007; Wang et al., 2009; McCain and Sanders, 2010). The model
of Allen et al. (2002) proposed that, under the MTE, the environ-
mental temperature should drive richness patterns when (i) the
organisms under analysis are ectotherms, (ii) the taxonomic group
is large, and (iii) the organisms show invariable body size and
abundance across geographic space (Brown et al., 2004). Cassemiro
and Diniz-Filho (2010) recently showed that deviations from these
assumptions partly explain why several studies (e.g. Hawkins et al.,
2007) do not support the MTE as an explanation for diversity gra-
dients, reducing the generality and power of the model of Allen
et al. (2002) to explain such gradients worldwide (see also
Brown, 2014; Field and Svenning, 2014).

Most studies have predicted richness patterns using linear
(Allen et al., 2002; Brown et al., 2004) or curvilinear (Algar et al.,
2007) estimations of global regressions, without understanding
how the relationships vary from one region to other. Cassemiro
et al. (2007), however, used geographically weighted regression
(GWR) to solve the problem of non-stationarity in data and showed
that the relationship between richness patterns and temperature
varies systematically across space, and in some regions this rela-
tionship is not significant. Following this reasoning, it is probable
that there is not a universal metabolic scale, and thus generaliza-
tions of MTE must be evaluated, to improve the understanding of
which geographic domain of the MTE best predicts the richness
patterns. Consequently, other factors might limit species richness
(Hawkins et al., 2003b). Moreover, although the MTE assumes that
arelationship between temperature and ectotherm richness exists,
some groups apparently do not follow the theory expectations (e.g.,
Lima-Ribeiro et al., 2010). Thus, these other factors that are
potentially influential on the theory require a better investigation
of how the richness of distinct taxonomic groups can be explained
by the MTE.

Here, we investigated whether the MTE drives the global
pattern of elapid species richness. The Elapidae is a group of
venomous snakes mostly distributed across tropical regions
(Terribile et al., 2009). Species from the New World are predomi-
nantly fossorial or semi-fossorial, whereas species’ habits in the Old
World can vary from terrestrial to arboreal (Asian, African and
Australian species) and aquatic (Australian species). Some evidence
suggests that temperature is associated with the spatial variation in
elapid richness, although other factors might also constrain the
latitudinal pattern of species distribution in this group (see Terribile
et al, 2009). We tested the non-stationarity of the relationship
between species richness and temperature using a GWR. This type
of regression analysis has been recently applied in many macro-
ecological analyses (e.g. Fotheringham et al., 2002; Wang et al.,
2005; Bickford and Laffan, 2006; Cassemiro et al., 2007; Terribile
and Diniz-Filho, 2008) and has the advantage of describing the
relationship between Y (response variable) and X (predictor vari-
able) by a regression for each location, or “cell”, using spatial

weights, rather than estimating a single set of regression
coefficients.

2. Materials and methods
2.1. Species distribution and climate data

We obtained geographic distribution maps for 223 species,
following the taxonomic classification of the Reptile Systematics
Working Group of the German Herpetological Society (Uetz, 2007).
Marine species were excluded from analyses. For the New World
species, maps were obtained from Campbell and Lamar (2004),
supplemented with new species described by Renjifo and Lundberg
(2003), Alvarado-Diaz and Campbell (2004) and Lavin-Murcio and
Dixon (2004). For Old World species, we used those described by
Branch (1988, 1998), Latifi (1991), Arnold (2002), Arnold and
Ovenden (2002), Broadley and Doria (2003), Spawls et al. (2004),
Ananjeva et al. (2006), Vogel (2006), Dobiey and Vogel (2007),
complemented by those of Cherlin (1981), Orlov and Tuniyev
(1990), Tuniyev and Ostrovskikh (2001), Khan (2002), Mallow
et al. (2003) and Geniez and Tynié (2005). Maps for Australian
elapid snakes were obtained from Wilson and Swan (2003). We re-
projected the distribution maps on a regular grid of 110 x 110 km
(latitude x longitude) with an equal-area projection. Species rich-
ness was obtained by summing the species occurrence in each cell
grid (Fig. 1; see also Terribile et al., 2009). Cells with less than 50%
land area were excluded from the analyses. Environmental tem-
perature (extracted from WorldClim in Celsius degrees, Hijmans
et al., 2005) was also projected onto the same grid.

According to the MTE model (Allen et al., 2002), the natural
logarithm of species richness (In S) decreases with increasing 1/kT,
where k is Boltzmann’s constant and T is the environmental tem-
perature in Kelvin. Thus, to obtain the explanatory variable pro-
posed by the MTE, we converted the temperature from degrees
Celsius to Kelvin and rescaled it using the equation Tyrg = 1/kT, the
inverse function of temperature.

2.2. Statistical analysis

To investigate the effects of temperature on elapid species
richness, we regressed the natural logarithm of richness to the
inverse function of temperature using a global OLS regression
model as well as he GWR approach (Fotheringham et al., 2002).
Calibration of the GWR model followed a local weighted least
squares approach. Different to an ordinary weighted least squares,
the GWR assigns weights according to the spatial proximity of all
other data to the location i to calibrate the regression coefficients on
location i. These weights ensure that locations near to each other
impose a greater influence on the calibration than locations further
away.

The weights are usually obtained via a spatial kernel function,
based on fixed and adaptive kernels. In a fixed kernel function, an
optimum spatial kernel (bandwidth) is obtained and applied over
the study area. However, as highlighted by Paez et al. (2002a,b) and
Fotheringham et al. (2002), a fixed kernel approach can produce a
large local estimation variance in areas where data are sparse,
potentially masking subtle local variations in areas where data are
dense. The adaptive kernel function seeks a certain number of
nearest neighbors to adapt the spatial kernel and ensure a constant
size of local samples. This kernel function might represent a more
reasonable means of representing the degree of spatial non-
stationarity in the study area. In this study, the adaptive kernel
function was employed.

To obtain an optimum size of nearest neighbors for the adap-
tive kernel, a common approach is to minimize the Akaike
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Fig. 1. Global pattern of Elapidae species richness.

Information Criterion (AIC) of the GWR model (Fotheringham
et al., 2002). The estimated parameters of the GWR are highly
dependent on bandwidth, and whereas this bandwidth increases,
the GWR estimates tend to those from a global OLS regression
model (Wang et al., 2005). Moreover, to verify whether richness
and temperature show a non-stationary relationship, we applied a
Monte Carlo test over GWR. We performed all analyses on GWR

3.0, software for geographically weighted regression (Charlton
et al,, 2003).

Finally, large-scale patterns of species richness occasionally
exhibit a marked pattern when plotted against explanatory vari-
ables. For a better understanding of how temperature limits species
richness, we regressed the natural logarithm of richness to the
inverse function of temperature using a quantile regression

Slope
-1.969 - -0.744
[ -0.743--0.278
I -0.277 - 0.083
I 0.084-0.678

Il 0679 -1.886

Fig. 2. Spatial distribution of geographically weighted regression slopes relating the natural logarithm of elapid richness and the inverse function of temperature (1/kT). The
outlined cells represent the locations where the values of the slope are within the range predicted by the MTE.
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approach (Cade and Noon, 2003), to investigate the behavior of the
relationship from deciles 70%—90%. Thus, we analyzed whether the
inverse function of temperature constrains the upper limit of elapid
species richness.

3. Results

The Monte Carlo test of GWR shows that the relationship be-
tween temperature and species richness was non-stationary
(p < 0.001) and increasing the temperature can lead to increased
or decreased species richness, depending on where the relationship
is established (Fig. 2). The MTE explained species richness in a few
regions of the world, usually concentrated in the tropical regions.
Slope values within the range predicted by the MTE (—0.6 to —0.7)
appear only in South America, Africa and Southern Asia (Fig. 2). The
global regression model (OLS) and the GWR model did not have the
same statistical performance (GWR ANOVA, F(81; 6088) = 329.756,
p < 0.001). The ANOVA is a simple test to identify whether OLS and
GWR have the same size of error variance. Although the OLS slope
was significant, it was not consistent with the MTE (global
slope = —0.015, R? = 0.034; t = —14.891, df = 6170, p < 0.001).
However, the statistical significance should be interpreted with
caution, because the OLS overestimates the degrees of freedom due
to spatial autocorrelation in the residuals.

We also observed that temperature was not a powerful pre-
dictor of elapid species richness in the GWR (Fig. 3) or OLS fit. The
marked pattern in the scatterplot (Fig. 4) indicated that species
richness might be somehow limited by temperature. However, the
distribution of species richness in the upper quantiles was not
explained by temperature in deciles 90% (slope = —0.05, t = 1.25,
p = 0.21), 80% (slope = —0.08, t = —1.63, p = 0.1) and was weakly
influenced in decile 70% (slope = —0.18, t = —7.25, p < 0.01) (Fig. 4).
Thus, temperature did not limit species richness, but it is reason-
able to point out that the density of points in the upper quantiles
tended to be low, which influenced the fit of the regression quantile
model (Fig. 4).

3.4
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3.0
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26
24
22

2,0 {7
1.8

Ln (Richness)

1.6
1.4

1.2

1.0
0.8

0.6

0.4

38 39 40 M 42 43 44

Inverse Function of Temperature (1/kT)

Fig. 4. Relationship between the natural logarithm of elapid species richness and the
inverse function of temperature (1/kT). The full regression line was fitted by the OLS
approach and dotted regression lines were fitted by the quantile regression approach
on 70%, 80% and 90% deciles (D). See results for detailed statistics.

4. Discussion

In the model proposed by Allen et al. (2002), the decreasing
temperature should lead to a predictable reduction in the number
of species of ectothermic organisms and this relationship, after
rescaling the variables, had a slope between —0.6 and -0.7,
following the overall reasoning developed in the MTE (see Brown
et al., 2004). However, the relationship between log-transformed
richness and temperature can assume much more complex forms
(Algar et al., 2007; Hawkins et al., 2007;Rombouts et al., 2011) or
can even vary systematically across geographical space (Cassemiro
et al., 2007; see also Algar et al., 2007; Terribile and Diniz-Filho,
2008, Brown, 2014; Field and Svenning, 2014). According to these

Local R-Square

0.004 - 0.171

0.172 - 0.305
[ 0.306 - 0.454
B 0.455 - 0.594
I 0.595-0.778

Fig. 3. Local coefficient of determination (R?) from the relationship between the natural logarithm of elapid species richness and the inverse function of temperature (1/kT).
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previous studies, our results showed that the global regression
slope for the relationship between Elapidae richness and the in-
verse function of temperature did not correspond with the pre-
dicted slope of the MTE.

The local slopes from the GWR were mostly outside the range
predicted by the MTE. In regions where the MTE-predicted slopes
were found, the power of the explanation (R?) of temperature
varied. This demonstrates that although these areas have slopes
that are congruent with MTE expectations, temperature drives the
macroecological pattern of species richness differentially. Regions
where the coefficient of determination did not show high values
indicate that temperature via MTE predictions is not the only factor
that drives richness. Indeed, Terribile et al. (2009) showed that
although temperature was an important predictor of global pat-
terns of elapid richness, there is evidence that historical effects
based on differential speciation rates and lineage diversification
across regions determined regional differences in species richness
for this group of snakes. If so, although the pattern of richness re-
sponds to temperature variation in some regions, it still reflects a
recent history of colonization and diversification within tropical
and subtropical regions (Sanders and Lee, 2008). This may, at least
in part, explain in the observed non-stationarity of the relationship
between richness and temperature.

Besides the violation of non-stationarity, other assumptions of
the MTE should be considered for understanding the low fit of the
MTE model (Cassemiro and Diniz-Filho, 2010). For the Elapidae,
assumptions of body size and abundance invariance among sample
units are not valid, even though the elapids are a diverse group. A
possible cause for this low predictive power is the variation in
abundance and body size of Elapidae species, as shown by Terribile
et al. (2009). Although data on body size are relatively easy to
obtain and the variation along space can be measured, abundance
at broad scales is difficult to estimate, mainly when these data are
required for many species (Kaspari, 2004; McCain and Sanders,
2010). Thus, although the MTE well explains the richness of high
diversity groups, as shown by some studies (Martinez del Rio, 2008;
Cassemiro and Diniz-Filho, 2010), is difficult to test this important
assumption when applied to broad-scale richness patterns.

Furthermore, the ability for the thermoregulation of reptiles is
expected to limit the influence of temperature on species richness
and on the test of the MTE predictions. However, most elapid
snakes are ‘thermoconformers’ and have a poor ability to maintain
body temperature independent of environmental variation, as they
spend long periods inactive in refugia and have relatively sedentary
behavior (Webb and Shine, 1998). Thus, thermoregulation is not
expected to influence the tests for the MTE prediction within this
group (see also McCain and Sanders, 2010).

The difficulty of conceiving temperature as the only and power
expounder of the species richness pattern, as shown by our results,
was discussed by Brown et al. (2004). The authors discuss that
although the high productivity (resource availability) and low
seasonality of tropical regions represent one explanation for the
high species richness, the relationship between productivity and
richness is permeated by temperature. The kinetic effect of tem-
perature on individual metabolism might lead to an increase in
both richness and productivity. Since productivity increases with
increasing temperature, Brown et al. (2004) assume the difficulty of
distinguishing the kinetic effects of high temperature from effects
of resources availability in high productivity conditions. Therefore,
it is possible that this dissociation between productivity and tem-
perature hinders the understanding of the particular effect of
temperature on species richness. It is necessary to understand
which evolutionary and ecological processes are temperature-
dependent and how they generate and maintain local species
richness (Brown, 2014). The effect of temperature is not only on

biodiversity and latitudinal gradients — due to higher evolutionary
rates, but also on ecological interactions — due to an increase of the
coevolutionary processes (see Brown, 2014; Field and Svenning,
2014).

The differences observed between the global and local results in
this study might indicate that processes and predictor variables
differentially influence the response according to the spatial extent
adopted (Foody, 2004; Fang et al., 2012). Bickford and Laffan (2006)
showed that despite the positive relationship between fern rich-
ness and water availability in Australia, this relationship varies
spatially in complex ways. As the spatial extent increases, the
model performance is hampered because the information from
variables becomes grouped, so that all sites have the same value of
the regression coefficient, which leads to a loss of information that
could be avoided by local regression models. Thereby, the GWR
models explain the tested variable at different spatial scale in
accord to geographic weighting in the model. This is because even
though the parameters vary from one location to another, the
model is able to discern such differences and generates values of
the regression coefficient for each location (Fotheringham et al.,
2002). Such a more-detailed analysis enabled us to identify trop-
ical areas where temperature appears to limit richness according to
the MTE predictions (see Fig. 2), although the importance of tem-
perature (and possibly its interaction with other factors not
measured here) in other areas of the tropical region cannot be
neglected, as shown by the high values of the coefficient of deter-
mination across most of the areas with a high species richness.

Finally, the applicability of MTE becomes much reduced. This is
mainly due to the differences that have been observed in the
relationship between temperature and species richness of the same
taxonomic group at different spatial scales of analysis (Cassemiro
et al., 2007; Hawkins et al., 2007; Terribile and Diniz-Filho, 2008;
Lima-Ribeiro et al., 2010; this study). Although temperature ap-
pears to affect species distribution according to the MTE in some
specific regions, the pattern of elapid species richness presumably
reflects the coupled effect of biotic and abiotic variables, resulting
in non-stationary relationships between temperature and richness
when analyzed on a local scale. The way that each taxonomic group
responds to these locally variable factors makes it difficult to define
the real contribution of temperature (as proposed by the MTE) to
species richness at large spatial scales.
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