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Abstract
Area and available energy are major determinants of species richness. Although scale
dependency of the relationship between energy availability and species richness (the
species–energy relationship) has been documented, the exact relationship between the
species–area and the species–energy relationship has not been studied explicitly. Here we
show, using two extensive data sets on avian distributions in different biogeographic
regions, that there is a negative interaction between energy availability and area in their
effect on species richness. The slope of the species–area relationship is lower in areas
with higher levels of available energy, and the slope of the species–energy relationship is
lower for larger areas. This three-dimensional species–area–energy relationship can be
understood in terms of probabilistic processes affecting the proportions of sites
occupied by individual species. According to this theory, high environmental energy
elevates speciesÕ occupancies, which depress the slope of the species–area curve.
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INTRODUCTION

Two patterns in species richness have been documented
sufficiently frequently, and across such a wide range of
taxonomic groups, biogeographic regions and spatial scales,
that they may be considered universal. First, species richness
increases with area – the species–area relationship (SAR;
Arrhenius 1921; Gleason 1922; Williamson 1988; Rosenzweig
1995). Second, the energy available to an assemblage (i.e. that
which it can turn into biomass) at a particular spatial
resolution influences its species richness – the species–energy
relationship (SER; e.g. Wright 1983; Currie 1991; Rosenzweig
1995; Gaston 2000; Hawkins et al. 2003).
These two fundamental ecological patterns may be closely
interrelated. Indeed, Wright (1983) used one of the mechanisms contributing to the SAR to derive a potential
explanation of the SER. He suggested that larger areas may
contain more species as they have more resources that enable
species populations to be larger, buffering them from
extinction and promoting species richness (the Ôarea per seÕ
hypothesis, according to Connor & McCoy 1979). Similarly,
sites with more available energy may host more species
because population densities are larger; this is often termed
the more individuals hypothesis (Gaston 2000). However,

whilst the importance of determining whether energy
availability influences the form of the SAR and vice versa
has been recognized (Scheiner et al. 2000), unequivocal
empirical evidence that addresses these issues is lacking.
Much research has been devoted to the scale-dependency of
the form of the SER (Waide et al. 1999; Mittelbach et al. 2001,
2003; Chase & Leibold 2002; Whittaker & Heegaard 2003),
but with two notable exceptions (Pastor et al. 1996; Weiher
1999), to our knowledge no study has systematically and
simultaneously considered the interaction between these two
patterns, i.e. how area affects the slope and strength of the
SER and how energy availability affects the slope of the SAR.
Both the SER and SAR can be related to patterns of
species abundance and occupancy. Although conclusive
evidence that supports the more individuals hypothesis of
the SER is not yet available (Currie et al. 2004; Evans et al.
2005), there is evidence that areas with higher energy
availability host not only higher numbers of species, but also
more individuals (Kaspari et al. 2003; Hurlbert 2004).
Moreover, Bonn et al. (2004) reported that areas with higher
energy availability have on average higher species occupancies (i.e. proportion of sites occupied by each species).
The SAR is linked to species abundance patterns as well
(Chave et al. 2002; He & Legendre 2002) and its slope varies
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with mean species occupancy. Indeed, the exponent z of the
power-law form of the SAR (i.e. the slope of the linear
regression in a log–log bivariate plot of area and species
richness; Rosenzweig 1995) measured on a grid can be
derived from mean species occupancy and the number of
grid cells considered. According to Šizling & Storch (2004),
it can be estimated from the largest and smallest areas
analysed, i.e. the total number of grid cells Atot and total
species richness Stot, and the minimum area considered, that
of the base grid cell (A ¼ 1), and mean species richness
within the base grid cell, which is equal to the sum of species
relative occupancies. The slope of the line defined by these
two extreme points in a log–log space is then
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where pi is the proportion of grid cells occupied byPspecies i.
And since mean species relative occupancy p ¼
pi =Stot ,
then z ¼ lnðpÞ=lnðAtot Þ. Therefore, if speciesÕ occupancies are higher in areas with higher energy availability, this
should simultaneously reduce the slope of the SAR. Here we
test this theory using some of the most comprehensive
quadrat-based distributional data, that of avian distributions
in southern Africa and Britain. For both assemblages
positive SERs have previously been documented (Turner
et al. 1988; Lennon et al. 2000; van Rensburg et al. 2002;
Chown et al. 2003; Bonn et al. 2004).
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METHODS

We used two data sets on species numbers, areas and energy
availability as follows:
(1) Avian species distribution data for South Africa and
Lesotho, obtained from the South African Bird Atlas
Project (Harrison et al. 1997) at the resolution of quarter
degree cells on a latitude/longitude grid (the area of each
grid cell is c. 676 km2). We considered presences and
absences of 651 native species excluding marine, vagrant
and marginal species. Within the area covered by the
atlas, we delimited 21 non-overlapping squares, each of
8 · 8 quarter degree grid cells (Fig. 1a). Then, we
extracted species numbers for all non-overlapping
quadrats within these 8 · 8 squares, ranging from 1 grid
cell (i.e. n ¼ 64), 2 · 2 cells (n ¼ 16), 4 · 4 cells (n ¼ 4)
and the whole 8 · 8 square. For these quadrats we also
calculated the mean Normalized Difference Vegetation
Index (NDVI) as a measure of energy available to an
assemblage. NDVI is strongly and positively correlated
with net primary productivity in South Africa
(Woodward et al. 2001) and elsewhere (Kerr &
Ostrovsky 2003), and thus is a suitable measure of the
energy available to consumers. We used mean January
2005 Blackwell Publishing Ltd/CNRS
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Figure 1 Map of the grids of atlasses of (a) South Africa and

(b) Great Britain. The size of grey dots correspond to NDVI values
in January (for South Africa) and May (Great Britain). Solid lines
delineate squares within which the analyses were performed (see
Methods).
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Using SAS (vs 8.2) we constructed General Linear
Models of log species richness that used log(area),
log(NDVI) and their interaction as predictors (natural
logarithms were used in all cases). In such spatially
structured data, spatial autocorrelation may invalidate the
assumption of independent errors, invalidating estimates of
correlation coefficients, regression slopes and statistical
significance (Clifford et al. 1989; Cressie 1991; Legendre
1993; Lennon 2000; Legendre et al. 2002). To avoid this, a

second set of analyses was conducted using the PROC
MIXED procedure to implement spatial correlation models
that fit a spatial covariance matrix to the data and use this to
adjust test statistics accordingly (Littell et al. 1996). Spatial
null models which assumed exponential spatial covariance
structures fit the logarithmically transformed species richness data significantly better than null models which
assumed independent errors (likelihood ratio test: South
Africa v2 ¼ 948, Great Britain v2 ¼ 42.8; P < 0.0001) and
also gave a better fit than spatial models that specified
alternative covariance structures (spherical, Gaussian, linear,
linear log and power). Littell et al. (1996) provide technical
details of these spatial models. As is increasingly recommended, the fit of all spatial models was assessed using
Akaike’s Information Criteria (AIC); we constructed all
possible models (i.e. all combinations of area, NDVI and the
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NDVI values averaged between 1982 and 1999 (see
Bonn et al. 2004 for details) because (i) spatial variation in
NDVI values was most pronounced during January, and
(ii) these data have previously been used to describe the
SER in South African birds (Bonn et al. 2004). Moreover,
the majority of the South African avifauna is breeding in
January, and, as has been shown by Hurlbert & Haskell
(2003) and Hawkins (2004), seasonal productivity is
more important for bird assemblages than annual
productivity and correlates better with bird species
richness than an annual measure.
(2) Data on the breeding distribution of the British
avifauna recorded in 1988–1991 at a resolution of
10 · 10 km grid cells in the British Trust for Ornithology/Scottish OrnithologistsÕ Club/Irish Wildbird
Conservancy atlas (Gibbons et al. 1993). We excluded
marine species, vagrants and introduced species whose
populations were not self-sustaining, leaving a total of
189 breeding species. Quadrats containing less than
50% land were also excluded. We delimited 21 nonoverlapping squares of 8 · 8 grid cells (Fig. 1b), and
calculated species richness for the non-overlapping
quadrats of different areas. We obtained NDVI data
from the NOAA/NASA Pathfinder AVHRR Land
Data Set (see http://ciesin.columbia.org/TG/RS/
landpath.html). These data were collected between
1981 and 2001 at a spatial resolution of a 0.1 latitude/
longitude grid, approximately equivalent to an 8 km
quadrat in the UK. Daily readings are converted to
maximum values for each ten day period, which
markedly reduces the effects of cloud cover. From
these we calculated mean monthly NDVI values and
then used GIS to re-project these data at a 10 km
resolution which was compatible with our avian
distribution data. We used mean May NDVI as a
measure of available energy because (i) this corresponds
to the breeding season; and (ii) spatial variation in
NDVI values was most pronounced during this period.
Following other work on the SER in British birds we
also used the mean summer temperature (averaged
across May, June and July) as a measure of energy
availability (Turner et al. 1988; Lennon et al. 2000;
Evans & Gaston 2005).
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Figure 2 Relationship between logarithmically transformed NDVI

and species richness in (a) South Africa and (b) Great Britain, for
non-overlapping squares differing in size. Black dots, basic grid
cells; white circles, squares of 2 · 2 (4) grid cells; grey diamonds,
squares of 4 · 4 (16) grid cells; black squares, squares of 16 · 16
(64) grid cells.
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interaction term NDVI · area) and used AIC values to
determine each model’s weight, i.e. the probability that it
provides the best fit to the data (Ginzburg & Jensen 2004;
Johnson & Omland 2004).
RESULTS AND DISCUSSION

As expected, logarithmically transformed species richness was
positively related both to log area and log NDVI for both
avifaunas. The SER was more pronounced in South Africa,
which is apparently related to low spatial variation in NDVI
values in Britain compared with South Africa (Fig. 2). The
interaction between log area and log NDVI was stronger in
Britain than in South Africa, but was negative and significant
in both cases, even when spatial autocorrelation was taken
into account (Table 1). Therefore, the slope of the SER is
lower for larger areas, and the slope of the SAR is lower in
areas with high energy availability (Fig. 3).
Previous investigations of SERs in the British avifauna
have used temperature as a measure of energy availability
(Turner et al. 1988; Lennon et al. 2000; Evans & Gaston
2005). Using this metric (which was not log transformed as it
is measured on an interval scale instead of a ratio scale) gave
almost identical results with a highly significant negative
interaction term. All of our results thus provide evidence in
support of our theory that high levels of energy availability
depress the slope of the SAR by elevating speciesÕ occupancies.
Our results appear to disagree with some previous
findings. Weiher (1999) reported the opposite pattern, i.e.
a positive relationship between productivity and the slope of
the SAR so that the SAR had a higher slope in more

productive areas. However, in this study (of plants at a very
local scale, 0.25–150 m2) species richness decreased monotonically with increasing productivity. In this case higher
productivity is likely to be associated with lower mean
species occupancies, thus increasing the slope of the SAR
and actually confirming our theory relating the interaction
between the SER and SAR to the effect of species
occupancies. Indeed, in a study in which plant species
richness increased with productivity, Pastor et al. (1996)
documented the decrease of z with increasing productivity.
At very large spatial scales, the latitudinal gradient in species
richness has been reported to be stronger for larger areas
(Stevens & Willig 2002; Hillebrand 2004). As energy
availability is often higher in tropical regions this may also
appear to contradict our findings. However, latitudinal
gradients in species richness may arise through many factors
other than energy availability, including topography and
habitat diversity, and thus latitude is not an appropriate
surrogate for energy availability (Rahbek & Graves 2001;
Hawkins & Diniz-Filho 2004). Southern parts of North
America, for example, are considerably drier and have
accordingly lower NDVI than more northern areas (see
Hurlbert & Haskell 2003). It is then not surprising that the
slope of the SAR has been reported to be higher at low
latitudes in North American non-volant mammals (Rodrı́guez
& Arita 2004), but when humid Central and South America
were also included the opposite pattern was found (i.e. z
decreasing towards the tropics; Lyons & Willig 2002). As such,
these findings are actually all in accord with our theory.
In summary, our theory should apply in all situtations
where available energy increases species richness by

Table 1 Relationships between species richness of South African and British avian assemblages and area, NDVI, and the interaction between
area and NDVI
(a) Independent error models

Region

Log area

Log NDVI

Log area · log NDVI

r2

South Africa
UK

F1,1769 45.3****
F1,1775 74.8****

F1,1769 1473.6****
F1,1775 572.3****

F1,1769 6.0
F1,1775 66.2

0.591
0.488

Model weight

(b) Models that take spatial autocorrelation into account
Region

Log area

Log NDVI

Log area · log NDVI

South Africa
UK

F1,1769 98.3****
F1,1775 165.7****

F1,1769 257.3****
F1,1775 178.2****

F1,1769 13.4
F1,1775 133.2

0.969
>0.999

Model weight is calculated following Johnson & Omland (2004) and gives the probability that the model presented provides the best fit to the
data out of all models that could be constructed given the predictor variables.
Positive effects: *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.
Negative effects: P < 0.05; P < 0.01;
P < 0.001;
P < 0.0001.
The multiple regression equations are as follows:
South Africa – independent error model: log(richness) ¼ 5.895 + 0.189log(area) + 0.624log(NDVI) ) 0.043log(area) · log(NDVI); spatial
model: log(richness) ¼ 5.635 + 0.195log(area) + 0.452log(NDVI) ) 0.045log(area) · log(NDVI).
UK – independent error model: log(richness) ¼ 0.626 + 1.554log(area) + 0.912log(NDVI) ) 0.338log(area) · log(NDVI); spatial model:
log(richness) ¼ 0.715 + 1.588log(area) + 0.890log(NDVI) ) 0.345log(area) · log(NDVI).
2005 Blackwell Publishing Ltd/CNRS
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Figure 3 The three-dimensional species–area–energy relationship

for (a) South Africa and (b) Great Britain. The surface is fitted by a
spline.

increasing species occupancies. These situations appear to
be sufficiently common to promote frequent threedimensional species–area–energy relationships characterized
by a negative interaction between area and energy.
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