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Abstract Many mechanisms have been proposed to
explain broad scale spatial patterns in species richness.
In this paper, we evaluate five explanations for geographic
gradients in species richness, using South American owls
as a model. We compared the explanatory power of
contemporary climate, landcover diversity, spatial climatic
heterogeneity, evolutionary history, and area. An impor-
tant aspect of our analyses is that very different
hypotheses, such as history and area, can be quantified
at the same observation scale and, consequently can be
incorporated into a single analytical framework. Both area
effects and owl phylogenetic history were poorly asso-
ciated with richness, whereas contemporary climate,
climatic heterogeneity at the mesoscale and landcover
diversity explained ca. 53% of the variation in species
richness. We conclude that both climate and environ-
mental heterogeneity should be retained as plausible
explanations for the diversity gradient. Turnover rates
and scaling effects, on the other hand, although perhaps
useful for detecting faunal changes and beta diversity at
local and regional scales, are not strong explanations for
the owl diversity gradient.
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Introduction

Broad-scale patterns in species richness, especially the so-
called latitudinal gradient, have been widely discussed by
ecologists and biogeographers, and many mechanisms
have been proposed to explain them (see Whittaker et al.
2001; Willig et al. 2003, for recent reviews). However,
there is now widespread support for the general explana-
tion that elements of contemporary climate have a strong
influence on diversity gradients, particularly energy inputs
and water availability (Wright 1983; Hawkins et al. 2003a,
b, and references therein). Even so, it is not yet clear to
what extent it is necessary to incorporate long-term,
historical processes into the explanations, and this issue
remains under intense debate (e.g., Currie and Paquin
1987; Latham and Ricklefs 1993; McGlone 1996; Francis
and Currie 1998; Currie 2001; Hawkins and Porter 2003a).
Ultimately, the answer will come from empirical analyses
of diversity gradients that include aspects of both
contemporary and historical factors.

Quantifying the contemporary factors affecting diversity
is straightforward; including variables related to energy
and water inputs usually explains large amounts of the
variation in the pattern of diversity for most plant and
animal groups (Whittaker et al. 2001; Hawkins et al.
2003b) and this fact can be interpreted as resulting from
the responses of species to contemporary climate. This
approach can also used to predict the responses of species
to future climate change (Currie 2001). Incorporating
historical factors, in contrast, is more difficult, and
workers have used several approaches. Hawkins and
Porter (2003a) recently used the spatial pattern of glacial
retreat during the most recent ice age to quantify the length
of time that different parts of the northern half of North
America have been exposed to recolonization by mam-
mals and birds, and they found that, although contempor-
ary energy inputs explain the most variance, there appears
to be a detectable historical signal in the diversity
gradients of these groups. However, this analysis was
restricted to examining history over a short time span
(20,000 years) and over a restricted part of the world
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(where the land was completely buried under ice during
the most recent glacial maximum). Other approaches are
necessary to examine effects operating over much longer
time periods in warmer parts of the world.

One way to examine long-term evolutionary effects is to
use aspects of tree structure derived from phylogenies to
determine if they are correlated with total richness patterns
for that group. For example, Kerr and Currie (1999)
derived indices of evolutionary development (e.g., the
mean number of nodes from the root to the tips of species-
level phylogenies for all species present in a cell) for
cicindelid (tiger) beetles and four families of freshwater
fish in North America to determine if they better described
the diversity gradients of these groups than did measures
of climate. They found in all cases that climatic variables
consistently explained more variance than did the evolu-
tionary indices, particularly when both were included in
multiple regression models, and thus concluded that
historical factors have only a minor role to play in
understanding the current diversity gradient of these
groups. This approach does not address any specific
mechanisms that may underlie why phylogenetic patterns
are the way they are, only whether or not such patterns
contribute to the pattern of diversity.

Finally, there are factors beyond climate or historical
contingency that might contribute to broad-scale diversity
gradients. For example, at some scales, topographical
variability has been shown to be associated with high
diversity in a number of taxonomic groups (e.g.,
Richerson and Lum 1980; O’Brien et al. 2000; Rahbek
and Graves 2001). It is often assumed that this represents
an effect of increased habitat heterogeneity in mountains,
but this has not been well documented. Turner and
Hawkins (2004) have argued that topographic relief
actually represents a measure of climate heterogeneity,
since diversity and topography are positively associated
only in warm climates, but are not (or may even be
negatively correlated) in cold climates. But even through
there is some question about its meaning, topography does
sometimes have a relatlonshlp with species richness, so it
is important to include it in analyses of gradients. If Turner
and Hawkins (2004) are correct, this should be especially
true for tropical, hot environments, in which range in
elevation creates a highly variable complex of ‘local’
climates.

A variable rarely included in analyses (but see Flather
1996; Lyons and Willig 1999, 2002), but hypothesized to
be important over very large scales, is area. Rosenzweig
(1992, 1995) in particular has argued that the global-scale
gradient is driven by differential speciation-extinction
dynamics because the tropical ‘biome’ is much larger than
temperate ‘biomes’. However, this hypothesis has a large
number of untested underlying assumptions, and the
predictions it makes depend critically on how biomes are
defined (Hawkins and Porter 2001). But despite some
potential problems with the hypothesis as currently
developed, it is not unreasonable to believe that area
could influence diversity gradients, and thus area can be
included in analyses of diversity patterns at large scales.

In this paper, we examine simultaneously the influences
of climate, phylogeny, topographic and climatic heteroge-
neity and area on the geographic pattern of species
richness in South America, using owls as our focus group.
Although two analyses of South American birds have been
conducted across all taxonomic groups (Rahbek and
Graves 2001; Hawkins et al. 2003a), neither included
area or historical variables, so their contributions to the
diversity gradient in this region remain unknown. We
restrict the taxonomic range of the study due to the
availability of a phylogenetic tree for this group, resolved
to genus. Although this obviously limits the results of our
analysis to a relatively narrow taxonomic group, an
important aspect of this analysis is that we evaluate all
factors at the same grain size, allowing us to use a multiple
regression approach to identify and partition their relative
contributions to the contemporary owl diversity pattern.

Material and methods

South America was divided into 374 equal area cells
220 kmx220 km (2°x2° at the equator). Adjacent coastal cells
were often combined in order to keep cell area as constant as
possible (Hawkins et al. 2003a). The geographic ranges of the 43
species of owls present on the continent (Del Hoyo et al. 1999) were
re-drawn over this grid, and the presence of each species in each cell
was recorded.

Initially, area and scaling effects were tested using the z-values of
species-area curves, given by S=cA®. Species richness was
calculated using nested sets of quadrats of five different sizes,
centered at 23 focal cells (see Fig. 2) and with areas equal to 12,100,
24,200, 48,400, 96,800 and 193,600 km>. This restricted number of
cells was selected to minimize pseudoreplication arising from the
overlap of the largest quadrats. However, because of the relatively
low power of this analysis, we also performed a cross-validation
procedure for the correlation between z-values and richness using
random samples of 12 focal quadrats, repeated 100 times.

An elevated slope (z) indicates high turnover rates and scale
sensitivity in the region, such that an increase in species richness
would be highly dependent on an increase in area. The z-values
should be associated with historical factors and topographic
heterogeneity if scale-dependent equilibrium between speciation
and extinction rates or habitat heterogeneity explains variation in
species richness (see Gotelli 1998). It is important to note that we
are not directly evaluating the effect of cell size on our models (e.g.,
Rahbek and Graves 2001), because all analyses were performed
using our standard cell size (48,400 km?) and z-values were used
here just as a predictor of species richness at this standard cell size.

After evaluating the influence of area, the effects of the climatic
and historical factors were evaluated using the complete 374-cell
grid. Five climatic variables that have been shown to be associated
with broad-scale richness gradients were compiled from various
sources: (1) potential evapotranspiration (PET), (2) actual evapo-
transpiration (AET), (3) mean daily temperature in the coldest
month, (4) annual mean temperature, and (5) annual rainfall (see
Diniz-Filho et al. 2003; Hawkins et al. 2003a for details). We also
included range in elevation, estimated to the nearest 50 m, to
estimate topographic variability. Further, we incorporated an
interaction term between topographic variability and minimum
temperature (which we refer to as climatic heterogeneity), to capture
the idea that topographic variability is only important in warm
environments, creating strong environmental effects at the mesos-
cale (see Rahbek and Graves 2001 for a similar approach using the
interaction between latitude and topographic variability). Finally, we
counted the number of habitats in each cell using remotely sensed
AVHRR (advanced very high resolution radiometer) landcover data
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Fig. 1 Phylogenetic relationship among owl genera used in this
paper, based on DNA-DNA hybridization analysis by Sibley and
Ahlquist (1990). Numbers in parenthesis indicate number of species
for each genus, and number at the nodes indicate taxa age in ATsoH
distances. The phylogenetic position of Pulsatrix was inferred based
on Sibley and Monroe (1990)

(Hawkins and Porter 2003b), creating an explicit measurement of
habitat diversity.

We measured the historical component of species richness based
on the molecular phylogeny of Sibley and Ahlquist (1990),
constructed using DNA hybridization techniques for most genera
of birds worldwide. The average age of all owl taxa present in each
cell was obtained from the molecular phylogeny as the time to the
most recent living common ancestor at the generic level (MRCA)
(similar to the “species evolutionary history” of Sechrest et al.
2002), in units of ATsoH (DNA-DNA hybridization distances).
Cells with a low average MRCA are occupied by species in recent
genera, whereas cells with high average MRCA are occupied by
species from old genera. However, since detailed branch lengths for
South American species are not available, we used branch lengths
for genera instead, as a conservative estimate of MRCA. Despite this
limitation, owls are a good choice for this study because 10 of the 11
South American genera are present in the Sibley and Ahlquist
(1990) phylogeny (Fig. 1).

Step-forward multiple and partial regression were used to assess
the relative magnitude of the different effects on species richness.
Spatial patterns were mapped using interpolation by a distance
weighted least squares algorithm and investigated analytically by
spatial autocorrelation analysis (e.g., Legendre and Legendre 1998;
Diniz-Filho et al. 2003). We initially estimated the spatial
autocorrelation in raw species richness and in residual richness
after fitting the multiple regression model. Spatial correlograms
were constructed using Moran’s / coefficients at 15 distance classes,
using SAAP 4.3 (Wartenberg 1989). The spatial correlogram for the
residuals indicates how much of the spatial structure was removed
from data at different spatial scales (Badgley and Fox 2000; van
Rensburg et al. 2002; Diniz-Filho et al. 2003). Significant
unexplained spatial autocorrelation remains in the data if least one
of the coefficients in a correlogram is significant at 0.05/15, where
15 is the number of distance classes.

Results

The spatial pattern of owl species richness was similar to
that found for taxonomically broader groups of South
American birds (Rahbek and Graves 2001; Diniz-Filho et
al. 2002; Hawkins et al. 2003a), with higher species
richness in the northern Andes and southeastern coast
(Atlantic rainforest) (Fig. 2).

Our initial analysis found no correlation between z-
values and richness (7=0.089; p=0.683) across the 23
nested quadrats (see Fig. 2). Nor were any correlations
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Fig. 2 Spatial patterns in species richness, interpolated by a
distance weighted least squares algorithm, and the variation in
turnover rates, coded by increasing size of circles

between z-values and richness significant in the 100 cross-
validations. Further, the 95% confidence intervals for the
correlations were —0.098 and —0.153, inconsistent with
positive species-area effects. However, the spatial distri-
bution of z-values suggests that higher turnover rates could
be patterned in geographic space, with higher values in the
Andes (Fig. 2). Even if this is true, since z-values are not
associated with richness, we can drop them from the
analysis. This allows us to improve substantially the power
of the analysis of the other variables by considering the
entire grid of 374 cells.

The step-forward multiple regression found that seven
variables had significant partial coefficients, which in
concert explained ca. 53% of the variation in species
richness (Table 1). The partial regression analysis
indicated that AET, which would be expected to operate
over broad scales, was the most important predictor,
followed by two variables expected to operate at smaller
scales, climatic heterogeneity and landcover diversity. The
remaining variables, although included in the model,
explained very little of the variance in owl richness.

The spatial correlogram for species richness revealed a
strong clinal pattern (Fig. 3), with positive spatial
autocorrelation in the first distance class, generally
decreasing with distance, and becoming negative in the
largest distance classes (indicating higher richness in the
northern half of the continent and lower richness in the
south). The spatial correlogram for the residuals from the
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Table 1 Coefficients of determination from multiple and partial
regression models for owl species richness. The cumulative R*
includes all significant predictors (»p<0.05) in the multiple regression
model, and the partials (Rp°) represent the explanatory ability of
each predictor keeping all other variables constant

Predictor Coefticients of determination
Cumulative R Ry’

AET 0.246 0.089
Landcover 0.426 0.070
Climatic heterogeneity 0.492 0.069
Minimum temperature 0.505 0.018
Annual temperature 0.514 0.011
MRCA 0.523 0.009
PET 0.527 0.004

multiple regression was significant after Bonferroni cor-
rection (p<0.001), indicating a bias in the type I error rate
is expected when statistically testing the partial regression
coefficients. Even so, the correlogram for the residuals
indicates that although some autocorrelation remains
(reflecting that almost half of the variance in owl richness
is not explained by the regression model), the environ-
mental and historical predictors were able to explain the
pattern across the entire continent well.

Discussion

Analyzing predictors of owl species richness based on
different potential explanations at the same grain size
allows us to compare simultaneously their relative
magnitude in explaining variation in species richness
across the continent. Our primary result is that contem-
porary climate, reflecting water-energy balance and spatial
climatic variability at the mesoscale, as well as habitat
diversity, contributes significantly to the pattern, whereas
area and deep-time historical effects are weak predictors of
owl richness.

Evolutionary diversity indices have been used in a
conservation context (see Crozier 1997; Sechrest et al.
2002) and, more recently, by Kerr and Currie (1999) to
explore historical and contemporary processes creating
variation in species richness at broad spatial scales. Our
results are similar to those of Kerr and Currie (1999), who
found that contemporary environmental variables are
much stronger predictors of the species richness of tiger
beetles and three families of freshwater fish in North
America. In South American owls, historical effects also
appear to explain much less than current climate, at least
when phylogenetic indices are used to quantify history. Of
course, it is difficult to partition purely historical effects,
dispersal across the continent, and the historical changes in
the environment itself using only recent data and phylo-
genetic reconstruction of clades that include only extant
species. We cannot conclude that history does not matter,
only that we are unable to identify a strong signal
independent of contemporary factors.
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Fig. 3 Spatial correlogram using Moran’s / coefficient for owl
species richness (solid line) and for forward-stepwise multiple
regression residuals (dashed line). The horizontal line indicates the
expected value of Moran’s / under the null hypothesis (i.e., in
absence of spatial autocorrelation)

At the broad-scale analyzed in this paper, turnover rates
are poorly related to species richness. However, the z-
values may have a spatial pattern, being higher in the
northern Andean region, as would be expected if they
were associated with increased environmental heteroge-
neity (see Thiollay 1996; Rahbek 1997; Diniz-Filho et al.
2002; Storch et al. 2003), and much lower in the more
homogeneous eastern side of the continent. Irrespective,
turnover rates and scale-dependent measures, such as z-
values, may be associated more with habitat changes and
beta-diversity than with richness (see also Koleff and
Gaston 2002).

The best single predictor of owl species richness is
actual evapotranspiration, a widely recognized measure of
energy-water balance. This is consistent with a study of all
South American birds analyzed at the same grain size
(Hawkins et al. 2003a), as well as with a large number of
studies of plants and animals across the world (Hawkins et
al. 2003b). But like most of these other studies, it is
difficult to determine if this relationship reflects primarily
the direct physiological effects of heat/cold stress and
water availability on the birds themselves, or an indirect
effect operating via plant production, which in turn
increases resources for the small animals on which owls
feed. Nevertheless, our study joins many others indicating
that aspects of both contemporary energy and water inputs
are important proximate determinants of broad-scale
diversity patterns.

Topographic variability by itself explained very little
variation in owl species richness, despite having high
explanatory power for overall species richness in South
American birds in the study by Rahbek and Graves (2001),
at least at very coarse grain sizes. On the other hand,
Hawkins et al. (2003a) found that topographic variability
was not a strong predictor in South America (or anywhere
else in the world), possibly because of differences in the
extent and grain size of the two studies. However, we
consider it likely that range in elevation is not a proxy for
habitat heterogeneity as widely assumed, but rather is a
measure of spatial climatic heterogeneity at the mesoscale,



as argued by Turner and Hawkins (2004). In overall cold
climates, elevational gradients make little difference, since
it is basically cold everywhere, whereas in overall warm
climates, elevation sets up a diverse range of climatic
zones to which birds (and other animals) can respond (thus
implicating direct climatic effects as being more important
than indirect trophic level effects, see previous paragraph).
Further evidence that topographical variability does not
measure habitat diversity is indicated by a low association
between range in elevation and remotely sensed landcover
diversity (#*=0.186). Similarly low associations between
topographical variability and more direct measures of
habitat diversity have been found in other studies (Rahbek
and Graves 2001; Kerr et al. 2001; Hawkins and Porter
2003a). Thus, we conclude that elevation interacts
strongly with regional climates, and diversity studies that
encompass cold regions as well as warm ones should
examine this interaction to evaluate the influence of
topographic relief on diversity gradients.

We also found that landcover diversity contributes to a
statistical explanation of owl richness independently of
topographic relief, having virtually the same explanatory
power as climatic heterogeneity, as indicated by the partial
correlation coefficients. Thus, owls appear to respond not
only to overall water-energy input but also to multiple
measures of mesoscale heterogeneity (variability within
individual cells). It is difficult to evaluate the generality of
the landcover result, because although habitat diversity has
sometimes been found to be associated with animal
diversity at broad scales (e.g., Kerr et al. 2001 for
Canadian butterflies, and Rosenweig 1995 for south-
eastern Australinan mammals), in other cases it has not
(Hawkins and Porter 2003a for western Palearctic
butterflies). Although habitat diversity is generally be-
lieved to underlie many species-area relationships, addi-
tional studies incorporating this variable are still needed to
determine the general contribution of habitat heterogeneity
to continental and global diversity gradients.

Finally, our paper illustrates how different mechanisms
can be tested using a single framework, which can be
useful for reaching more general conclusions about the
determinants of species richness. Slightly more than 50%
of the variation in owl species richness was explained by
the combined effects of climate and their interaction with
topographic variability, with perhaps a small independent
contribution of historical effects measured by deep-time
phylogenetic indices. Although additional studies using
the standard methods we describe here are clearly
necessary, our results suggest that turnover rates and
scaling effects, although useful for detecting faunal
changes and beta diversity, may not represent strong
explanation for broad-scale patterns in species richness,
especially after factoring out effects of climate and
environmental heterogeneity.
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