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ABSTRACT

Rapoport effect predicts that species geographic range sizes will increase toward higher latitudes,
probably reflecting adaptations to extreme climatic conditions that increase species tolerance. Re-
cently, studies about spatial patterns in species richness and geographic range size may be associ-
ated with the geometry of species’ ranges. In this context, null models can be used to search for the
causal mechanisms associated with these patterns. In this paper, we analyzed Rapoport effect using
a null model to evaluate how phylogenetic structure and geometric constraints simultaneously affect
latitudinal extents of 40 species of South American terrestrial Carnivora. The latitudinal extents of
Carnivora tended to decrease toward Southern latitudes, in the opposite direction expected under a
simple Rapoport effect, but in accordance to geometric expectations of position of midpoints in the
continent. Using 5000 simulations, it was possible to show that the null regression coefficients of
latitudinal extents against midpoints are positively biased, reflecting the geometric constraints in the
latitudinal extents. The results were equivalent in phylogenetic and non-phylogenetic analyses. The
observed regression coefficient was significantly smaller (line is less inclined) than expected by chance
alone, demonstrating that the geometric constraints in the latitudinal extents exist even after controlling
for phylogenetic structure in data using eigenvector regressions. This suggests that the “spirit” of
Rapoport effect (sensu Lyons & Willig, 1997) could be maintained, i.e., that latitudinal extents in
Southern region of the continent are relatively larger than those in Northern regions, even after con-
trolling for phylogenetic effects.
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RESUMO

Efeito Rapoport em Carnivora sul-americanos: modelos nulos sob
restrições geométricas e filogenéticas

O efeito Rapoport prediz que as áreas de distribuição geográfica das espécies aumentam em direção
às latitudes mais elevadas, refletindo provavelmente adaptações a condições climáticas extremas.
Recentemente, os estudos sobre a variação na riqueza de espécies e em sua área de distribuição passa-
ram a reconhecer que os padrões espaciais usualmente detectados podem estar associados à geometria
dos continentes. Nesse contexto, os modelos nulos podem ser úteis para analisar os mecanismos eco-
lógicos e evolutivos envolvidos na origem desses padrões. Neste trabalho, o efeito Rapoport foi
analisado por intermédio de modelos nulos que permitem compreender simultaneamente como os
efeitos filogenéticos e as restrições associadas à geometria do continente afetam a extensão latitu-
dinal de 40 espécies de Carnivora (Mammalia) terrestres da América do Sul. Essas extensões tendem
a diminuir em direção ao sul do continente, de forma oposta à esperada pelo efeito Rapoport, mas
conforme esperado pelas restrições geométricas. As 5.000 simulações demonstraram que as regressões
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entre extensão latitudinal e ponto médio latitudinal, por espécie, são positivamente enviesadas,
indicando restrição geométrica. Os resultados são coerentes nas análises filogenéticas (incluindo um
autovetor filogenético no modelo de regressão) e não-filogenéticas, indicando que o coeficiente angular
observado é significativamente menor do que o esperado de acordo com os modelos nulos. Assim,
o “espírito” do efeito Rapoport pode ser mantido, ou seja, as extensões latitudinais nas regiões mais
ao sul do continente tendem a ser relativamente maiores do que estas, indicando provavelmente maior
tolerância a variações ambientais, mesmo após o controle dos efeitos filogenéticos.

Palavras-chave: efeito Rapoport, modelos nulos, Carnivora, distribuição geográfica, extensão lati-
tudinal.

INTRODUCTION

Rapoport effect predicts that species geogra-
phic range sizes will increase toward higher la-
titudes, probably reflecting adaptations to extreme
climatic conditions that increase species tolerance
and, consequently, permit dispersion to larger areas
(Stevens, 1989). This controversial biogeographical
pattern has been widely discussed in the last few
years, specially because of its presumable link with
latitudinal gradients in species richness (Stevens,
1989). Despite many recent papers showing that
no clear causal link between Rapoport effect and
latitudinal gradient exists (Gaston, 1999; Kerr,
1998; Taylor & Gaines, 1999), the pattern of in-
crease in geographic range toward higher latitudes
and the associated ecological and evolutionary
processes explaining it still demands interest by
themselves. Gaston et al. (1998) showed that at
least five processes could be involved with this
pattern.

Recently, studies about species richness and
geographic range size at large scales recognized
that spatial variation in these variables may be
associated with the geometry of species’ ranges
in relation to continental boundaries, the so-called
“mid-domain effect” (Colwell & Lees, 2000). These
ideas have been particularly stimulated by the
application of analytical methods and computer-
intensive simulation strategies to generate null mo-
dels for variation in species richness and range
overlap at large geographical scales (Colwell & Hurt,
1994; Lyons & Willig, 1997; Willig & Lyons, 1998;
Lees et al., 1999; Colwell & Lees, 2000). Beyond
trying to predict expected species richness, the
recognition of the existence of these constraints
ensures that, for some regions of the world, Rapoport
pattern could hardly be found by simple geometric
effects (Lyons & Willig, 1997).

Lyons & Willig (1997) pioneered the
application of null models that take into account
geometric constraints affecting geographic ran-
ge sizes in order to evaluate Rapoport effect. They
showed that in South America the continent de-
creases in area toward southern higher latitudes,
in such a way that, under a simple geometric null
model of geographic range sizes, an inverted
Rapoport effect is expected. The opposite pattern
is expected in North America, where increasing
in available area for colonization implies that a
clear Rapoport-like pattern would be expected by
chance only, without ecological and evolutionary
mechanisms affecting geographic range sizes. In
this context, Lyons & Willig (1997) proposed that
the “spirit” of Rapoport effect would be maintained
if the geographic range sizes of species living in
the southern regions of South America are larger
than expected by a null model that takes into
account the geometric constraint caused by the
continent shape (see Fig. 8 of Lyons & Willig,
1997). Beyond this simple geometric interpretation,
Mourelle & Ezcurra (1997), analyzing geographic
ranges of columnar cacti, added that these inverted
effects may have acted in historical times, related
to the differential impact of glaciation events in
the vegetation of North and South America due
to opposite latitudinal patterns in continent shape.

Lyons & Willig (1997) proposed two types
of null models to investigate Rapoport effect, that
possess different assumptions and ecological impli-
cations, related to evolutionary patterns that can
be investigated using recently developed com-
parative methods. The first is the so-called random
model, in which latitudinal midpoint is randomized
and then each range is randomly generated within
the geometric constraints. In this model, both po-
sition and geographically constrained range sizes
are randomized across the species. The second type
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of null model was called “pseudo-random” null
model, in which the latitudinal midpoint is fixed
and only geographic ranges are randomized within
the geometric constraints. In the pseudo-random
model, the idea is that biological characteristics
of the species that determine its latitudinal midpoint
(related to species niche and other life-history traits)
are maintained, and only tolerance around this
midpoint is randomized. This is interesting because
these non-random patterns of the spatial distribution
of the midpoints, that would reflect unique adaptive
biological and ecological characteristics of the
assemblage under analyses, are taken into account
by the null model (see Koleff & Gaston, 2001).
But, at the same time, the phylogenetic effects
associated with these characteristics are also
maintained in the pseudo-random model even after
randomizations and, consequently, bias in statistical
estimates must be avoided (see Harvey & Pagel,
1991; Blackburn & Gaston, 1998; Diniz-Filho,
2000). For example, a fixed life-history strategy
that is conservative within a clade can determi-
ne similar midpoints at high latitudes, creating a
bias in statistical analyses.

Although some recent papers have included
phylogenetic comparative analyses to evaluate
Rapoport’s effect using Rohdes’ et al. (1993)
method (see Gaston et al., 1998; Ruggiero, 1999),
no one tested simultaneously how phylogenetic
effects and geometric constraints affect randomized
geographic ranges. In this paper, we applied a null
model based on the original idea of Lyons & Willig
(1997), evaluating how phylogenetic structure and
geometric constraints affect latitudinal extents of
South American Carnivora. To do this, we modified
original Rohdes’ et al. (1993) band method and
analyzed randomized extends using a phylo-
geographic extension of the phylogenetic eigen-
vector regression (PVR) (Diniz-Filho et al., 1998,
1999).

MATERIAL AND METHODS

Data set
The latitudinal extent of the geographic range

(latitudinal range) was recorded for each of the
40 species of terrestrial Carnivora (Fissipeds),
whose midpoints are in the South American
domain, as the difference between southern and
northern extremes along latitude. Data were ob-

tained from Eisenberg (1989), Redford & Eisenberg
(1992, 1999), Wilson & Reeder (1993) and
Emmons (1997). The maximum (potential) latitu-
dinal extent associated with each midpoint was
obtained, as in Lyons & Willig (1997), as the
geographic distance from each midpoint to southern
or northern extremes of the continent. Also, since
some species are found in the extremes of the
continent, there is no need to distinguish between
the different ways used by Lyons & Willig (1997)
to define maximum potential extents (the entire
continent or the distributional maximum extents
for the taxon under analysis) (see also Koleff &
Gaston, 2001). The phylogenetic relationship for
these 40 species was derived from the “supertree”
recently constructed by Bininda-Emonds et al.
(1999) for worldwide Carnivora.

Simulations and analyses
Rapoport effect can be measured by distinct

methods (see Ruggiero, 1999; Gaston et al., 1998).
In this paper, we simply regressed latitudinal extent
against latitudinal midpoint, using then a
modification of Rohdes’ et al. (1993) method.
Instead of dividing the continent into bands and
estimating the average range of species whose
midpoint is within the limits of the class, each
latitudinal extent was paired directly with its
latitudinal midpoint, which is then equivalent to
using very small latitudinal intervals to define the
bands (smaller than the average distance between
species midpoints). Rohdes’ et al. (1993) method
was used in this paper for two reasons: 1. It avoids
spatial autocorrelation of Steven’s (1989) method,
that is caused because the large-ranged species are
counted repeatedely to estimate average geographic
ranges across the latitudinal bands. 2. It possesses
higher statistical power (Lyons & Willig, 1997).

Our modification of Rohdes’ et al. (1993)
method has also some advantages. The first is the
higher statistical power, because each species is
used individually in the analysis, instead of a
reduced number of bands. Secondly, it avoids the
use of averages of latitudinal extents within each
band, which may be complicated because of non-
normality of these measurements (see Gaston &
Blackburn, 2000, for a recent review). Third, it
avoids weighted problems in regression analyses
caused by undesirable properties of spatial
distribution of midpoints throughout the continent,
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caused by bands whose average estimates of extents
are based on a few species (the well-known
gradients in species diversity, for example, can
produce this effect). On the other hand, our
modification also increases the statistical problems
caused phylogenetic structure in the analyses
because, instead of latitudinal bands, phylo-
genetically non-independent species are used
individually (see Harvey & Pagel, 1991; Blackburn
& Gaston, 1998; Diniz-Filho, 2000).

Random latitudinal extents were then gene-
rated for each of the 40 species with fixed
latitudinal midpoints (the pseudo-random null
model of Lyon & Willig, 1997), and 5000 replicates
of this procedure were performed. For each
simulation, regression coefficients were then
initially estimated simply by regressing the
randomized latitudinal extents for each species on
their latitudinal midpoints. Under no continental
boundaries, an average zero regression coefficient
is expected but, since there are limits in the
maximum latitudinal extents at a given latitudinal
midpoint, a biased positively distribution is ex-
pected (we are attributing negative values to
southern latitudes). However, as previously
discussed, our modification of Rohdes’ et al.
(1993) method can increase bias caused by
phylogenetic structure in data that must be taken
into account when analyzing data generated by null
model.

We used Phylogenetic Eigenvector Re-
gression (PVR) (Diniz-Filho et al., 1998, 1999,
2000) to control phylogenetic patterns in data. The
PVR starts by obtaining principal coordinates from
the phylogenetic distances (D) among species
derived from the phylogeny. These principal
coordinates are vectors that express the interspecific
variation across multivariate phylogenetic space,
and are used then as predictors in a standard
multiple regression of the form

Y = Vβββββ + εεεεε

where V is the matrix with some of the eigenvectors
extracted in principal coordinate analysis of D and
βββββ that is the vector with partial regression
coefficients. The number of eigenvectors to be used
in the analysis can be estimated by analyzing the
distribution of eigenvalues by different methods
(see Diniz-Filho et al., 2000, and Diniz-Filho,
2000, for computational details).

We then re-analyzed each of the 5000
simulations with a variation of the original PVR
method (Diniz-Filho et al., 1999), using as
predictors in the multiple regression both latitudinal
midpoints (spatial component), and phylogenetic
eigenvectors extracted from D (phylogenetic
component), to determine, by the partial regression
coefficients, the combined effects of these factors
in the latitudinal variation in randomized latitudinal
extents.

RESULTS

The latitudinal extents of South American
Carnivora tended to decrease toward southern
latitudes, in the opposite direction expected under
a simple Rapoport effect and according to ex-
pectations based on the continent shape (Fig. 1).
The observed regression coefficient for this
bivariate relationship was equal to 32.96 (standard
error ± 21.86) (p = 0.14 for β = 0), with a very
low explanatory power (R2 = 5.60%), indicating
then no spatial patterns in latitudinal extents of
40 species. However, before rejecting any eco-
logical or evolutionary process related to Rapoport
effect, it is necessary to control initially for the
geometric constraints in the latitudinal extents and,
so, it is necessary to use a null model to overcome
this effect, as proposed by Lyons & Willig (1997).

The distribution of regression coefficients
for this initial null model controlling spatial effects
and obtained from regression analyses after
randomizing latitudinal extends within latitudinal
constraints (Fig. 2a), indicated a strong spatial
effect in the data. For latitudinal midpoint only,
the coefficients are positively biased, with average
regression coefficient equal to 91.17 ± 17.23,
ranging from 20.72 to 147.50, reflecting then the
geometric constraints in the latitudinal extents. The
probability of obtaining the observed regression
coefficient estimated for the 40 species from this
null distribution was equal to 3/5000 (p = 0.0006),
in such a way that the observed coefficient is
significantly smaller (line is less inclined) than
expected by chance alone. Also, distribution of
squared-correlation coefficient R2 indicate that,
under simple continent constraints, spatial patterns
in latitudinal extents would be much stronger than
the observed, with an average R2 equal to 34.2%
(± 10%).
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Fig. 1 — Relationship between latitudinal extent and latitudinal midpoint for 40 species of Carnivora in South America.
The solid arrow shows the maximum possible extent in the continent (caused by the geometry of the estimate), the solid
line indicates the regression line of the real data and the dashed arrow indicates the average regression line across the 5000
simulations. Negative values in the X-axis indicate latitudes in southern hemisphere.

But, more importantly, since we used Lyons
& Willig’s (1997) pseudo-simulation model, any
phylogenetic structure associated with both
latitudinal extent and latitudinal midpoint it can
bias these analyses. Eigenanalysis of D matrix
derived from phylogeny revealed that three
eigenvectors could be used to express deep time
phylogenetic structure in data, according to broken-
stick criterion (see Diniz-Filho et al., 1998, 2000,
for details). Including these eigenvectors in the
previous regression model (using the observed
latitudinal extent as response variable) significantly
increased R2 in real data set from 5.6 to 39.4%.
Partial regression coefficient of latitudinal midpoint
turns to be significantly different from zero (b =
47.14 ± 20.17; p = 0.025) and, out of the three
eigenvectors used, only the first one possess
significant effect on latitudinal extent (b = 2830.5 ±
693.1: p = 0.00065). The average coefficient of
determination of multiple regressions in the
simulations was equal to 38.9% (± 10.1%).

Partial regression slope distribution for spatial
(latitudinal) effects, after controlling for phylogenetic
structure in data, indicated significant effects in the
simulations (Fig. 2b). These partial coefficients are
still positively biased, with average regression
coefficient equal to 90.8 ± 18.72, and ranging from
22.6 to 160.8, reflecting that geometric constraints
in the latitudinal extents exist even after controlling

for phylogenetic structure in data. The probability
of obtaining the observed partial regression coefficient
estimated for the 40 species from this null distribution
was equal to 67/5000 (p = 0.0134). So, the partial
regression coefficient for spatial effects is also
significantly smaller (the line is less inclined) than
expected by chance alone, even after controlling for
phylogenetic effects. The increase in Type I error
from 0.0006 to 0.0134, when phylogenetic effects
were incorporated, did not qualitatively change the
conclusions of the analyses, but indicated that, for
other datasets with original Type I errors higher than
observed here (closer to 5%), conclusions may be
changed because part of the variation among
simulations can be attributed to phylogenetic effects
associated with latitudinal midpoints.

DISCUSSION

In a first instance, the spatial patterns of
latitudinal extents in South American Carnivora
do not follow a simple Rapoport effect and in
principle contradicts those from Ruggiero (1994),
which found a significant Rapoport effect for
Carnivora in South America using Stevens’ (1989)
method. However, the original interpretations of
Rapoport effect does not take into account other
factors than adaptations and evolutionary processes
changing geographic ranges.
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The geometry of the continent may impose
strong forces limiting geographic range sizes that
can counteract ecological and evolutionary pro-
cesses invoked to explain Rapoport effect (Gaston
et al., 1998). So, as occurs in other areas of recent
ecological research, null models may be useful to
overcome this problem and establish the expected
distribution of the statistics under these constraints
(see Gotelli & Graves, 1996; Bell, 2001).

Confidence intervals of the null distribution
obtained from the simulated data excludes zero
(p < 0.05), in such a way that, under simple
geometric constraints, the relationship between
latitudinal extend and latitudinal midpoints are

usually strongly positive for Neotropics, as
predicted by Lyons & Willig (1997). Since the
regression coefficient observed for the 40 species
of Carnivora was significantly smaller than all
simulated regression coefficients (see Figs. 1 and
2a), it is possible to conclude that species in the
Southern regions of the continent possess
relatively large extents, as expected if the “spirit”
of the Rapoport effect could be maintained (Lyons
& Willig, 1997). In other words, although the
geographic ranges of temperate species (i.e.,
whose range centered south from 25oS) are, in
absolute terms, smaller than those of tropical
species, they tend to occupy a greater proportion
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Fig. 2 — Frequency distribution of regression coefficients considering latitudinal effects only (a) and partial regression coefficients
of latitudinal effects taking into account phylogenetic structure in data (b), based on 5000 regressions of simulated extents.
Arrows indicate the relative position of the statistics estimated for the 40 species of Carnivora in South America.
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of the total space available to them than the latter
ones. Thus, in relative terms, they can be consi-
dered to have larger ranges than their northern
counterparts.

Since null explanation for spatial pattern in
latitudinal extent was rejected after the simulation,
the observed pattern is now in agreement with
previous results from Ruggiero (1994), supporting
ecological and evolutionary processes associated
with Rapoport effect in South American Carnivora.
Although it is usually difficult to find a primary
cause for large-scale biogeographical patterns such
as Rapoport effect, most of the mechanisms
discussed by Gaston et al. (1998) are based on
interspecific variation in environmental tolerance.
It is expected to affect range expansion proces-
ses, create differential extinction or impose different
biogeographic boundaries structuring in species
assemblages (see mechanisms 2, 3 and 5 in Gaston
et al., 1998).

A test of these different, but not mutually
exclusive mechanisms, is beyond the scope of this
paper. The more important point is that our
modification of Rohdes’ et al. (1993) method
permits to incorporate phylogenetic structure in
both real and simulated data, since paired variables
(i.e., latitudinal extents and midpoints) are
measured across species that share distinct ancestor
on a phylogenetic scale. So, comparative methods
must be used to avoid bias in parameter estimates
and correct the inflated Type I errors. In this paper,
the results are qualitatively equivalent to the non-
phylogenetic analyses, indicating that latitudinal
extents in Southern region of South America are
relatively larger than those in Northern regions,
even after controlling for phylogenetic effects.
However, in other datasets, at least part of the
variation among simulations can be attributed to
phylogenetic effects associated with fixed
latitudinal midpoints, that in turn creates a
constraint in simulated ranges.
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