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abstract: Evolutionary processes underlying spatial patterns in
species richness remain largely unexplored, and correlative studies
lack the theoretical basis to explain these patterns in evolutionary
terms. In this study, we develop a spatially explicit simulation
model to evaluate, under a pattern-oriented modeling approach,
whether evolutionary niche dynamics (the balance between niche
conservatism and niche evolution processes) can provide a parsimonious explanation for patterns in species richness. We model
the size, shape, and location of species’ geographical ranges in a
multivariate heterogeneous environmental landscape by simulating
an evolutionary process in which environmental fluctuations create
geographic range fragmentation, which, in turn, regulates speciation and extinction. We applied the model to the South American
domain, adjusting parameters to maximize the correspondence between observed and predicted patterns in richness of about 3,000
bird species. Predicted spatial patterns, which closely resemble observed ones (r 2 p 0.795), proved sensitive to niche dynamics processes. Our simulations allow evaluation of the roles of both evolutionary and ecological processes in explaining spatial patterns in
species richness, revealing the enormous potential of the link between ecology and historical biogeography under integrated theoretical and methodological frameworks.
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As early as the eighteenth and nineteenth centuries, naturalists described and documented what we today call geographical gradients in taxon diversity (species richness),
especially the general global pattern of increase in species
richness toward warm and wet tropical regions (Whittaker
et al. 2001; Hawkins et al. 2003b; Willig et al. 2003; Hillebrand 2004). Initial hypotheses explaining this pattern
were deduced solely by observing and describing nature
and were based on nothing more rigorous than intuitive
correspondence between climatic and biological patterns
(Hawkins 2001). Surprisingly, even after 200 years of research in biogeography and ecology, the most common
framework used in such investigations still relies on statistical measurements of the concordance between the spatial patterns in species richness and multiple environmental factors. The generally strong relationship between
species richness and some of these environmental factors
(e.g., Hawkins et al. 2003a) has led many researchers to
conclude that environment (e.g., climate) is the main
driver of species richness, based on a purely correlative
view (see Hawkins et al. 2003b). Until recently, the processes underlying these correlations were usually defined
by verbal arguments without formal modeling or even
clear epistemological structures (but see Currie et al. 2004;
Scheiner and Willig 2005). However, in the past decade,
more complex models were developed to evaluate environmental or climate-based hypotheses, based on the effect
of environmental variables on organismal metabolism and
physiology or on population dynamics (see Allen et al.
2002; Field et al. 2005; O’Brien 2006). Despite these advances, the evolutionary components underlying these
correlations between climate and species richness remain
poorly understood (Ricklefs 2006).
In contrast with climate-based hypotheses, evolutionary
hypotheses have developed since the early 1960s as almost
independent sets of explanations (Ricklefs 2004, 2006; Mittelbach et al. 2007). In general, evolutionary hypotheses
invoke a geographical (i.e., latitudinal) bias in net diversification rates (for recent evaluations, see Cardillo et al.
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2005; Weir and Schluter 2007) driven by area availability
(Rosenzweig 1995) or climatic factors (Wright 1983; Rohde
1992, 1999; Wright et al. 1993). A geographical bias in net
diversification rates has been suggested to be caused by a
spatially patterned buffer against extinction (Hawkins et
al. 2005, 2006) or by an acceleration of tropical speciation
rates due to metabolic activation (Rohde 1992; Bromham
and Cardillo 2003; Allen et al. 2006). The most common
approach to studying these evolutionary hypotheses attempts to decouple the effects of “ecological” (contemporary) and “evolutionary” (historical) components of the
spatial patterns in species richness (e.g., Hawkins et al.
2003b; Diniz-Filho et al. 2004; Bjorholm et al. 2006), although usually one or the other is simply ignored or credited with unexplained variation.
However, as highlighted by Wiens and Donoghue (2004)
and Hawkins et al. (2005), historical biogeography and
ecology have much to offer each other, and perhaps a
better approach would be to join the two perspectives into
a unified theoretical and analytical framework capable of
resolving the tangled and/or interactive effects of both ecological and evolutionary processes affecting species richness (Ricklefs 2006). Furthermore, Currie et al. (2004),
who recently reviewed those hypotheses that invoke climatic factors to explain spatial patterns in species richness
under a hypothetical-deductive, Popperian approach, concluded that these hypotheses are still very difficult to evaluate and that the biological underlying mechanisms that
link climate to species richness remain to be discovered.
Phylogenetic niche conservatism (Harvey and Pagel
1991; Peterson et al. 1999; Ackerly 2003; Holt 2003) refers
to an evolutionary pattern in which descendant species
tend to share, by common descent, a substantial proportion of the biological and physiological characteristics that
determine their fundamental ecological niches (Hutchinson 1957). Thus, the adaptations of a common ancestor
to a particular set of environmental conditions (i.e., the
ecological zone of origin; Holt and Gaines 1992; Holt 1996;
Wiens 2004) tend to be conserved in descendant species,
with little adaptive biological modification (e.g., Ricklefs
and Latham 1992; Ricklefs 2006). Whether a particular
pattern of niche conservatism is the result of constraints
on adaptive evolution (e.g., absence of appropriate genetic
variation) or simply a consequence of diversification in
widespread, uniform environments probably depends on
the case in question. Niche conservatism is a key component of a recent verbal model of the expected effects of
environmental fluctuation on the evolution of a species’
ecological niche and the consequences for biogeographical
(Ackerly 2003; Wiens 2004; Wiens and Donoghue 2004;
Wiens and Graham 2005) and community assembly patterns (Webb et al. 2002; Ackerly 2003).
In contrast, niche evolution refers to evolutionary change,
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during or immediately following speciation events, in the
traits that define the niche, allowing descendant species to
adapt rapidly to new environmental conditions (Wiens and
Donoghue 2004). Thus, it has been hypothesized that if
niche conservatism prevails over niche evolution in regions
of highly heterogeneous and/or asynchronously fluctuating
environments, diversification might occur predominantly
by a process of range fragmentation, caused by the inability
of species to adapt to changing environmental conditions
in portions of the ancestral range (Wiens 2004; Wiens and
Donoghue 2004). In this scenario, once environmental fluctuation has fragmented a species’ geographical range into
isolated populations (Dynesius and Jansson 2000; Jackson
and Overpeck 2000; Jansson and Dynesius 2002; Ackerly
2003; Wiens 2004), geographic (and eventually reproductive) isolation of those isolated populations would lead to
allopatric speciation (see also Kirkpatrick and Barton 1997;
Holt 2003) and possibly adaptive radiation (Gavrilets and
Vose 2005).
The balance between niche conservatism and niche evolution may also have played an important role in determining contemporary geographical gradients in species
richness (Wiens and Donoghue 2004; Wiens and Graham
2005; Ricklefs 2006). According to this hypothesis, most
clades originated under a tropical climatic regime, which
had, for most of Earth’s history, and still has, greater geographical extent and environmental stability than extratropical climates (Wallace 1878; Stephens and Wiens 2003;
Wiens and Donoghue 2004; Hawkins et al. 2005; Jablonski
et al. 2006). If descendant lineages tend to conserve ancestral niche characteristics (e.g., Ricklefs and Latham
1992), then clades may have been slow to spread toward
extratropical regions or are now extinct in those regions
that are not tropical anymore (e.g., Hawkins et al. 2005,
2006). Such a process would tend to generate a higher
richness in the ecological zone of origin (tropical regions)
because of a higher net diversification rate, whereas species
in more recently derived clades could potentially become
adapted to temperate conditions, breaking away from phylogenetic constraints on niche characteristics (the “out of
tropics” model; e.g., Jablonski et al. 2006). Thus, the tropics would be both the “cradle” and the “museum” of species diversity (Jablonski et al. 2006).
To evaluate whether an appropriate balance between
niche conservatism and niche evolution could potentially
explain spatial patterns in species richness on a geographic
scale, we developed a spatially explicit simulation model
of niche evolution. The simulation approach is especially
suitable for this study because it allows us to unravel and
describe complex patterns (Winsberg 1999; Peck 2004;
Grimm et al. 2005) that are simultaneously driven by multiple biological processes (Peck 2004) and independent
agents (e.g., species and their geographical ranges; Grimm
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et al. 2005), in both spatial and temporal dimensions (Naylor et al. 1966). Furthermore, we used the simulation
model as an ecologically controlled quasi experiment (Peck
2004) in which some factors may be held constant in order
to study the isolated and/or interactive effects of other
ecological and evolutionary processes on the emergent patterns (Winsberg 2003; Peck 2004). Our simulation model
was also used as a predictive model, which offers a special
advantage over correlative models because it provides predictions in units of species richness (number of species
co-occurring at the same place and time), allowing much
more robust statistical inferences (Colwell et al. 2004; Rahbek et al. 2007). Only a few recent studies have used simulations to test alternative scenarios to distinguish among
competing hypotheses (in contrast to the traditional correlative approach; e.g., Hawkins et al. 2003b), most of them
in the context of geometric constraint models (e.g., Colwell
and Lees 2000; Bokma et al. 2001; Jetz and Rahbek 2001;
Davies et al. 2005; Rangel and Diniz-Filho 2005a, 2005b;
Rahbek et al. 2007).
We used empirical spatial patterns in species richness
and range size frequency distribution of South American
bird species to guide our model parameterization and analyses (a pattern-oriented modeling approach; sensu Grimm
et al. 2005). Our primary goal was to investigate the influence of niche conservatism and niche evolution (as outlined in Wiens 2004; Wiens and Donoghue 2004), acting
over broadscale heterogeneous landscapes, on those predicted patterns that most closely resemble observed patterns. We found that in models that account for a substantial portion of the variation in both spatial patterns
of richness and range size frequency distribution in South
American birds, model fit is quite sensitive to the level of
niche conservatism. We conclude that niche dynamics
models can provide a plausible explanation for broadscale
biogeographical patterns in species richness.

diversification (Wiens and Donoghue 2004; Wiens and
Graham 2005); it was applied to allow better understanding of the evolutionary drivers of patterns of contemporary
bird species richness in South America.
Conceptually and computationally, our model consists
of two linked components: an n-dimensional niche space
and a two-dimensional geographical map space (a discrete,
virtual domain modeled as a lattice). Each cell on a gridded
map is characterized by its geographical coordinates and
by the local values of the same n environmental parameters
that define the niche space (a representation pioneered by
Pulliam [2000]). We used the South American continent,
divided into 1⬚ # 1⬚ cells (m p 1,565), as the geographical
domain for this study. By mapping the values of n observed
environmental variables (e p 1, 2, …, n; see next section)
in each grid cell, environmental spatial patterns were established. We studied the individual and combined influence of six observed variables that describe the heterogeneous environmental conditions across South America:
(1) actual evapotranspiration, (2) potential evapotranspiration, (3) minimum annual humidity, (4) maximum
annual humidity, (5) minimum annual temperature, and
(6) maximum annual temperature (New et al. 1999; Kucharik et al. 2000; Willmott and Kenji 2001). Each of these
six factors represented a niche axis in the simulation
model, each exerting equal control over simulated species.
The basic unit of our model is the species, evolving
through time and characterized by three state variables:
species’ niche center, niche breadth, and range size (table
A1 in the online edition of the American Naturalist). Thus,
after Hutchinson (1957), the niche is considered a property
of each species, defined by its adaptive tolerances along
each niche axis, not as a preexisting unit of the environment. Time is measured in discrete steps on an evolutionary (rather than demographic or ecological) scale.
Model Dynamics

Methods
Model Overview
Our model simulates the dynamics of species’ geographical
range size, shape, and placement over a multivariate heterogeneous environmental landscape by stochastically defining each species’ fundamental niche as an inherited set
of environmental tolerances, evolving in the context of a
dynamically fluctuating environment. The environmental
dynamics follow a regular cycle through time, forcing the
fragmentation of geographical ranges, driving both speciation and extinction (Wiens 2004). The model can be
used to assess which combinations of model parameters
generate realistic patterns of species richness, range size
frequency distribution, and evolutionary components of

The simulation begins by randomly placing the first species
into a single, randomly selected cell (model parameters
Glat and Glong are its coordinates). The values of the n
environmental variables in the initial cell define the optimal environmental conditions (niche center) for the initial species. Next, symmetrical deviations (niche breadth)
around the species’ optimal environmental value, for each
niche axis, are stochastically defined by model parameter
j. The species is then allowed to expand its range cohesively on the map, immediately occupying any other spatially contiguous cells for which all environmental conditions lie within the corresponding upper and lower
tolerance limits for this species in niche space.
At each time step, the values assigned to the environmental variables on the map increase or decrease according
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to a sine wave, which can be defined by two parameters:
amplitude (A) and frequency (f ). The first controls the
magnitude of change at the point of maximum increase
or decrease of the environmental fluctuation cycle (e.g.,
glacial maxima/minima) and is defined as percentage of
the magnitude of each environmental variable in each map
cell. At each time step, all environmental variables change
synchronously by the same proportion in every map cell,
driven by a single master sine wave. The second parameter,
f, controls the number of cycles completed during each
model run.
In the model, environmental fluctuations may trigger
biogeographical events, such as changes in location, size,
and shape of each species’ geographical range (fig. 1). In
addition, environmental fluctuations may cause fragmentation of a species’ geographical range. The range fragments then represent isolated populations (fig. 1). These
isolated populations can become extinct as an inverse
function of their geographical range size, and the decrease
in the probability of extinction, Px, was modeled by the
function Px p ⫺ ln (r/m)/(1/a)2, where a is a parameter
that varies between 1 (high extinction probability) and a
very small number (∼0; low extinction probability), r is
the range size of the isolated populations, and the parameter m is the smallest range size for which the probability
of extinction is 0 (i.e., for r ≥ m, Px ! 0, and is thus set
to 0; fig. A1 in the online edition of the American Naturalist). This function also controls the possible extinction
of species with unfragmented ranges as a function of range
size.
After fragmentation, any surviving populations become
new and independent species. When a newly isolated population (a range fragment) becomes a new species, its niche
center is adaptively shifted to a point in niche space somewhere between the niche center of its parent species (niche
conservatism) and the mean local environmental conditions of its new geographical range (niche evolution). The
magnitude of this shift in the niche center is controlled
by the parameter D. At the same time, niche breadth (tolerance limits) along each niche axis for the new species is

Figure 1: A, Geographical ranges of two hypothetical, ancestral species
are subjected to environmental fluctuation (red and blue areas). B, After
environmental fluctuation, species’ geographical ranges (white areas,
dashed outlines) may become fragmented into smaller, isolated populations (red and blue areas, solid outlines), with variable range size. C, Each
fragment may become extinct as a function of its geographical range size
(light red and blue areas, dashed outlines) or may survive (dark red and
blue areas, solid outlines). D, Each surviving population speciates and
expands its geographical range (white areas, dashed outlines) to colonize
areas within its new ecological niche (colored areas, solid lines; see text
for details on how the niches of new species are defined). E, New species
become independent (colored areas).
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also inherited from the parent species, with a degree of
conservatism/evolution set by model parameter q. Thus,
the larger the parameters D and q are, the more a descendant species’ niche center and breadth may differentiate from those of the ancestor species’ niche (niche
evolution). Because speciation processes occur in an allopatric mode over spatially autocorrelated environments
and, primarily, because of the high carryover of niche
center and breadth from ancestral to descendant species,
patterns in species richness will evolve under a process of
high “heritability” in niche space, consequently conserving
range size and geographical location (see Webb and Gaston
2003, 2005; Hunt et al. 2005).
Once a descendant species’ niche characteristics are defined, its geographical range immediately spreads cohesively on the map, occupying all contiguous, suitable cells.
All new species resulting from this speciation process are
then subjected to the same simulation rules in the next
time step. One single simulation is finished when a predefined number of time steps (i.e., environmental fluctuations) has been reached. The entire simulation is repeated (the procedure is replicated under the same
conditions), and the results are averaged among replicates.
For a detailed description of the model, algorithms, and
equations, following a standard protocol for describing
agent-based models (Grimm et al. 2006), see appendix A
in the online edition of the American Naturalist.

Simulations
To explore the parameter space and evaluate the model’s
predictive power for observed patterns, we performed a
total of approximately 15,000 sets of replicated simulations, each set with different parameter combinations, using a grid computing platform (see app. A). Each simulation was replicated 100 times (the entire process thus
required 1.5 million simulations), although previous analysis showed that results for any particular parameter combination become stable at about 45 replicates. Each replicate was run for 40 time steps. Preliminary analyses
showed that model predictions, as measured by proportional richness among map cells, are independent of the
number of time steps and independent of the frequency
( f ) and amplitude (A) of environmental fluctuations because those parameters affect only the pace of the diversification process and the expected absolute size of species
pool at the end of the simulation. Thus, we set the model
to perform two complete sine waves ( f ), with the amplitude of increase and decrease of environmental variables
(A) fixed at 10% (fig. B1 in the online edition of the
American Naturalist). The frequency and amplitude were
fixed at these levels in order to generate a simulated species

pool of around 3,100 species, approximately matching the
number of observed species (3,088).
We performed simulations for which the niche space was
defined by each environmental variable alone and by multiple combinations of the six environmental variables in
order to find the combination that maximizes the fit between observed and predicted patterns in species richness.
We let the parameters Glat and Glong, which define the geographical position of the range of the initial species, vary
randomly among replicates. For the parameter j, which
regulates the breadth of initial species’ niche, we used 10
different values (0.25 ! j ! 1.5). The parameters D and q,
which jointly regulate the niche conservatism/evolution processes, each assumed 10 different values (0 ! D ! 1; 0 !
q ! 1.5). The parameter a, which regulates the strength of
extinction probability as function of range size, also assumed
10 different combinations (0.05 ! a ! 0.5). The scope of
exploration of parameter space and the best combinations
of parameter values are shown in table 1.
Data Analysis
We used a pattern-oriented modeling approach (Grimm
et al. 1996, 2005) to find the combination of parameters
that maximizes the similarity between the predicted and
observed spatial patterns in species richness and range size
frequency distribution for a total of 3,088 South American
birds (fig. 2A). The digitized bird database (Ridgely et al.
2005) was processed using ESRI ArcView 3.1 scripts to
record each species’ presence, as defined by its breeding
range, in the 1⬚ # 1⬚ grid cells (m p 1,565) covering
South America. We calculated observed spatial patterns in
species richness by summing the number of species presences in each cell and determined range size by summing
the number of cells in which each species is present.
Because of the complexity of the model and wide range
in parameter variation, we followed a sequential approach
in which the most promising scenarios were selected for
closer examination, while parameter combinations that
produced poor fits were discarded. Initially, we used Pearson’s correlation coefficient (rP) between predicted and
observed spatial patterns in species richness to find the
parameter combination that maximized model predictive
power. However, since broadscale patterns in species richness are usually strongly spatially autocorrelated (DinizFilho et al. 2003; Rangel et al. 2006), we performed the
significance test of rP using the number of degrees of freedom estimated by Dutilleul’s (1993) method, which accounts for spatial autocorrelation in both variables, and
discarded any nonsignificant correlations between predicted and observed patterns.
After first maximizing model fit with respect to spatial
patterns in species richness, we used the fit of the observed
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Table 1: Parameters of the model with their respective notations, values explored, and best sets
Model parameter
Geographical position (lat., long.)
of the initial species
Initial niche breadth
Niche center conservatism
Niche breadth conservatism
Extinction pressure as a function
of species’ range size
Environmental variables

Symbol

Explored

Best set

Glat, Glonga
j
D
q

Random feasible
.25–1.5
0–1
0–1.5

Glat p 4.5⬚ S, Glong p 57.5⬚ W
.8
.2
.05

a
e p 1, 2, …, n

.05–.5
AET, PET, min. and max.
temperature, min. and max.
humidity

.08
Min. and max. temperature,
min. and max. humidity

Note: Fit for best set, with standard deviations: rP p 0.892 Ⳳ 0.063 , D p 0.256 Ⳳ 0.174 . Best set is the averaged parameter combination among the 25
best predictions that simultaneously maximize model predictive power of the observed spatial patterns in species richness (rP, 95% confidence interval
[CI] p 0.866–0.918) and range size frequency distribution (Kolmogorov-Smirnov D, 95% CI p 0.184–0.327 ). AET p actual evapotranspiration; PET p
potential evapotranspiration.
a
Parameter does not significantly influence model predictive power.

and predicted range size frequency distributions (RSFDs)
as a secondary criterion to further refine model evaluation
and selection. In our model, the RSFD is a good criterion
for evaluation of model realism because it is interactively
driven by virtually all model parameters and processes,
such as the spatial pattern in the environmental variables
(e), the niche breadth of the initial species (j), the degree
of conservatism of niche breadth along the simulations
(q), and the extinction pressure as function of geographic
range size (a). We used the statistic D of the KolmogorovSmirnov two-sample nonparametric test to measure the
differences between the shapes of the observed and predicted RSFDs. The variable D is the maximum unsigned
difference between two relative cumulative frequency distributions (the observed and predicted RSFD, in our study)
and is sensitive to differences in location, dispersion, skewness, and kurtosis (Sokal and Rohlf 1995). The value of
D ranges from 0 to 1 and is small for two frequency distributions with a close fit.
Next, we performed a more detailed statistical analysis
of the regression between observed and predicted spatial
patterns in species richness for the 25 best simulations, as
judged by higher rP and lower D. Because our model yields
predictions in units of species, we can assess not only the
magnitude of fit (rP) but also the accuracy of the predictions
by the regression coefficients. The closer the intercept is to
0 and slope is to 1, the more accurate is the model prediction. Thus, we started by using an ordinary least squares
(OLS) regression analysis to find the intercept and slope
values and then used Moran’s I (calculated for five distance
classes, with equal numbers of pairs of grid cells) to assess
the magnitude of spatial autocorrelation in the residuals of
the OLS regression (see Diniz-Filho et al. 2003). For cases
in which the residuals of this regression were spatially autocorrelated (our criterion was Moran’s I 0–1,000 km 1 0.2 and/

or I1,000–1,600 km 1 0.1), we abandoned the OLS regression
and used simultaneous autoregressive models (SARs) to find
more accurate intercept and slope values (Cressie 1993). We
report the averaged mean and 95% confidence intervals
(CIs) for the intercept and slope of the 25 best predictions.
All OLS and spatial statistics were carried out using SAM,
version 1.1 (Rangel et al. 2006), freely available at http://
www.ecoevol.ufg.br/sam. Finally, an ANOVA (model II
ANOVA; Sokal and Rohlf 1995) was used to evaluate the
influence of model parameters (each parameter as a factor)
on the correlation coefficient (rP, after z transformation)
calculated between observed and predicted spatial patterns
in species richness and on Kolmogorov-Smirnov D calculated between observed and predicted RSFDs.
Results
Bird species richness is strongly spatially patterned over
South America, although the patterns are very complex
(fig. 2A). Some regions such as the Amazon Basin and the
Atlantic Forest are highly species rich; these regions generally lie along a NW-SE axis of South America. Another
very species-rich axis lies along the Andean mountains,
on the west coast of South America, from the center of
Bolivia to northern Venezuela (see also Rahbek and Graves
2001; Hawkins et al. 2006). On the other hand, there are
also species-poor regions, such as the Atacama Desert and
Brazilian Caatinga, which are approximately aligned in a
NE-SW direction. Under medium-scale patterns such as
those we used, a clear gradient in species richness over
the whole continent is apparent, with richness decreasing
toward higher latitudes. The observed range size frequency
distribution for birds in South America matches the
strongly right-skewed (fig. 3A) pattern commonly observed in nature at this scale (Gaston 2003).
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Figure 2: A, Observed spatial patterns in South American bird species richness. B, Best prediction of spatial patterns in South American bird species
richness. C, Residuals of the regression of A against B, with coefficient of determination of 0.795, a slope of 0.973, and an intercept that does not
differ significantly from 0. D, Relationship and regression fit between the patterns in maps in A and B; each point represents a map cell. E, Spatial
autocorrelogram of the patterns in the observed (A; squares), expected (B; circles), and residuals (C; triangles, showing the virtually complete lack
of residual spatial autocorrelation).

Our model proved to have a high predictive power for
the observed spatial patterns in species richness (fig. 2A,
2B). Indeed, most of the variation in the observed pattern
was captured (r 2 p 0.795). Comparison of the maps in
figure 2A and 2B shows that the model faithfully predicted
the high bird richness in the Amazon and part of the
Atlantic Forest as well as the low bird richness in the
Caatinga and Atacama Desert. However, the model failed
to accurately predict the high richness of the Andes and
the southeast portions of the Atlantic Forest, as shown by
the map of the residuals (fig. 2C). Except in those two
biomes, there is only modest spatial autocorrelation in the
regression residuals (fig. 2E), evidence that the model was
able to predict all major spatial trends in species richness.
For the parameter combination that maximizes the predictive power of our model in terms of species richness,

the observed and predicted range size frequency distributions are also generally similar (fig. 3), although they
differ in detail, as indicated by a Kolmogorov-Smirnov test
(D p 0.256, P 1 .05). This difference is greater among
small-ranged species; our model predicts fewer of those
species than there are in nature. The predicted distributions tended to have more medium-large and fewer very
small ranges than the observed distribution. Although
most of the model’s predictions are clearly right skewed
regardless of the parameter combination, the model is not
as good a predictor of RSFD as it is of spatial patterns in
species richness, as shown in figure 4B. Nonetheless, since
we found a general similarity between observed and simulated RSFDs, this second criterion for evaluation of model
fit can be understood as an additional indicator of the
structural realism of our model.
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Figure 3: A, Observed range size frequency distribution. B, Predicted range size frequency distribution for the best model. Note that axis scales
differ.

The model proved quite robust to small variations in
model parameters, which may be an indication that the basic
processes underlying the model successfully capture and
predict the observed spatial patterns in species richness.
Evidence for this robustness appears in the frequency distribution of measures of fit of spatial patterns in species
richness and RSFD obtained for all explored parameter
combinations (fig. 4). Despite the wide range of parameter
space that was explored (see table 1), most parameter combinations generate models that provide good predictions of
both species richness and RSFD. Correlation values (rP)
between observed and predicted spatial patterns in species
richness ranged between 0.01 and 0.888 (median p
0.7323; fig. 4A), whereas the values of maximum unsigned
difference between observed and predicted cumulative
RSFDs (Kolmogorov-Smirnov D, which is 0 for perfect correspondence) ranged between 0.11 and 0.981 (mean p
0.4694; fig. 4B).
The predictions yielded by the best 25 parameter combinations (all with rP 1 0.876) provide not only strong correlations between observed and predicted spatial patterns
in species richness but also quite accurate predictions of
cell-by-cell magnitude of species richness. The regression
coefficients of the 25 best models, spatially corrected by
SAR when necessary, show that the mean (ⳲSD) intercept
value is ⫺15.846 Ⳳ 28.396, whereas mean slope value is
0.958 Ⳳ 0.093. The 95% CIs of the intercept of 11 of the
25 best models bracket 0.0, whereas the 95% CIs of the
slope of 22 models of 25 best models bracket 1.0.
The single factor with the most influence on the model’s
predictive power of spatial patterns in species richness was
the parameter that regulates the conservatism of niche
breadth (q; ANOVA F ratio p 205.858). Indeed, when

niche breadth is highly conserved over evolutionary time,
the fit between predicted and observed patterns increases.
The second most influential factor was extinction probability as a function of range size (a; F ratio p 172.724).
In our model, a low to medium extinction probability
maximized model predictive power. The third and fourth
most influential factors were the conservatism of niche
center (D; F ratio p 168.260) and the latitudinal position
of the initial species (Glat; F ratio p 12.008). Predictive
power of the model was maximized by high parameter
values for conservatism of the niche center and by initial
species starting at low latitudes. The parameter that regulates the niche breadth of the initial species was the last
significant factor (j; F ratio p 8.495), whereas the longitude of the starting position of the initial species was
not significant (Glong; F ratio p 1.254). For further details
on the relationship between the model parameters and the
predicted spatial patterns in species richness, see figure B2
in the online edition of the American Naturalist.
Thus, our model suggests that richness patterns most like
the observed patterns for South American birds are produced when niche evolution is strong enough to allow some
lineages to adapt and disperse toward environmentally distinct regions (evolution of niche center) but weak enough
that niche conservatism maintains most of descendant species close to the core diversification region, with niche
breadths conserved. When the diversification process starts
in the tropics, the tropics become the most species-rich
region. In contrast, longitudinal position did not significantly affect model fit. In other words, when the initial
species originates in a tropical region and niche conservatism exerts a strong but not overwhelming force, it prevents
most species from reaching extratropical regions. Thus,
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Figure 4: Frequency of values of (A) Pearson’s correlation coefficient between observed and predicted patterns and (B) Kolmogorov-Smirnov D
between observed and predicted range size frequency distributions. Data shown are results of simulations with all parameter combinations.

niche conservatism causes species to accumulate at lower
latitudes and prevents most species from reaching higher
latitudes, where they are poorly adapted to the environment.
This process creates a geographical gradient in species richness that resembles the pattern observed in nature, and thus
it increases model predictive power.
With regard to the predictions of the RSFD, the most
important factor was extinction pressure as function of
range size (a; F ratio p 8,639.735); low extinction pressures maximized model predictive power. Just as for spatial
patterns in species richness, conservatism of niche breadth
(q; F ratio p 179.086) and center (D; F ratio p 42.72)
were also very influential for the RSFD predicted by the
model. Niche breadth of the initial species was the next
most important factor (j; F ratio p 39.283). Latitude of
the starting position for the initial species was a marginally
significant factor for the prediction of RSFD (Glat; F
ratio p 2.819), whereas longitude was not significant
(Glong; F ratio p 0.745). For further details on the relationship between the model parameters and the predicted
RSFD, see figure B3 in the online edition of the American
Naturalist. In summary, the model yielded its maximum
predictive power for RSFD when extinction pressure as a
function of range size was weak, when both niche breadth
and niche center tended to be conserved, and when the
initial species had a narrow to medium niche breadth.
Discussion
The Role of Niche Conservatism and Niche Evolution in
the Origin of Richness Gradients
This study yields an important result: an evolutionary
model of niche dynamics that balances niche conservatism

and niche evolution, operating within a spatially heterogeneous, temporally fluctuating environment, seems to be
sufficient to generate broadscale spatial patterns in species
richness, on an environmentally heterogeneous map, that
closely resemble the observed contemporary patterns.
These findings are in accordance with recent theoretical
and empirical advances in ecology and biogeography (e.g.,
Ricklefs and Latham 1992; Holt 1996; Prinzing et al. 2001;
Stephens and Wiens 2003; Svenning 2003; Quian and Ricklefs 2004; Wiens 2004; Wiens and Donoghue 2004; Cardillo
et al. 2005; Hawkins et al. 2005, 2006; Wiens and Graham
2005; Jablonski et al. 2006).
Over evolutionary timescales, shifting climatic factors
change the environmental landscape in which the species
are embedded (Dynesius and Jansson 2000; Jackson and
Overpeck 2000; Jansson and Dynesius 2002; Ackerly 2003).
If a species fails to respond, through range shift or adaptation (e.g., Davis and Shaw 2001), to the new environmental conditions to which it is subjected (Hoffmann
and Blows 1994), climatic fluctuations may reshape the
species’ geographical range or eventually lead to range
fragmentation and subsequent allopatric speciation (Wiens
2004) or even extinction (McDonald and Brown 1992).
The failure of a species to adapt to the effects of environmental oscillations within its geographical range has been
characterized as niche conservatism (Wiens 2004). Besides
affecting range fragmentation, niche conservatism may
also have contributed to shaping contemporary geographical gradients in species richness (Wiens and Donoghue
2004; Wiens and Graham 2005).
Because most major lineages may have originated in the
tropics and were adapted to tropical climatic regimes, either lineages may have become extinct in regions in which
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the climate changed from tropical to temperate (Hawkins
et al. 2006) or no founder species may have successfully
adapted to nontropical climatic regimes (Wiens and Donoghue 2004). In this study, our simulation model allowed
us to evaluate whether niche conservatism may have contributed to the creation of the observed spatial patterns in
species richness. By modeling the degree of niche conservatism (niche heritability) as a variable parameter of the
model, we were able to simulate conditions of strong niche
conservatism or rapid niche evolution. Our model has
shown that if niche conservatism prevails over niche evolution and if the diversification process is driven by range
fragmentation, descendant species tend to accumulate in
regions of similar environmental characteristics, which are
usually geographically close to the zone of origin of the
clade. As a consequence, when we simulate a condition in
which a lineage has originated in the tropics, our simulation model yields predictions that closely match the observed spatial patterns in species richness (the “out of
tropics” model; Jablonski et al. 2006; Diniz-Filho et al.
2007).
Notice that in our model the degree of niche conservatism is not independent of other parameters of the
model, especially geographic range size. The shift in species’ niche center in relation to the extrinsic change in
environmental conditions is the best way to characterize
the degree of conservatism in a phylogenetic context (i.e.,
ancestor-descendent relationship for a given species’ trait).
In our simulations, because isolated populations arise from
fragmentation of the ancestral species’ geographic range,
confined by the limits of their niche to “habitat islands,”
the niche center of the descendant species will always be
within the niche breadth of the ancestor species. Thus,
niche conservatism will tend to be stronger for smallranged species, in which distances between ancestor and
descendent niche centers will generally be low, even when
the niche center is allowed to shift toward a new environmental condition. Indeed, recent studies using comparative methods at the species level showed a stronger
phylogenetic signal of range sizes for small-ranged species
than for large-ranged species (Jones et al. 2005).
Finally, it is worth noting that our simulations were
targeted to match patterns of species richness defined by
a relatively coarse-grained data set, although more detailed
data sets exist (Rahbek 1997). However, considering the
overall strong correspondence between the patterns recovered by fine-resolution data sets and the database we
used, it is unlikely that our broadscale simulations are
qualitatively affected by minor, scale-dependent problems
in data resolution (Mathias et al. 2004).
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Environmental Fluctuations, Niche
Dynamics, and Range Shifts
Climate change dynamics exert a strong influence on species’ geographical ranges (e.g., Dynesius and Jansson 2000;
Jackson and Overpeck 2000; Davis and Shaw 2001; Ackerly
2003; Parmesan and Yohe 2003; Davis et al. 2005). Species’
range boundaries in nature fluctuate greatly over time,
driven either by environmental changes or by niche shifts
resulting from evolutionary, ecological, or demographic
forces (e.g., MacArthur 1972; Kirkpatrick and Barton 1997;
Ackerly 2003; Gaston 2003; Holt 2003). Because no time
series for paleoclimate data are yet available, in our model
climate fluctuations are implemented as simple sine waves.
Indeed, it is well known that the magnitude of climatic
fluctuations has varied greatly, from several degrees Celsius
within a few decades to virtually no climate change over
a millennium. However, although a precise sine wave pattern of fluctuation may not be the rule in nature, roughly
cyclic changes in temperature and humidity may have occurred commonly, over various timescales (e.g., Webb and
Bartlein 1992; Dynesius and Jansson 2000; Rind 2000;
Kukla et al. 2002).
In our model, climatic fluctuation triggers biogeographical events at the species level, causing species’ geographical
ranges to contract, expand, fragment, or undergo extinction. Indeed, it is expected that such events may happen
as a consequence of any climatic fluctuation over sufficiently broad spatial and temporal scales. Although we
agree that model realism would be enhanced by using
actual time series of paleoclimate data, we believe that the
sine wave fluctuations implemented here represent the
most realistic general pattern that one can extract from
the broadscale patterns of incomplete paleoclimate data
that are available. However, the main weakness of this
approach is the lack of a realistic timescale in the simulation, which does not allow us to infer anything about
the relationship between climatic fluctuation and diversification rate of birds in South America. However, the
model developed here seems to be robust to this lack of
information because it reproduces the observed patterns
after a given number of species is achieved, as observed
for real bird data. In fact, after the model reaches about
1,000 species, the spatial pattern in species richness remains constant over time. Moreover, diversity gradients
in South America are similar for other groups with large
numbers of species (Bini et al. 2004), suggesting that
taxon-independent processes drive such patterns.
Direct and Indirect Effects of Environment
on Richness Gradients
As expected, the environmental variables used in the model
can explain part of the variance of observed spatial patterns
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in species richness. Using all six environmental variables
as predictors of observed spatial patterns in a multiple
regression analysis, we found that 75.6% (r 2) of continental patterns of bird species richness was explained by
environment, a magnitude of explanation close to levels
found in most correlative studies (e.g., Hawkins et al.
2003b). Thus, one could argue that the predictive power
of our model is actually driven indirectly by the environmental variables that we used to characterize landscape
patterns in South America and that the model dynamics
should therefore not be interpreted as adding substantial
information. However, our model achieves its maximum
predictive power using only minimum and maximum annual temperature and humidity. In a traditional multiple
regression, with species richness as response variable and
only these four factors as explanatory variables, only 62.6%
(r 2) of the variance in species richness of birds in South
America is explained, as opposed to 79.5% explained by
our model, using only those environmental variables.
However, these coefficients are difficult to compare because of different parameterization approaches between
the statistical analysis and the simulation model. Nevertheless, this contrast suggests that in addition to incorporating explicit biogeographical and evolutionary mechanisms, the model performs better than corresponding
correlative models, at least for South American birds. Although useful, correlative studies lack the theoretical basis
to explain how these environmental variables drive spatial
patterns in species richness in evolutionary terms (Currie
et al. 1999, 2004).
Our model introduces a conservative analytical framework in which its predictions were statistically analyzed
under a robust methodology, testing not only the overall
agreement of spatial patterns in species richness but also
the accuracy of the predictions for richness patterns (i.e.,
the intercept and slope of the regression) and for the similarity of the modeled range size frequency distributions
to the observed ones. In spite of the overall success of the
model, it is important to highlight that it failed to predict
patterns of extreme species richness along the Andes and
in the Atlantic Rain Forest. This failure is probably due
to historical contingencies and geographically local components of diversification that were not captured by our
model. For example, in the case of the Andes, many studies
have shown the effects of altitudinal gradients and habitat
heterogeneity on diversity, which in turn create more complex patterns of evolutionary diversification at local scales
(Rahbek 1997; Ribas et al. 2005; Weir 2006). Model predictive power in the Andes might be increased by incorporating particular historical events and their effects at
local spatial scales. Of course, the next step is to test the
model’s predictive power for other biogeographical patterns (e.g., beta diversity, endemism), for other taxa (e.g.,

mammals, amphibians, and trees), and in another domains
(e.g., sub-Saharan Africa, North America).
We emphasize that under the processes simulated here,
the model does not use any quantitative assessment of
environmental variables to control diversification; the
probabilities of speciation and extinction do not vary with
a species’ position in niche space or with its geographical
location. For this reason, the high correlation between
predicted and observed richness patterns can be viewed
as an indirect effect of evolutionary history rather than a
direct effect of climate driving species richness (see next
section). This view leads us to the conceptual distinction
between cause and correlation (see Shipley 2002), a distinction more clearly seen when we consider that the environmental conditions in the region where the lineage
originated have a strong effect on the shape of the spatial
patterns in species richness. These conditions define the
optimal environmental condition of the initial species.
This means that if one lineage originates in the cold, dry,
unproductive region of the Atacama Desert, for example,
and niche conservatism is sufficiently strong, it is likely
that the model will predict this region to be particularly
rich in species. Indeed, the ecological zone of origin of the
lineage is a very important factor driving model predictions, as conjectured by historical biogeographers since
Buffon and de Candolle (Lomolino et al. 2005).
Ancestral Conditions and Niche Dynamics
The mechanisms that promote niche conservatism cannot
be considered absolutely random with respect to ancestral
niche center and breadth. Although in our model speciation is equally likely to occur anywhere in a species geographic range, extinction would tend to be more frequent
in regions of extreme environmental conditions (e.g., very
high or very low temperature). For example, if a species
has its fundamental niche center near the highest condition
of a given environmental variable (i.e., temperature) and
this environmental variable oscillates (e.g., decreasing temperatures throughout the domain), the species’ realized
niche (as expressed in its range size) would be more adversely affected than that of another species with its niche
center at intermediate environmental conditions. The latter species would be able to track changed environmental
requirements across the geographical space, regardless of
the direction of the shift of the environmental variable
(Davis and Shaw 2001; Davis et al. 2005). Clearly, final
geographical patterns in species richness in the model are
dependent not only on climate change but also on the
particulars of the ancestral condition and species responses
in ecological time (e.g., spread into suitable, contiguous
environments) and/or evolutionary time (e.g., adaptation
to new or changed environmental conditions).

Species Richness and Evolutionary Niche Dynamics
In our simulations, the map location where the lineage
originates was chosen at random in order to study the
response of niche dynamics to different initial environmental conditions for the origin of the clade. However,
under a biogeographically more realistic approach, one
might apply the niche dynamics model to spatial patterns
in species richness for a small lineage or clade (or separately for a set of related clades) that has a well-known
center of origin (e.g., Bjorholm et al. 2006). Also, by comparing niche centers of phylogenetically related species
within the selected group or disjunct lineages with intercontinental distributions, it should be possible to estimate
the magnitude of evolutionary divergence (or niche conservatism) from a common ancestor, which would lead to
a more specific test of our simulation model (Ricklefs and
Latham 1992; Peterson et al. 1999; Ackerly 2003; Ricklefs
2006). Thus, after defining a specific geographical or ecological zone of origin and specifying niche characteristics
and the magnitude of niche conservatism over time, one
can evaluate the correlation between predicted and observed spatial patterns in species richness. We expect that
model parameterization based on observed phylogenetic
and biogeographical data may decrease the need for exploring a wide scope of parameters and substantially improve the model’s predictive power.
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Our niche dynamics model is an attempt to merge, in
a spatially explicit context, several widely accepted evolutionary, biogeographical, and ecological mechanisms, together with recently developed ideas on niche conservatism
and evolution. We found that it is likely that niche conservatism has played a role in shaping these patterns, and
indeed, our model has strong and accurate predictive
power of observed spatial patterns of South American
birds. We do not claim that the validity of our results and
interpretations are based on the materiality (i.e., obtained
by hands-on experiments) of our study (Sismondo 1999),
but validity is based instead on the close connection between our model and (1) the underlying scientific theory
that supports this study, (2) the accuracy and fidelity of
the model-building techniques we employed, (3) the observed data for the geographical distribution of birds, (4)
the pattern-oriented approach used to parameterize the
model, (5) the stability and robustness of our model in
relation to parameter variation, (6) the strength of the
statistical inference procedures used, and, most important,
(7) the power of the model to predict observed patterns.
Finally, we agree with Wiens and Donoghue (2004) that
ecology and historical biogeography have much to offer
each other, and we hope this article will motivate researchers to study spatial patterns in species richness under
an integrated theoretical and methodological framework.

Concluding Remarks
Further simulation studies could implement more realistic
models, including habitat choice, dispersal patterns through
time (Holt 2003), species interaction and consequences of
niche overlap (Case and Taper 2000), gene flow within and
between range fragments (Kirkpatrick and Barton 1997),
population and metapopulation dynamics (Hanski 1998),
the genetic basis of speciation (e.g., Gomulkiewicz and Holt
1995; Gavrilets and Vose 2005), multiple colonization events
or more than one lineage evolving simultaneously, and empirical dynamics of climate change and its effects on species’
geographical ranges (Dynesius and Jansson 2000; Jackson
and Overpeck 2000; Jansson and Dynesius 2002; Ackerly
2003). However, each of these thrusts toward increased realism would lead to much more complex models, and it is
likely that the results of such models would become quite
difficult to interpret and evaluate with respect to the relative
importance and role of model parameters. Although it is
difficult, at present, to evaluate this particular problem of
model complexity, we hope that our model falls well within
the “Medawar zone” (Grimm et al. 2005), in which model
design includes some sacrifice of biological realism for the
sake of general interpretation of model results that can be
projected in different scales and hierarchical levels, instead
of very specific and realistic models that require cumbersome and possibly prohibitive analytical procedures.
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D. M. Kaufman, J. T. Kerr, et al. 2003a. Energy, water, and broadscale geographic patterns of species richness. Ecology 84:3105–
3117.
Hawkins, B. A., E. E. Porter, and J. A. F. Diniz-Filho. 2003b. Productivity and history as predictors of the latitudinal diversity gradient of terrestrial birds. Ecology 84:1608–1623.
Hawkins, B. A., J. A. F. Diniz-Filho, and A. S. Soeller. 2005. Water
links the historical and contemporary components of the Australian bird diversity gradient. Journal of Biogeography 32:1035–1042.
Hawkins, B. A., J. A. F. Diniz-Filho, C. A. Jaramillo, and S. A. Soeller.
2006. Post-Eocene climate change, niche conservatism, and the
latitudinal diversity gradient of New World birds. Journal of Biogeography 33:770–780.
Hillebrand, H. 2004. On the generality of the latitudinal diversity
gradient. American Naturalist 163:192–211.
Hoffmann, A. A., and M. W. Blows. 1994. Species borders: ecological
and evolutionary perspectives. Trends in Ecology & Evolution 9:
223–227.
Holt, R. D. 1996. Demographic constrains in evolution: towards
unifying the evolutionary theories of senescence and niche conservatism. Evolutionary Ecology 10:1–11.
———. 2003. On the evolutionary ecology of species’ ranges. Evolutionary Ecology Research 5:159–178.
Holt, R. D., and M. S. Gaines. 1992. Analysis of adaptation in heterogeneous landscapes: implications for the evolution of fundamental niches. Evolutionary Ecology 6:433–447.
Hunt, G., K. Roy, and D. Jablonski. 2005. Species-level heritability
reaffirmed: a comment on “On the heritability of geographic range
sizes.” American Naturalist 166:129–135.

Species Richness and Evolutionary Niche Dynamics
Hutchinson, G. E. 1957. Concluding remarks. Cold Spring Harbor
Symposia on Quantitative Biology 22:415–427.
Jablonski, D., K. Roy, and J. W. Valentine. 2006. Out of the tropics:
evolutionary dynamics of latitudinal diversity gradients. Science
314:102–106.
Jackson, S. T., and J. T. Overpeck. 2000. Responses of plant populations and communities to environmental changes of the late
Quaternary. Paleobiology 26(suppl.):194–220.
Jansson, R., and M. Dynesius. 2002. The fate of clades in a world of
recurrent climatic change: Milankovitch oscillations and evolution.
Annual Review of Ecology and Systematics 33:741–777.
Jetz, W., and C. Rahbek. 2001. Geometric constraints explain much
of the species richness pattern in African birds. Proceedings of the
National Academy of Sciences of the USA 98:5661–5666.
Jones, K. E., W. Sechrest, and J. L. Gittleman. 2005. Age and area
revisited: identifying global patterns and implications for conservation. Pages 141–165 in A. Purvis, J. L. Gittleman, and T. Brooks,
eds. Phylogeny and conservation. Cambridge University Press,
Cambridge.
Kirkpatrick, M., and N. H. Barton. 1997. Evolution of a species’
range. American Naturalist 150:1–23.
Kucharik, C. J., J. A. Foley, C. Delire, V. A. Fisher, M. T. Coe, J.
Lenters, C. Young-Molling, N. Ramankutty, J. M. Norman, and S.
T. Gower. 2000. Testing the performance of a dynamic global ecosystem model: water balance, carbon balance and vegetation structure. Global Biogeochemical Cycles 14:795–825.
Kukla, G. L., M. L. Bender, J.-L. de Beaulieu, G. Bond, W. S. Broecker,
P. Cleveringa, J. E. Gavin, et al. 2002. Last interglacial climates.
Quaternary Research 58:2–13.
Lomolino, M. V., B. R. Riddle, and J. H. Brown. 2005. Biogeography.
3rd ed. Sinauer, Sunderland, MA.
MacArthur, R. H. 1972. Geographical ecology. Harper & Row, New
York.
Mathias, P. V., C. V. Mendonça, T. F. L. V. B. Rangel, and J. A. F.
Diniz-Filho. 2004. Sensitivity of macroecological patterns of South
American parrots to differences in data sources. Global Ecology
and Biogeography 13:193–198.
McDonald, K. A., and J. H. Brown. 1992. Using montane mammals
to model extinctions due to global change. Conservation Biology
6:409–415.
Mittelbach, G. G., D. W. Schemske, H. V. Cornell, A. P. Allen, J. M.
Brown, M. B. Bush, S. P. Harrison, et al. 2007. Evolution and the
latitudinal diversity gradient: speciation, extinction and biogeography. Ecology Letters 10:315–331.
Naylor, T. H., J. L. Balintfly, D. S. Burdick, and K. Chu. 1966. Computer simulation techniques. Wiley, New York.
New, M. G., M. Hulme, and P. D. Jones. 1999. Representing 20th
century space-time climate variability. I. Development of a 1961–
1990 mean monthly terrestrial climatology. Journal of Climate 12:
829–856.
O’Brien, E. M. 2006. Biological relativity to water-energy dynamics.
Journal of Biogeography 33:1868–1888.
Parmesan, C., and G. Yohe. 2003. A globally coherent fingerprint of
climate change impacts across natural systems. Nature 421:37–42.
Peck, S. L. 2004. Simulation as experiment: a philosophical reassessment for biological modeling. Trends in Ecology & Evolution
19:530–534.
Peterson, A. T., J. Soberón, and V. Sánchez-Cordero. 1999. Conservatism of ecological niches in evolutionary time. Science 285:1265–
1267.

615

Prinzing, A., W. Durka, S. Klotz, and R. Brandl. 2001. The niche of
higher plants: evidence for phylogenetic conservatism. Proceedings
of the Royal Society B: Biological Sciences 268:2383–2389.
Pulliam, H. R. 2000. On the relationship between niche and distribution. Ecology Letters 3:349–361.
Quian, H., and R. E. Ricklefs. 2004. Geographical distribution and
ecological conservatism of disjunct genera of vascular plants in
eastern Asia and eastern North America. Journal of Ecology 92:
253–265.
Rahbek, C. 1997. The relationship among area, elevation and regional
species richness in Neotropical birds. American Naturalist 149:
875–902.
Rahbek, C., and G. R. Graves. 2001. Multiscale assessment of patterns
of avian species richness. Proceedings of the National Academy of
Sciences of the USA 98:4534–4539.
Rahbek, C., N. Gotelli, R. K. Colwell, G. L. Entsminger, T. F. L. V.
B. Rangel, and G. R. Graves. 2007. Predicting continental-scale
patterns of bird species richness with spatially explicit models.
Proceedings of the Royal Society B: Biological Sciences 274:165–
174.
Rangel, T. F. L. V. B., and J. A. F. Diniz-Filho. 2005a. An evolutionary
tolerance model explaining spatial patterns in species richness under environmental gradients and geometric constraints. Ecography
28:253–263.
———. 2005b. Neutral community dynamics, the mid-domain effect
and spatial patterns in species richness. Ecology Letters 8:783–790.
Rangel, T. F. L. V. B., J. A. F. Diniz-Filho, and L. M. Bini. 2006.
Towards an integrated computational tool for spatial analysis in
macroecology and biogeography. Global Ecology and Biogeography 15:321–327.
Ribas, C. C., R. Gaban-Lima, C. Y. Miyaki, and J. Cracraft. 2005.
Historical biogeography and diversification within the Neotropical
parrot genus Pionopsitta (Aves: Psittacidae). Journal of Biogeography 32:1409–1427.
Ricklefs, R. E. 2004. A comprehensive framework for global patterns
in biodiversity. Ecology Letters 7:1–15.
———. 2006. Evolutionary diversification and the origin of the diversity-environment relationship. Ecology 87(suppl.):3–13.
Ricklefs, R. E., and R. E. Latham. 1992. Intercontinental correlation
of geographical ranges suggests stasis in ecological traits of relict
genera of temperate perennial herbs. American Naturalist 139:
1305–1321.
Ridgely, R. S., T. F. Allnutt, T. Brooks, D. K. McNicol, D. W. Mehlman,
B. E. Young, and J. R. Zook. 2005. Digital distribution maps of
the birds of the Western Hemisphere, version 2.1. NatureServe,
Arlington, VA. http://www.natureserve.org/getData/.
Rind, D. 2000. Relating paleoclimate data and past temperature gradients: some suggestive rules. Quaternary Science Reviews 19:381–
390.
Rohde, K. 1992. Latitudinal gradients in species diversity: the search
for the primary cause. Oikos 65:514–527.
Rosenzwieg, M. L. 1995. Species diversity in time and space. Cambridge University Press, Cambridge.
———. 1999. Latitudinal gradients in species diversity and Rapoport’s rule revisited: a review of recent work and what can parasites
teach us about the causes of the gradients? Ecography 22:593–613.
Scheiner, S. M., and M. R. Willig. 2005. Developing unified theories
in ecology as exemplified with diversity gradients. American Naturalist 166:458–469.

616

The American Naturalist

Shipley, B. 2002. Cause and correlation in biology. Cambridge University Press, Cambridge.
Sismondo, S. 1999. Models, simulations and their objects. Science
in Context 12:247–260.
Sokal, R. R., and F. J. Rohlf. 1995. Biometry. 3rd ed. W. H. Freeman,
New York.
Stephens, P. R., and J. J. Wiens. 2003. Explaining species richness
from continents to communities: the time-for-speciation effect in
emydid turtles. American Naturalist 161:112–128.
Svenning, J.-C. 2003. Deterministic Plio-Pleistocene extinctions in
the European cool-temperature tree flora. Ecology Letters 6:646–
653.
Wallace, A. R. 1878. Tropical nature and other essays. Macmillan,
London.
Webb, C. O., D. D. Ackerly, M. A. McPeek, and M. J. Donoghue.
2002. Phylogenies and community ecology. Annual Review of Ecology and Systematics 33:475–505.
Webb, T., III, and P. J. Bartlein. 1992. Global changes over the last
3 million years: climatic controls and biotic responses. Annual
Review of Ecology and Systematics 23:141–173.
Webb, T. J., and K. J. Gaston. 2003. On the heritability of geographic
range sizes. American Naturalist 161:553–566.
———. 2005. Heritability of geographic range sizes revisited: a reply
to Hunt et al. American Naturalist 166:136–143.
Weir, J. T. 2006. Divergent timing and patterns of species accumulation in lowland and highland Neotropical birds. Evolution 60:
842–855.
Weir, J. T., and D. Schluter. 2007. The latitudinal gradient in recent
speciation and extinction rates of birds and mammals. Science
315:1574–1576.

Whittaker, R. J., K. J. Willis, and R. Field. 2001. Scale and species
richness: towards a general, hierarchical theory of species diversity.
Journal of Biogeography 28:453–470.
Wiens, J. J. 2004. Speciation and ecology revisited: phylogenetic niche
conservatism and the origin of species. Evolution 58:193–197.
Wiens, J. J., and M. J. Donoghue. 2004. Historical biogeography,
ecology and species richness. Trends in Ecology & Evolution 19:
639–644.
Wiens, J. J., and C. H. Graham. 2005. Niche conservatism: integrating
evolution, ecology, and conservation biology. Annual Review of
Ecology and Systematics 36:519–539.
Willig, M. R., D. M. Kaufman, and R. D. Stevens. 2003. Latitudinal
gradients of biodiversity: pattern, process, scale and synthesis. Annual Review of Ecology and Systematics 34:273–309.
Willmott, C. J., and M. Kenji. 2001. Terrestrial water budget data
archive: monthly time series (1950–1999). http://www.sage.wisc
.edu/atlas/.
Winsberg, E. 1999. Sanctioning models: the epistemology of a simulation. Science in Context 12:247–260.
———. 2003. Simulated experiments: methodology for a virtual
world. Philosophy of Science 70:105–125.
Wright, D. H. 1983. Species-energy theory: an extension of speciesarea theory. Oikos 41:496–506.
Wright, D. H., D. J. Currie, and B. A. Maurer. 1993. Energy supply
and patterns of species richness on local and regional scales. Pages
66–74 in R. E. Ricklefs and D. Schluter, eds. Species diversity in
ecological communities: historical and geographical perspectives.
University of Chicago Press, Chicago.
Associate Editor: Volker Grimm
Editor: Monica A. Geber

