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We examined the effect of range size in commonly applied macroecological analyses
using continental distribution data for all 550 Neotropical palm species (Arecaceae) at
varying grain sizes from 0.5° to 5°. First, we evaluated the relative contribution of
range-restricted and widespread species on the patterns of species richness and
endemism. Second, we analysed the impact of range size on the predictive value of
commonly used predictor variables. Species sequences were produced arranging species
according to their range size in ascending, descending, and random order. Correlations
between the cumulative species richness patterns of these sequences and environmental
predictors were performed in order to analyse the effect of range size. Despite the high
proportion of rare species, patterns of species richness were found to be dominated by a
minority of widespread species (~20%) which contained 80% of the spatial
information. Climatic factors related to energy and water availability and
productivity accounted for much of the spatial variation of species richness of
widespread species. In contrast, species richness of range-restricted species was to a
larger extent determined by topographical complexity. However, this effect was much
more difficult to detect due to a dominant influence of widespread species. Although
the strength of different environmental predictors changed with spatial scale, the
general patterns and trends proved to be relatively stabile at the examined grain sizes.
Our results highlight the difficulties to approximate causal explanations for the
occurrence of a majority of species and to distinguish between contemporary climatic
factors and history.
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The uneven distribution of diversity is one of the most
prominent patterns in ecology and has attracted massive
scientific interest since the beginnings of biogeography
(Humboldt 1808). The debate about possible determi-
nants of large-scale patterns of species richness has led to
a plethora of hypotheses during the last decades and
even recently further hypotheses have been proposed
(Fischer 1960, Pianka 1966, MacArthur 1972, Stevens
1989, Rohde 1992, Colwell and Hurtt 1994, Rosenzweig
1995, Gaston 1996, 2000, Ritchie and OIff 1999, Chown
and Gaston 2000, Dynesius and Jansson 2000, Jansson
and Dynesius 2002, Hawkins et al. 2003b, Willig et al.
2003). Searching for determinants of large-scale patterns
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of diversity, conventional approaches analyse species
richness maps dependent on environmental variables,
e.g. temperature, precipitation, ambient energy, produc-
tivity, topographical complexity, or habitat heterogeneity
(Currie and Paquin 1987, Currie 1991, Kerr and Packer
1997, O’Brien 1998, O’Brien et al. 1998, Qian and
Ricklefs 2000, Rahbek and Graves 2001, Jetz and
Rahbek 2002, Francis and Currie 2003, Hawkins et al.
2003a).

The vast majority of studies uses species occurrence
data in the form of range maps or museum records to
document and analyse large-scale patterns of species
richness and endemism (Currie and Paquin 1987, Lovett
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et al. 2000, Rahbek and Graves 2001). Thus, geographic
ranges of species are the basic unit of biogeography and
one of the most prominent biogeographic features is that
species differ in the size of their geographic ranges
(Brown et al. 1996). Within a given assemblage of species
most species tend to have relatively small ranges (Gaston
1994, 1998, Brown et al. 1996) and it has been argued
that this reflects one of the most fundamental ways of
how species share space (Brown 1995). Differences in
range size may reflect interspecific differences in ecolo-
gical tolerance, dispersal ability, and evolutionary his-
tory (Hengeveld 1990, Brown 1995, Gaston 1998,
Cowling and Lombard 2002, Pither 2003, Lloyd et al.
2003) or may reflect ecological traits associated with
different life-forms (Kelly 1996, Kessler 2002, Hunter
2003).

Overall species richness patterns thus emerge from a
complex spatial interaction of many species with small
ranges and relatively few species with very large
ranges. So far, relatively little attention has been paid
to this issue. Since species richness maps emerge from
superimposed range maps of individual species,
exploring the influence of range size may substantially
improve our understanding of large-scale diversity
patterns. Consequences of the highly skewed range
size frequency distributions (RSFD) on spatial patterns
of species richness and on our perception of environ-
mental determinants of species richness have so far been
tested exclusively with vertebrates (Jetz and Rahbek
2002, Ruggiero and Kitzberger 2004, Lennon et al.
2004). Plants in general appear to be largely under-
represented in macroecological studies, because reliable
distribution data especially for tropical families is
insufficient.

The tropics of the New World exhibit the richest flora
of all floristic kingdoms (Gentry 1982b, Kier et al. 2005).
The vast majority of studies on continental-scale pat-
terns of species richness in the Neotropics rely on atlas
data for vertebrate groups like birds and mammals
(Kaufman and Willig 1998, Rahbek and Graves 2001,
Willig et al. 2003, Ruggiero and Kitzberger 2004,
Tognelli and Kelt 2004), or use other data from plots
(ter Steege et al. 2003) or other floristic inventories
(Barthlott et al. 1996, Kier et al. 2005). However,
knowledge about the distribution of Neotropical palms
is reasonably good and appropriate distribution data
with a continent-wide coverage is available (Henderson
et al. 1995). Following the work of Jetz and Rahbek
(2002) and expanding the approach of Lennon et al.
2004, this study aims to investigate the contribution of
species with different range sizes to two frequently used
measures of spatial variation of diversity: species rich-
ness and range size rarity. Furthermore, we analyse the
influence of range size on the perception of environ-
mental determinants of these patterns.

22

Methods
Distribution data

We examined a continent-wide data set of all 550 native
palm species (Arecaceae) of the Americas. The palm
family has an essential tropical distribution and includes
ca 2700 species in 200 genera worldwide. In the
Neotropics, palms occur between ca 36°N and 34°S
and dominate vast landscapes by their high abundance
and conspicuous appearance.

Range maps of all New World species of palms were
compiled from Henderson et al. (1995) and digitized in
ArcView 3.2. Presence and absence of every single
species was extracted across a 0.5° latitude x0.5° long-
itude grid resulting in a map of 6638 grid cells with a
total of 140860 positive grid records. Range size was
measured as the number of grid cells where a species is
present.

Statistical analysis

To analyse the relative contribution of range size to
patterns of species richness, we ranked all species
according to their range size in ascending order (i.e.
starting with the species with the smallest range, small-
to-large sequence) and in descending order (i.e. starting
with the species with the largest range, large-to-small
sequence) (cf. the procedure of Lennon et al. 2004). We
also generated a random sequence of species based on
2000 runs.

Species richness maps of subassemblages were gener-
ated by starting with either the most widespread or most
range-restricted species and adding the next species in
the sequence to the sequential species richness pattern at
that stage. For each of the range size sequences (ascend-
ing, descending and random) we correlated at each step
the generated species richness patterns with the overall
pattern of species richness (number of species per grid
cell) and range size rarity (sum of the inverse range sizes
of all species occurring in one grid cell, a measure that
combines species richness and endemism (Usher 1986,
Williams 1993)).

Different species contribute varying amounts of
spatial information to species richness patterns depend-
ing on their range size. To investigate the volume of
spatial information that different species contribute to
the species richness patterns along the different se-
quences we applied the information index suggested
by Lennon et al. (2004). Accordingly, each species
was weighted according to its range size, calculated as
p*(1-p), where p is the occupancy of a given species.
This measure takes into account that the potential
spatial information is at maximum for species with
50% occupancy, while species with, e.g. 30 and 70%
occupancy contain an equivalent amount of spatial
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information, i.e. the distribution of information is
symmetrical around 50% occupancy. We used two
different plots that allow observing the increase of
correlations between species richness patterns of all
species and of subassemblages with increasing numbers
of species and with increasing volume of spatial infor-
mation along the sequences, respectively.

The effect of range size in ecological analyses was
analysed by correlating species richness patterns of
the three different kinds of sequences with predictor
variables which are frequently attributed to account
considerably for the spatial wvariation of species
richness (actual evapotranspiration, potential evapo-
transpiration, precipitation, productivity, and topogra-
phical heterogeneity). Data for potential and actual
evapotranspiration were obtained from Ahn and Ta-
teishi (1994) and Tateishi and Ahn (1996), data for mean
annual precipitation from New et al. (2002) and data for
net primary productivity from Cramer et al. (1999).
Elevation data in a 30 arc second resolution ( ~1 km?)
were taken from the GTOPO30 data set developed by
the U.S. Geological Survey EROS Data Center ( <http://
edcdaac.usgs.gov/gtopo30/gtopo30.asp >). We used alti-
tudinal range per grid cell as a surrogate for habitat
heterogeneity (compare Kerr and Packer 1997, Rahbek
and Graves 2000, 2001, O’Brien et al. 2000, Hawkins et
al. 2003a, Tognelli and Kelt 2004).

It has been frequently shown that determinants of
species richness and endemism are scale dependent
(Bohning-Gaese 1997, Rahbek and Graves 2000, 2001,
Willis and Whittaker 2002) and it has been hypothesized
that this is because different driving processes act at
different spatial scales (Whittaker et al. 2001). To
examine the effect of spatial scale, we repeated all
analyses at grain sizes between 1° and 5° (see Appendix
for a complete documentation of the results).

Ecological and environmental data sets generally show
spatial autocorrelation which violates the assumption of
independence and can affect parameter estimates of
most traditional statistic procedures (Legendre 1993,
Lennon 2000, Diniz-Filho et al. 2003). In order to
examine patterns of spatial autocorrelation in our
analyses, we calculated spatial correlograms using
Moran’s I coefficient for raw species richness and for
residuals after fitting the examined environmental pre-
dictors. Spatial statistics were performed in SAM 1.0
(Rangel et al. 2005).

Results
Range size frequency distribution (RSFD)

Range size varies strongly among Neotropical palm
species. Extremely rare species occurring in one or two
grid cells (e.g. Sabal bermudana, Roystonea violacea) are
contrasted by very few widespread species occurring in

ECOGRAPHY 29:1 (2006)

more than half of all grid cells (e.g. Bactris gasipaes,
Desmoncus orthacanthos). However, most species have
small to medium ranges (median range size =56 grid
cells) with ca 79% of the species having smaller ranges
than the mean (mean range size =256 grid cells). The
range size frequency distribution (RSFD) is highly right
skewed (skewness =4.38) and approximates a normal
distribution if log-transformed (Fig. 1).

Regional RSFDs of various biogeographic regions
differ markedly from each other (Fig. 1). We recognize
two coarse types of richness centres: centres that have a
high portion of restricted species (e.g. Chocd biogeo-
graphic region or Mesoamerica; Fig. la, b) and those
that are mainly produced by the overlap of many
widespread species (e.g. western and eastern Amazonia;
Fig. 1c, d).

Partitioning of species into range size quartiles (each
quartile contains 25% of the species; ca 137 spp.) exhibits
distinct spatial centres (compare Fig. 2). The Mesoa-
merican cordilleras and the Choco biogeographic region
are especially rich in range-restricted species. The coastal
rain forests of eastern Brazil show up as an important
centre for species with medium range size, but are less
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Fig. 1. Range size frequency distributions (RSFD) of the
species occurring in the most species rich grid cell located in
each of six different biogeographic regions (grey bars) in
comparison to the RSFD of the total continental assemblage
(transparent bars) on a logarithmic scale. Geographic position
(latitude and longitude in decimal degree) of the analysed grid
cells: (a) Chocd (6.75°N, 76.25°W); (b) Mesoamerica (9.25°N,
82.75°W); (c) western Amazonia (3.75°S, 73.25°W); (d) eastern
Amazonia (2.25°S, 54.25°W); (e) east Andes (0.25°S, 77.25°W);
(f) east Brazil (18.25°S, 39.75°W).
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Fig. 2. Spatial variation of
species richness per 0.5° grid
square of ranges size quartiles
and all Neotropical palms
species. Correlation coefficients
(%) between species richness of
quartiles and overall species
richness are given.
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important for overall species richness of palms. The first
three quartiles show only very poor correlations to
overall richness (> between 0.05 and 0.12, respectively),
whereas the fourth quartile is strongly correlated with
overall richness (r* =0.88).

Contribution of range size to species richness and
endemism

The contribution of range size to patterns of species
richness is shown in Fig. 3a. Correlation coefficients
along the large-to-small, small-to-large, and random
sequences increase in fundamentally different ways.
The correlation coefficients of the large-to-small se-
quence rise quickly and subassemblage patterns become
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rapidly congruent with the overall richness pattern. The
small-to-large sequence, on the other hand, shows three
distinct phases. The first 20% of range-restricted species
raise the correlation coefficients to a moderate level. By
adding more species, correlation coefficients remain on
the same level. Adding the ~20% most widespread
species to the sequence leads to remarkably higher
correlation coefficients. Correlations of the random
sequence increase quickly and in logarithmic shape.
Correlations of the large-to-small sequence are at any
stage higher than the small-to-large and the random
sequence, respectively.

Keeping the arrangement of the species in the different
sequences but plotting correlations against the cumula-
tive information achieved at a certain step along the
sequence, shows that rare species contribute significantly

ECOGRAPHY 29:1 (2006)
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Fig. 3. Correlations of cumulative species richness patterns of
three different types of species sequences at a grain size of 0.5°.
Species sequences were produced by ranking species according
to their range size in ascending (small-to-large, green colour),
descending (large-to-small, red) and random (2000 runs, black)
order. (a) Correlations between cumulative and overall species
richness patterns plotted against the proportion of species in the
assemblage. (b) Correlations between cumulative and overall
species richness patterns plotted against the cumulative amount
of spatial information. (c) The cumulative volume of spatial
information at each step plotted against the portion of species in
the sequence. (d) Portion of land surface covered by species
sequences at each step. (e) Correlations between cumulative
species richness patterns and range size rarity.

less to the species richness pattern than widespread
species (Fig. 3b).

The dominance of widespread species correlates with
the spatial information they contribute to the overall
species richness pattern (Fig. 3c). The 20% most wide-
spread species contain ca 80% of the spatial information
that finally constitutes overall variation in species
richness. Furthermore, range-restricted species show an
extraordinarily uneven distribution. The 50% of the
species with smaller range size occupy only <30% of
all grid cells of the study area (Fig. 3d).

Surprisingly, range size rarity is only moderately
correlated with overall species richness (r=0.38,
Fig. 3e). Whereas correlation coefficients of the
large-to-small sequence increase steadily to the overall
correlation value, the small-to-large sequence holds a
bell-shaped form. Species richness patterns of the 80% of
the rarest species almost perfectly depict patterns of
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range size rarity (maximum r-values =0.94). Again,
correlation coefficients of the random sequences rise
quickly and logarithmically.

Environmental predictors and range size

Measures of water-energy dynamics and productivity are
good predictors of overall species richness of Neotropi-
cal palms (annual precipitation: r =0.75; AET: r =0.74;
PET: r =0.65; water balance: r =0.65; NPP: r =0.61).
Latitude shows a strong negative correlation with overall
species richness (r = —0.76). Looking at the results of
the correlations between species richness patterns of
subassemblages and climatic parameters, it is striking
that high correlations are mainly accomplished by the
influence of the most widespread ~20% of the species
(Fig. 4a—b). Adding the ~20% most widespread species
to the small-to-large sequence causes an exponential rise
to a high level of all variables. Although only the curves
for precipitation and actual evapotranspiration are
shown, curves for all other mentioned variables were
also examined and show a similar systematic pattern.
Correlations of the random sequences rise logarithmi-
cally, reflecting the shape of the RSFD. Sequential
correlation patterns of species sequences and latitude
also show this notable pattern, however mirrored
because of the negative relationship (Fig. 4c).
Altitudinal range has no predictive value for overall
species richness at a grain size of 0.5° (Pearson r =0.01)
(Fig. 4d). Nonetheless, moderate r-values are reached
in the small-to-large sequence (maximum Pearson
r=0.35). This correlation is deflated by the ~20%
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Fig. 4. Correlations between cumulative species richness pat-
terns of the three sequences (green: small-to-large, red: large-to-
small and black: random) and (a) precipitation, (b) actual
evapotranspiration, (c) latitude and (d) altitudinal range at a
grain size of 0.5° (only correlations of selected environmental
predictors are shown).
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Fig. 5. Spatial correlograms using Moran’s 1 of raw species
richness and residual variation after fitting the examined
environmental variables at a grain size of 0.5°. All correlo-
grams are significant (p <0.001 after Bonferoni correction).

most widespread species. The beginning of the large-
to-small sequence even points up an opposite effect:
widespread species tend to avoid highly structured
landscapes.

Species richness shows positive spatial autocorrelation
up to distances of ca 2000 km (Fig. 5). Linear regressions
with the environmental predictors only moderately
reduce spatial autocorrelation in the residuals of climatic
parameters (a reduction of the original 0.85 (raw
richness) to 0.58 (residuals precipitation) in the first
distance class is observed) and leave positive spatial
autocorrelation up to a distance of ca 1500—2000 km.
This indicates that the assumption of independent errors
is violated and that important additional environmental
factors explaining species richness were excluded when
applying a single predictor approach (compare Diniz-
Filho et al. 2003).

Influence of grain size

The examination at the five additional grain sizes of 1°,
2°,3° 4°, and 5° reveals that the general patterns shown
in Figs 3 and 4 remain relatively invariant (compare the
Appendix). Most conspicuously, the predictive power of
altitudinal range increases with coarser resolution from
r=0.01 at 0.5° to r =0.28 at 5°, whereas the correlations
with climatic variables and latitude decrease only slightly
(e.g. AET from r=0.74 at 0.5° to r=0.63 at 5°).
Correlations between range size rarity and species
richness increase at coarser grain sizes. This appears
because the absolute differences in range size diminish
when ranges are measured at coarser grain size, and thus
the measures of range size rarity and species richness
converge. Furthermore, the relative proportions between
the small-to-large and large-to-small sequences change.
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Discussion

A minority of widespread species dominates the spatial
variation in species richness of Neotropical palms. This
is mainly because widespread species contribute dispro-
portionately more spatial information (Fig. 3b, c¢). On
the other hand, range-restricted species are non-ran-
domly distributed in space, but rather accumulate in
distinct, confined centres (compare Figs 2 and 3d).
Fifty percent of the species with the smallest ranges
occupy <30% of all grid cells within the native range of
the palm family in the Neotropics (compare Fig. 3d).
The greater contribution of widespread species to overall
richness patterns has previously been documented for
regional to continental avian assemblages by Jetz and
Rahbek (2002) and Lennon et al. (2004). Nevertheless,
we observed even higher dominance of widespread
species on the overall pattern in our data set (compare
Figs 2 and 3) presumably due to a comparatively higher
portion of smaller range sizes and a higher skewness of
the RSFD of palms. The comparative analysis of RSFD
of single regions provides interesting insights into the
internal structure of regional assemblages. RSFD for
different biogeographic regions can diverge strongly
from the shape of the continental assemblage (Fig. 1;
see also Graves and Rahbek 2005), in some cases even
contradicting the otherwise general observation that
most species have small ranges (Brown et al. 1996,
Gaston 1998). It is likely that the biogeographic context
(e.g. homogeneity of the landscape and the climate,
existence of dispersal barriers) as well as historical
aspects account for many of the regional differences.

Our results confirm that centres of species richness
and endemism are not necessarily congruent (Prender-
gast et al. 1993). Because of the predominance of
widespread species, overall patterns of species richness
do not necessarily have much explanatory power for
range-restricted species (compare Lennon et al. 2004).
This idea is supported by the differences in RSFD of
various centres of species richness (Fig. 1). Centres
characterized by many range-restricted species can be
distinguished from others where many ranges of wide-
spread species overlap, although the top centres are
characterized by both many widespread and many
range-restricted species. Furthermore, the correlation
between species richness and range size rarity
(r*=0.14) of Neotropical palms is surprisingly low
compared to values reported from other studies of parts
of the African flora (Lovett et al. 2000, Linder 2001,
Taplin and Lovett 2003) and the Australian flora (Crisp
et al. 2001). These authors report r>-values between
species richness and range size rarity of 0.55-0.72.
Besides continent specific geometry, topography, geolo-
gical and evolutionary history, the remarkable differ-
ences between our results and the mentioned studies may
in part be due to the different data sources used.
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Generally, maps of species richness can be based on
two different types of data: points of verified occurrences
(e.g. specimens or observations) or two-dimensional
information (e.g. range maps based on expert estimates,
bioclimatic modelling or spatial interpolation techni-
ques). Whereas the majority of studies on geographic
patterns of vertebrate diversity rely upon expert drawn
maps from atlases, most continental analyses of plant
diversity use point occurrences from herbarium data-
bases or taxonomic revisions. If ranges of the examined
species are poorly documented there is a great risk that
macroecological or conservation-related conclusions
might be flawed due to an interaction between sampling
bias and range size. Even in the largest data base on
African plant diversity (BISAP; compare Kiper et al.
2004b), 67% of the species are documented with 10 or
less geo-referenced specimen records (Kiiper and Som-
mer unpubl.). The calculation of range size in point data
sets requires the projection to a reference grid and will
therefore inevitably underestimate range size by produ-
cing false absences especially for widespread species. On
the other hand, range maps from atlases may over-
estimate range size. Especially if data sets for macro-
ecological studies are incomplete due to a lack of suitable
data for the whole flora (Kress et al. 1998, Lovett et al.
2000, Linder 2001, Crisp et al. 2001, Krupnick and
Kress 2003, Taplin and Lovett 2003) our findings arise
the questions: is there bias towards more rare or more
widespread species in incomplete data sets? How reliable
are diversity patterns and analyses of their possible
determinants? Our results demonstrate that overall
species richness patterns can be relatively easily deter-
mined with limited taxon sampling if taxon sampling is
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random. Nonetheless, systematically biased data sets
towards either more widespread or range-restricted
species are likely to over- or underestimate the predictive
value of different abiotic factors and the relationship
between species richness and range size rarity.

The strong relationship between overall species rich-
ness and water or energy related variables agrees with
numerous previous studies (compare Hawkins et al.
2003a). Precipitation and actual evapotranspiration
are the strongest single-predictors of species richness
(Fig. 6), whereas potential evapotranspiration and tem-
perature play a minor role. This is concordant with the
water-energy theory that predicts a higher importance
of water-related variables in high-energy regions such as
the tropics (O’Brien 1993, O’Brien et al. 2000, Hawkins
et al. 2003a).

Our results are also in accordance with previous
findings on vertebrates that widespread species have a
dominant influence on the predictive value of commonly
used predictors of species richness (Jetz and Rahbek
2002, Ruggiero and Kitzberger 2004). Thus, there is
evidence that these results might be generally valid.
Conventional statistical approaches trying to explain
spatial variation in species richness by focusing on
overall patterns of species richness may be disproportio-
nately inflated or deflated by a small number of wide-
spread species (Jetz and Rahbek 2002). Hence, our
results on palms support generality of the notion that
conventional approaches disregarding effects of range
size are limited to approximate the causative explana-
tions for a majority of species (Jetz and Rahbek 2002,
Lennon et al. 2004).
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Although the overall correlation with altitudinal range
is insignificant at a grain size of 0.5°, we interpret the
medium correlation peak as a distinct historical and
evolutionary signal (Fig. 3e) (see also Rahbek and
Graves 2001). Rahbek and Graves (2000, 2001) showed
that the strength of the predictive value of topography
for species richness of South American birds depends on
the spatial scale of the analysis and becomes stronger at
a coarser spatial resolution. The same holds true in the
single-predictor models at different grain sizes in the
palm data set. This implies that the regional setting is
more important than topographical variation within
single grid cells especially at small grain sizes. For
instance, west Amazonian cells are probably richer
than east Amazonian ones because they are in greater
proximity to the topographically and edaphically com-
plex Andean foothills (compare Kreft et al. 2004).
Furthermore, it indicates that processes responsible for
species richness of range-restricted species act on a
larger spatial scale (Qian and Ricklefs 2000, Jetz et al.
2004). It also highlights the difficulties to detect histor-
ical and evolutionary signals for range-restricted species
on the examined spatial extent and resolution and with
the presently available geographic proxy indicators.

Topographical complexity as well as the fast and
recent uplift of mountain ranges in South and Central
America possibly provided excellent conditions for
allopatric speciation and climatic or edaphic specializa-
tion (see Kiiper et al. 2004a for a recent example).
Highest species numbers of palms are achieved in grid
cells with >3000 mm of annual rainfall and considerable
portion of lowland and montane forests, respectively.
This highlights the importance of the foothills of the
northern Andes and the Mesoamerican cordilleras as
cradles for the high diversity of the Neotropics (Gentry
1982a, 1986, Kreft et al. 2004). Recent molecular studies
on the species-rich genus Inga have provided further
evidence for rapid diversification simultaneously to the
uplift of the Andes and the bridging of the Isthmus of
Panama (Richardson et al. 2001).

Species with narrow ranges are particularly in the
focus of conservation because they are subject to a
higher risk of extinction (Gaston 1994, Purvis et al.
2000). Large-scale conservation strategies depend sub-
stantially on macroecological approaches to identify
priority areas (Prendergast et al. 1999, Rahbek and
Graves 2000, Margules and Pressey 2000, Whittaker
et al. 2005). However, species with narrow ranges are
discriminated by many conventional correlative analyses
due to the small amount of spatial information they
contribute to the overall species richness patterns and
because their environmental predictors are difficult to
determine.

Acknowledgements — We thank Henrik Balslev, Walter Jetz,
Jack Lennon, and Carsten Rahbek for their helpful comments
and constructive criticism. For comments on earlier drafts we

28

would like to thank Iris Kiefer, Jens Mutke, and Jan Schnitzler.
HK is grateful for financial support from a scholarship of the
German National Academic Foundation. HS kindly
acknowledges funding by the BIOLOG-BIOTA Programme of
the German Federal Ministry of Education and Research
(BMBF). We are also grateful to the Akademie der
Wissenschaften und der Literatur, Mainz which has
established the long-term research programme ‘““Biodiversitit
im Wandel” at the Nees Inst.

References

Ahn, C. H. and Tateishi, R. 1994. Development of a global 30-
minute grid potential evapotranspiration data set. — J. Japan
Soc. Photogr. Rem. Sens. 33: 12-21.

Barthlott, W., Lauer, W. and Placke, A. 1996. Global distribu-
tion of species diversity in vascular plants: towards a world
map of phytodiversity. — Erdkunde 50: 317-328.

Bohning-Gaese, K. 1997. Determinants of avian species rich-
ness at different spatial scales. — J. Biogeogr. 24: 49-60.

Brown, J. H. 1995. Macroecology. — Univ. of Chicago Press.

Brown, J. H., Stevens, G. C. and Kaufman, D. M. 1996. The
geographic range: size, shape, boundaries, and internal
structure. — Annu. Rev. Ecol. Syst. 27: 597-623.

Chown, S. L. and Gaston, K. J. 2000. Areas, cradles and
museums: the latitudinal gradient in species richness.
— Trends Ecol. Evol. 15: 311-315.

Colwell, R. K. and Hurtt, G. C. 1994. Nonbiological gradients
in species richness and a spurious Rapoport effect. — Am.
Nat. 144: 570-595.

Cowling, R. M. and Lombard, A. T. 2002. Heterogeneity,
speciation/extinction history and climate: explaining regio-
nal plant diversity patterns in the Cape Floristic Region.
— Div. Distribut. 8: 163-179.

Cramer, W. et al. 1999. Comparing global models of terrestrial
net primary productivity (NPP): overview and key results.
— Global Change Biol. 5: 1-15.

Crisp, M. D. et al. 2001. Endemism in the Australian flora. — J.
Biogeogr. 28: 183-198.

Currie, D. J. 1991. Energy and large-scale patterns of animal-
and plant-species richness. — Am. Nat. 137: 27-49.

Currie, D. J. and Paquin, V. 1987. Large-scale biogeographical
patterns of species richness of trees. — Nature 329: 326-327.

Diniz-Filho, J. A. F, Bini, L. M. and Hawkins, B. A. 2003.
Spatial autocorrelation and red herrings in geographical
ecology. — Global Ecol. Biogeogr. 12: 53—64.

Dynesius, M. and Jansson, R. 2000. Evolutionary consequences
of changes in species’ geographical distributions driven by
Milankovitch climate oscillations. — Proc. Natl. Acad. Sci.
USA 97: 9115-9120.

Fischer, A. G. 1960. Latitudinal variations in organic diversity.
— Evolution 14: 64-81.

Francis, A. P. and Currie, D. J. 2003. A globally consistent
richness-climate relationship for angiosperms. — Am. Nat.
161: 523-536.

Gaston, K. J. 1994. Rarity. — Chapman and Hall.

Gaston, K. J. 1996. Biodiversity-latitudinal gradients. — Progr.
Phys. Geogr. 20: 466—476.

Gaston, K. J. 1998. Species-range size distributions: products of
speciation, extinction, and transformation. — Phil. Trans. R.
Soc. B 353: 219-230.

Gaston, K. J. 2000. Global patterns in biodiversity. — Nature
405: 220-227.

Gentry, A. H. 1982a. Neotropical floristic diversity: phytogeo-
graphical connections between Central and South America,
Pleistocene climatic fluctuations, or an accident of the
Andean orogeny? — Ann. Mo. Bot. Gard. 69: 557-593.

Gentry, A. H. 1982b. Patterns of Neotropical plant species
diversity. — Evol. Biol. 15: 1-84.

ECOGRAPHY 29:1 (2006)



Gentry, A. H. 1986. Species richness and floristic composition
of Choco region plant communities. — Caldasia 15: 71-91.

Graves, G. R. and Rahbek, C. 2005. Source pool geometry and
the assembly of continental avifaunas. — Proc. Natl. Acad.
Sci. USA 102: 7871-7876.

Hawkins, B. A. et al. 2003a. Energy, water, and broad-scale
geographic patterns of species richness. — Ecology 84: 3105—
3117.

Hawkins, B. A., Porter, E. E. and Diniz-Filho, J. A. F. 2003b.
Productivity and history as predictors of the latitudinal
diversity gradient of terrestrial birds. — Ecology 84: 1608—
1623.

Henderson, A., Galeano, G. and Bernal, R. 1995. Field guide to
the palms of the Americas. — Princeton Univ. Press.

Hengeveld, R. 1990. Dynamic biogeography. — Cambridge
Univ. Press.

Humboldt, A. v. 1808. Ansichten der Natur mit wissenschaftli-
chen Erlduterungen. — Cotta.

Hunter, J. T. 2003. Factors affecting range size differences for
plant species on rock outcrops in eastern Australia. — Div.
Distribut. 9: 211-220.

Jansson, R. and Dynesius, M. 2002. The fate of clades in a
world of recurrent climatic change: Milankovitch oscilla-
tions and evolution. — Annu. Rev. Ecol. Syst. 33: 741-777.

Jetz, W. and Rahbek, C. 2002. Geographic range size and
determinants of avian species richness. — Science 297: 1548—
1551.

Jetz, W., Rahbek, C. and Colwell, R. K. 2004. The coincidence
of rarity and richness and the potential signature of history
in centres of endemism. — Ecol. Lett. 7: 1180-1191.

Kaufman, D. M. and Willig, M. R. 1998. Latitudinal patterns
of mammalian species richness in the New World: the effects
of sampling method and faunal group. — J. Biogeogr. 25:
795-805.

Kelly, C. K. 1996. Identifying plant functional types using
floristic data bases: ecological correlates of plant range size.
— J. Veg. Sci. 7: 417-424.

Kerr, J. T. and Packer, L. 1997. Habitat heterogeneity as a
determinant of mammal species richness in high-energy
regions. — Nature 385: 252-254.

Kessler, M. 2002. Environmental patterns and ecological
correlates of range size among bromeliad communities of
Andean forests in Bolivia. — Bot. Rev. 68: 100—127.

Kier, G. et al. 2005. Global patterns of plant diversity and
floristic knowledge. — J. Biogeogr. 32: 1107—-1116.

Kreft, H. et al. 2004. Diversity and biogeography of vascular
epiphytes in western Amazonia, Yasuni, Ecuador. — J.
Biogeogr. 31: 1463—-1476.

Kress, W. J. et al. 1998. Amazonian biodiversity: assessing
conservation priorities with taxonomic data. — Biodiv.
Conserv. 7: 1577-1587.

Krupnick, G. A. and Kress, W. J. 2003. Hotspots and
ecoregions: a test of conservation priorities using taxonomic
data. — Biodiv. Conserv. 12: 2237-2253.

Kiiper, W. et al. 2004a. Large-scale diversity patterns of vascular
epiphytes in Neotropical montane rain forests. — J. Biogeogr.
31: 1477-1487.

Kiiper, W. et al. 2004b. Africa’s hotspots of biodiversity
redefined. — Ann. Mo. Bot. Gard. 91: 525-535.

Legendre, P. 1993. Spatial autocorrelation: trouble or new
paradigm? — Ecology 74: 1659-1673.

Lennon, J. J. 2000. Red-shifts and red herrings in geographical
ecology. — Ecography 23: 101-113.

Lennon, J. J. et al. 2004. Contribution of rarity and common-
ness to patterns of species richness. — Ecol. Lett. 7: 81-87.

Linder, H. P. 2001. Plant diversity and endemism in sub-
Saharan tropical Africa. — J. Biogeogr. 28: 169—-182.

Lloyd, K. M., Wilson, J. B. and Lee, W. G. 2003. Correlates of
geographic range size in New Zealand Chionochloa (Poa-
ceae) species. — J. Biogeogr. 30: 1751-1761.

Lovett, J. C. et al. 2000. Patterns of plant diversity in Africa
south of the Sahara and their implications for conservation
management. — Biodiv. Conserv. 9: 37—46.

ECOGRAPHY 29:1 (2006)

MacArthur, R. H. 1972. Geographical ecology: patterns in the
distribution of species. — Harper and Row.

Margules, C. R. and Pressey, R. L. 2000. Systematic conserva-
tion planning. — Nature 405: 243-253.

New, M. et al. 2002. A high-resolution data set of surface
climate over global land areas. — Climate Res. 21: 1-25.
O’Brien, E. M. 1993. Climatic gradients in woody plant species
richness: towards an explanation based on an analysis of
southern Africa’s woody flora. — J. Biogeogr. 20: 181-198.

O’Brien, E. M. 1998. Water-energy dynamics, climate, and
prediction of woody plant species richness: an interim
general model. — J. Biogeogr. 25: 379-398.

O’Brien, E. M., Whittaker, R. J. and Field, R. 1998. Climate
and woody plant diversity in southern Africa: relationships
at species, genus and family levels. — Ecography 21: 495—
509.

O’Brien, E. M., Field, R. and Whittaker, R. J. 2000. Climatic
gradients in woody plant (tree and shrub) diversity: water-
energy dynamics, residual variation, and topography.
— Oikos 89: 588—-600.

Pianka, E. R. 1966. Latitudinal gradients in species diversity: a
review of concepts. — Am. Nat. 100: 33—46.

Pither, J. 2003. Climate tolerance and interspecific variation in
geographic range size. — Proc. R. Soc. B 270: 475-481.
Prendergast, J. R. et al. 1993. Rare species, the coincidence of
diversity hotspots and conservation strategies. — Nature 365:

335-337.

Prendergast, J. R., Quinn, R. M. and Lawton, J. H. 1999. The
gaps between theory and practice in selecting nature
reserves. — Conserv. Biol. 13: 484—492.

Purvis, A. et al. 2000. Predicting extinction risk in declining
species. — Proc. R. Soc. B 267: 1947—-1952.

Qian, H. and Ricklefs, R. E. 2000. Large-scale processes and the
Asian bias in species diversity of temperate plants. — Nature
407: 180-182.

Rahbek, C. and Graves, G. R. 2000. Detection of macro-
ecological patterns in South American hummingbirds is
affected by spatial scale. — Proc. R. Soc. B 267: 2259-2265.

Rahbek, C. and Graves, G. R. 2001. Multiscale assessment of
patterns of avian species richness. — Proc. Natl. Acad. Sci.
USA 98: 4534-4539.

Rangel, T. F. L. V. B,, Diniz-Filho, J. A. F. and Bini, L. M. 2005.
SAM v. 1.0-spatial analysis in macroecology (software and
user’s guide). — <http://www.ecoevol.ufg.br/sam/ >.

Richardson, J. E. et al. 2001. Rapid diversification of a species-
rich genus of Neotropical rain forest trees. — Science 293:
2242-2245.

Ritchie, M. E. and OIff, H. 1999. Spatial scaling laws yield a
synthetic theory of biodiversity. — Nature 400: 557—-560.
Rohde, K. 1992. Latitudinal gradients in species diversity: the

search for the primary cause. — Oikos 65: 514-527.

Rosenzweig, M. L. 1995. Species diversity in space and time.
— Cambridge Univ. Press.

Ruggiero, A. and Kitzberger, T. 2004. Environmental correlates
of mammal species richness in South America: effects of
spatial structure, taxonomy and geographic range. — Eco-
graphy 27: 401-416.

Stevens, G. C. 1989. The latitudinal gradient in geographical
range: how so many species coexist in the tropics. — Am.
Nat. 133: 240-256.

Taplin, J. R. D. and Lovett, J. C. 2003. Can we predict centres of
plant species richness and rarity from environmental vari-
ables in sub-Saharan Africa? — Bot. J. Linn. Soc. 142: 187—
197.

Tateishi, R. and Ahn, C. H. 1996. Mapping evapotranspiration
and water balance for global land surfaces. — J. Photogr.
Rem. Sens. 51: 209-215.

ter Steege, H. et al. 2003. A spatial model of tree alpha-diversity
and tree density for the Amazon. — Biodiv. Conserv. 12:
2255-2277.

Tognelli, M. F. and Kelt, D. A. 2004. Analysis of determinants
of mammalian species richness in South America using
spatial autoregressive models. — Ecography 27: 427-436.

29



Usher, M. B. 1986. Wildlife conservation evaluation. — Chap-

man and Hall.

Whittaker, R. J., Willis, K. J. and Field, R. 2001. Scale and
species richness: towards a general, hierarchical theory of
species diversity. — J. Biogeogr. 28: 453—-470.

Whittaker, R. J. et al. 2005. Conservation biogeography:
assessment and prospect. — Div. Distribut. 11: 3-23.

Williams, P. H. 1993. Measuring more of biodiversity for
choosing conservation areas, using taxonomic relatedness.

Download the appendix as file E4203 from
<www.oikos.ekol.lu.se/appendix >.

30

— In: Moon, T.-Y. (ed.), International Symp. on Biodiversity
and Conservation. Korean Entomological Inst., pp. 194—

227.
Willig, M. R., Kaufman, D. M. and Stevens, R. D. 2003.

Latitudinal gradients of biodiversity: pattern, process, scale,
and synthesis. — Annu. Rev. Ecol. Evol. Syst. 34: 273-309.

Willis, K. J. and Whittaker, R. J. 2002. Species diversity-scale
matters. — Science 295: 1245-1246.

Subject Editor: Carsten Rahbek.

ECOGRAPHY 29:1 (2006)



