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Abstract

Species richness patterns are characterized either by ovetlaying species range maps ot by
compiling geographically extensive survey data for multiple local communities.
Although, these two approaches are clearly related, they need not produce identical
richness patterns because species do not occur everywhere in their geographical range.
Using North American breeding birds, we present the first continent-wide comparison
of survey and range map data. On average, bird species were detected on 40.5% of the
surveys within their range. As a result of this range porosity, the geographical richness
patterns differed markedly, with the greatest disparity in arid regions and at higher
elevations. Environmental productivity was a stronger predictor of survey richness, while
elevational heterogeneity was more important in determining range map richness. In
addition, range map richness exhibited greater spatial autocorrelation and lower
estimates of spatial turnover in species composition. Our results highlight the fact that
range map richness represents species coexistence at a much coarser scale than survey
data, and demonstrate that the conclusions drawn from species richness studies may

depend on the data type used for analyses.
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INTRODUCTION

Understanding the determinants of species richness is a
central focus of ecology and biogeography. Determining
the location of peaks in species richness is essential for
prioritizing conservation efforts (Prendergast ef al 1993;
Myers et al. 2000), and understanding why these peaks
occur at their current locations may be necessary to predict
how ongoing global change will influence biodiversity
(Midgley et al. 2002; Burns ef al. 2003). Major factors
proposed to influence species richness include productivity
(Waide ez al. 1999; Hawkins ef 2/ 2003a), temperature
(Rohde 1992; Allen ef al. 2002), habitat heterogeneity
(MacArthur 1964; Rahbek & Graves 2001), geometric
constraints (Jetz & Rahbek 2001; Colwell ez /. 2004) and
historical factors (Ricklefs ez @/ 1999; Qian & Ricklefs
2000). These and other variables have received varying
degrees of support in different taxonomic groups and
locations and there is currently vigorous debate as to the
most important undetlying processes. However, the first

step in understanding the determinants of species richness
is to accurately characterize the geographical patterns
themselves, and little attention has been paid to how the
different types of data used to generate these patterns
might influence the observed results.

Richness patterns in the ecological literature are
constructed from one of two possible data sources:
(i) species range maps, which are overlaid to estimate the
number of species expected to occur at a given point locality
or within a quadrat of some fixed size; and (i) survey data,
where standardized field samples are used to estimate
richness at each of numerous points distributed across
geographical space. Because standardized data collection is
only rarely conducted over broad spatial scales, most
continental and global patterns of species richness have
been generated using range maps. Hawkins ef a/. (2003a)
recently reviewed 85 analyses of species richness. Of these,
richness patterns based on range maps made up 69% of the
total analyses, and 80% of the analyses conducted at

continental to global scales (Hawkins e a/. 2003a).
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Figure 1 (a) Geographical ranges of the canyon wren (red) and cerulean warbler (blue) from Ridgely ¢# a/. (2003). Symbols represent Breeding
Bird Survey (BBS) routes that have been surveyed every year from 1993 to 2002. X’s denote surveys on which the focal species were never detected
over this period, while filled circles indicate where the focal species were detected. (b) Geographical pattern of avian richness based on the number
of species ranges overlapping each point. (c) Geographical pattern of avian richness based on the number of species observed on each BBS route
in 2002. (d) Geographical pattern of the ratio of survey to range map richness, showing the greatest concordance in the south-east and the greatest
disparity in the west. Richness and concordance values in (b)—(d) are binned into quantiles. (¢) Digital elevation model of North America at 1-km
resolution. (f) Mean values for the normalized difference vegetation index in the month of June at 1-km resolution (see text).
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As a representation of the spatial distribution of
individuals, a species geographical range is necessarily a
scale-dependent abstraction (Rapoport 1982; Brown ef al.
1996; Gaston 2003). The exact location of a range boundary,
and the degree to which gaps within the range are identified,
depend upon the spatial resolution and temporal window
over which the range is mapped. At all but the coarsest
resolutions, gaps within the range will typically be present,
and thus species ranges have been likened to slices of Swiss
cheese (Rapoport 1982). However, range maps are typically
constructed by drawing a smoothed outline around records
of occurrence, producing an irregular, contiguous surface
that ignores much of this internal structure (Brown &
Lomolino 1998). With this in mind, any amateur naturalist
realizes that a species is not guaranteed to be present at
every point within the range delimited by a field guide. For
example, the two species ranges depicted in Fig. 1a appear
to be drawn with some degree of precision. However, even
after aggregating over 10 years of bird surveys, the species
were observed on fewer than 30% of the sites within their
mapped ranges. A species may fail to be detected over patts
of its range because of (i) inadequate sampling and/or low
overall levels of abundance (MacKenzie et al 2003),
(i) discontinuities in suitable habitat (Lawton & Woodroffe
1991), and (iif) naturally patchy distributions of individuals
caused by factors such as dispersal limitation (Hubbell 2001;
Svenning & Skov 2004). While the consequences of this
‘range porosity’ have been considered for the interpretation
and analysis of geographical range size (Gaston 1991, 1994;
Brown eral 1996), the consequences for continental
patterns of species richness have yet to be assessed (but
see Freitag & van Jaarsveld 1995).

For the estimation of richness at a given locality, sutveys
and range maps will typically provide under- and over-
estimates, respectively. On the one hand, the sampling of a
community may fail to detect rare species that are actually
present (MacKenzie ef al. 2003), resulting in underestima-
tion. Conversely, because overlaid range maps provide an
approximate characterization of the total pool of species
that could conceivably occur at a particular site, the species
richness derived from range maps provides an upper bound
on the total number of species that actually coexist in a local
community.

As long as the location of range gaps is uncorrelated
among species, then survey richness should be a well-
correlated proportion of range richness, and the resulting
geographical patterns should be very similar. If, however,
range gaps tend to coincide in space across species, then
survey and range map richness will be more weakly
correlated and the geographical patterns more disparate. A
substantial discrepancy between survey- and range map-
based richness patterns would have important implications
for geographical ecology and conservation biology. First, the

relative ranking and explanatory power of various predictor
variables might differ between the two types of data, leading
to different conclusions about the determinants of species
richness. This would complicate attempts to derive general
principles governing species richness patterns. Second, such
a discrepancy would raise difficult questions for conserva-
tion groups and policy makers attempting to determine the
location of diversity hotspots for prioritized conservation.

Here, we use a detailed quantitative analysis to compare
the patterns and determinants of avian species richness
across North America using range map and survey data.
Birds are one of only a handful of taxa for which there are
sufficiently intensive survey data at the continental scale to
perform these comparisons. We begin by quantifying the
degree to which North American bird species fill their
geographical ranges. We then compare survey- and range
map-based patterns of species richness, and evaluate
differences in the extent to which key environmental factors
explain these patterns. Finally, we examine how range map
and survey data differ with regard to spatial patterns of
turnover in species composition and spatial autocorrelation
of richness values.

METHODS
Data sources

We examined the distribution of 372 species of North
American landbirds, excluding nocturnal, crepuscular, and
otherwise difficult to survey groups (e.g., raptors) from
analyses. Digital range maps of the breeding distributions of
these species wetre obtained from Ridgely ez a/ (2003).
Survey data were taken from the North American Breeding
Bird Survey (BBS; Bystrak 1981), an annual continent-wide
standardized survey effort. For constructing the geograph-
ical pattern of survey-based richness, we used data from the
2405 sutvey routes meeting BBS data quality standards that
were conducted on a single morning in May or June 2002.
Each BBS route is a roadside survey consisting of 50 points
separated at 800 m intervals, and at each point a single
obsetver records all birds seen or heard within 400 m and
over a 3-min period. For some analyses, we also used data
from the subset of these routes (7 = 837) that were
surveyed every year between 1993 and 2002. For these
survey routes, we estimated species richness and propor-
tional range occupancy (see below) for a single year (2002), a
5-year petiod (1998-2002), and a 10-year period (1993—
2002). Longer time spans can be used to reduce the
influence of inadequate sampling on species richness (e.g.
McGill 2003), but may also introduce real temporal turnover
and thus exaggerate the number of co-occurring species. In
the BBS, sampling ceases to be the predominant factor
governing the increase in species richness with time span
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after 2-3 years (White 2004), suggesting that our 5- and
10-year periods provide conservatively high estimates of
local species richness.

We determined the values of three environmental
variables over a circular spatial neighbourhood, 40 km in
radius, centred on the starting coordinates of each BBS
route. The neighbourhood size was chosen to ensure the
complete inclusion of the 40-km long survey route. Using a
1-km resolution digital elevation model of North America,
we calculated both the mean elevation and elevational
range within the spatial neighbourhood of each sutvey
route. We also calculated the mean value of the normalized
difference vegetation index (NDVI) for the month of June.
The NDVI is a remotely sensed measure of greenness,
calculated from reflectance in the infrared and near
infrared portions of the electromagnetic spectrum. The
data resolution is at 0.1 decimal degtrees, and the value in
each pixel represents the mean value for the month of June
based on composite images from 1982 to 2000, excluding
1994. The NDVI is correlated with net primaty produc-
tivity and total green biomass (Chong e a/ 1993; Paruelo
et al. 1997). Recent work has shown that a seasonal rather
than annual estimate of productivity is more appropriate
for predicting the seasonal richness of bird communities
(H-Acevedo & Currie 2003; Hurlbert & Haskell 2003;
Hawkins 2004).

Analyses

For each species with a geographical range encompassing at
least 10 BBS sutrvey routes, we calculated the fraction of
routes within the species range on which the species was
actually recorded on BBS sutveys. This ‘propottional range
occupancy’ was calculated for each species based on the 1-,
5- and 10-year survey periods described above.

We used ordinary least squares univariate and stepwise
multiple regressions to model sutvey richness, range map
richness, and the ratio of survey richness to range richness
as a function of mean elevation, elevational range and
NDVI. We were unable to obtain both NDVI and
elevational data for ¢ 4% of BBS routes, and so these
routes were excluded from the relevant regression analyses.

For every pairwise combination of BBS routes, we
calculated spatial turnover in species composition as the
number of species unique to either BBS route divided by the
sum of richness values for the two routes (Wilson & Shmida
1984). This measure of turnover is also equal to one minus the
Dice similarity index (Dice 1945). Turnover values were
binned into 100-km distance classes and mean turnover was
plotted as a function of distance. We also calculated Moran’s /
(Legendre & Legendre 1998) over the same distance classes to
examine spatial autocorrelation of raw survey- and range map-
based species richness values, and we performed the same
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analysis on residual species richness after taking into account
NDVI, mean elevation and elevational range (i.e. the residuals
from a multiple regression of the three environmental
variables on species richness; see Diniz-Filho e a/ 2003).

RESULTS

For a single-year survey, species were detected on average at
only 40.5% of the sites within their mapped ranges, and 83%
of species were detected on less than two-thirds of the surveys
within their range (Fig. 2). After accumulating species records
on survey routes over 5- and 10-year periods, mean occupancy
increased to 53.8 and 59.8%, respectively. Still, using 10 years
of aggregated survey data, more than half (55%) of North
American landbird species were detected on less than two-
thirds of the sutveys within their range (Fig. 2).

The geographical patterns of species richness are strik-
ingly different when compiled from range maps and survey
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Figure 2 Frequency distributions of proportional range occupancy
(number of sites observed/number of sites within the species
range) for 306 landbird species based on Breeding Bird Survey data
aggregated over l-year (a), 5-year (b) and 10-year (c) periods.
Dotted line indicates median values. Only species that were
expected to occur on at least 10 sutvey routes were used for
analyses.
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data (Fig. 1b,c). According to range map ovetlays, the most
species rich regions of North America include the Rocky
Mountain West down into south-eastern Arizona, the
eastern boreal-deciduous forest transition zone, and the
Appalachian Mountains. The richness pattern based on the
2002 survey data is roughly congruent with the range map
pattern for eastern North America. However, only a handful
of sites in the western half of the continent have high levels
of species richness, and these occur in California and the
Pacific Northwest. Although range richness and survey
richness are positively cortelated, the relationship accounts
for only 21% of the variation (» = 0.46). This magnitude of
variation means that the survey richness of a site in a single
year could potentially include any value less than or equal to
the range richness at that site (Fig. 3). Using 5- and 10-year
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Figure 3 The relationship between survey- and range map-based
estimates of species richness. Heavy line denotes the 1 : 1 line. (a)
Plot of 1-year survey richness vs. range map richness. From lightest
to darkest, the four shades denote 1, 2, 3 and > 3 sites with
identical survey and range map richness values. (b) 95% confidence
ellipses representing the relationship between survey and range
map richness for 1-year (dotted line), 5-year (dashed line), and 10-
year (solid line) aggregations of survey data. As the observed data
do not satisfy bivariate normality these ellipses are used merely to
indicate the location of the majority of data points.

estimates of survey richness shifts the distribution of points
closer to the one-to-one line, and reduces some of this
variation (Fig. 3). However, even after 10 years of surveys
range map richness still only explained 40% of the variation
in survey richness.

Survey richness is closest to range richness along the
south-eastern coastal plain, and most disparate in the Rocky
Mountain West and desert south-west (Fig. 1d). Mean
elevation explains 33% of the variation in the survey to
range richness ratio, and adding NDVI to the model raises
the 7 to 40% (y = —0.10 X Elevation (km) + 0.29 X
NDVI + 0.43). Thus, the disparity between survey and
range richness is greatest in high elevation regions with low
NDVI (Fig. 1d-f).

In regressions predicting species richness from environ-
mental variables, the relative importance of different
predictor variables, and the magnitude and even sign of
any given predictor variable varied with data source (Fig. 4).
In univariate analyses NDVI explained more than 40% of
1-, 5-, and 10-year survey richness, while mean elevation was
negatively correlated with sutvey richness and explained
3.9-12.6% of the variation. Elevational range explained
almost none of the variation in survey richness at
any temporal scale. In contrast, both mean elevation (¥ =
7.7%) and elevational range (7 = 11.5%) were positively
correlated with range map richness, and NDVI explained
only 14.5% of the variation in range richness (Fig. 4). In
addition, the slope of the NDVI-richness relationship was
significantly greater for survey data than for range map data
(aNncova,  F 619 > 2623, P < 0.0005), and parameter
estimates for both elevation variables wete significantly
lower for survey data than for range map data (ANCOVA,
Fia610 > 34.93, P < 0.0005). Multiple regressions produced
qualitatively similar results with both elevation variables
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Figure 4 Univariate correlation coefficients between three predic-
tor variables and four measures of species richness: range map

richness and survey richness aggregated over 1-, 5- and 10-year
periods.
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positively related to range map richness. For survey data,
only one of the two elevation variables entered a given
regression and the total effect of elevational variables was
cither negative (1 year data) or much less positive than for
the range map analyses (see Table S1).

Both survey- and range map-derived richness values
exhibited significant spatial autocorrelation (Fig. 5). At
distances < 400 km, range map richness was more
positively autocorrelated than survey richness, while
between 400 and 1600 km survey richness was more
positively autocorrelated. At distances > 2000 km, sutrvey
richness was typically more negatively autocorrelated than
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Figure 5 (a) Spatial cotrelogram across 100-km distance classes for
raw range map richness (black line), raw 1-year survey richness
(grey line), and residual range map and survey richness (black and
grey symbols, respectively) after fitting NDVI, mean elevation and
clevational range in a multiple regression model. (b) Mean spatial
turnover in species composition between sites as a function of
distance for range map data (black symbols) and 1-year survey data
(grey symbols). Five- and 10-year data (not shown) are interme-
diate. Inset shows relative difference in turnover estimates as
survey turnover divided by range map turnover for each distance
class.
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range richness. Spatial autocorrelation in predictor vati-
ables accounted for most of the autocorrelation in survey
richness  (Fig. 52). Conversely, range map richness
remained strongly spatially autocorrelated up to 900 km,
with autocorrelation in the predictor variables explaining
very little of the autocorrelation in range richness over that
spatial scale.

Species turnover was consistently lower for range map
data than for survey data across all distance classes (Fig. 5b).
At distances of < 100 km, average survey turnover was five
times greater than range map turnover. Even at distances up
to 1000 km, survey-estimated turnover was at least 50%
greater than range map turnover (Fig. 5b inset).

DISCUSSION

It is generally accepted that species geographical ranges are
inherently porous despite the continuous occurrence
implied by most range maps (Rapoport 1982; Brown e7 4.
1996; Gaston 2003). As cautioned in a popular North
American field guide, ‘[b]ear in mind that within the mapped
range, each species occurs only in appropriate habitat and at
variable density’ (Sibley 2000: ii). While data from a single-
year survey likely overestimates range porosity due to
inadequate sampling, even after aggregating species presence
over a 10-year period, the majority of species still exhibit a
high degree of range porosity. Although we discuss
correlates of range porosity in detail elsewhere (Hurlbert
and White, unpublished data), species in decline [e.g. red-
cockaded woodpecker (Picoides borealis), black-capped vireo
(Vireo  atricapillus)], species with low average densities
[e.g. spruce grouse (Falcipennis canadensis), Swainson’s watbler
(Limmnothlypis swainsonii)], and species with narrow habitat
requirements [e.g. canyon wren (Catherpes mexicanus), marsh
wren (Cistothorus palustris)] tend to be those with the lowest
values of range occupancy.

Geographical variability in the porosity of species ranges
can lead to substantial differences in observed species
richness patterns between survey and range map data. The
range map-based pattern of richness presented in Fig. 1b is
similar to that of previously published patterns of avian
species richness in North America (MacArthur & Wilson
1967; Cook 1969; Hawkins ez /. 2003b), with a pronounced
peak in the mountainous and arid regions of the western
half of the continent. The conspicuous absence of this
broad richness peak from the survey-based pattern (Fig. 1c)
makes a critical point about the comparability of the two
data sources. Because habitats in mountainous ateas are
often delimited by elevational zones, they are typically
distributed more patchily than in regions with less topo-
graphic relief. Similarly, habitats in arid regions are often
patchily distributed along riparian corridors and other water
sources. The patchy distribution of habitat in mountainous
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and arid regions occurs at a finer resolution than is captured
by most range maps. Thus, range maps tend to overestimate
the occurrence of species, and hence local species richness,
in areas where habitat diversity is highest (Fig. 1d).

This disparity leads to differences in the observed
richness—environment relationships because using different
data types effectively alters the scale of analysis and thus the
contributions of environmental factors that operate at
different scales (Huston 1999; Gaston 2000; Willis &
Whittaker 2002). Although we generated point estimates of
species richness from our two data soutces, they represent
two fundamentally different scales of coexistence. Species
observed on a single survey tend to occur within the same
habitat, or at least within a relatively narrow range of
environmental conditions, whereas species with overlapping
ranges may exhibit strong habitat differentiation such that
they rarely coexist at all at the local scale (Rodman 1991;
Bullock e# al. 2000). As such, range map-based estimates of
species richness include both within- and between-habitat
diversity components causing variables related to beta
diversity, such as topographic and biome heterogeneity, to
explain a greater proportion of the variation in range map
richness compared to survey richness. This result is
consistent with other studies showing an increase in the
explanatory power of habitat heterogeneity variables as
richness data is determined for progressively larger quadrats
(Rahbek & Graves 2001; van Rensburg e 2/ 2002; Hurlbert
& Haskell 2003). What is particularly surprising about our
results is that not only did the magnitude of the effect of the
heterogeneity variables on species richness vary between
data types, but the sign of the effect changed as well. This
difference is due to the negative correlation between NDVI
and both mean elevation (r = —0.45) and elevational range
(r = —0.19). Because NDVI decreases along the elevational
gradient, at the finer spatial scale of surveys, the negative
effect of lost resource availability on richness overwhelms
the positive effect of increased habitat heterogeneity. These
results emphasize the importance of considering the implicit
scale of the data when evaluating richness patterns and the
mechanisms proposed to explain them.

Another important way that range map and survey data
differ is in the inherent spatial autocorrelation of species
occurrences. When species are assumed to be present at
every point within their geographical range, adjacent sites will
tend to have similar richness values and low values of spatial
turnover in species composition. However, the survey data
suggest that most species ranges ate faitly porous and thus
species occurrences are less tightly correlated among
adjacent sites. Consequently, at short distances, spatial
autocorrelation is weaker for survey richness than for range
richness. In addition, the correlogram reveals that most of
the spatial structure in sutvey richness is explained by the
spatial structure of underlying environmental variables. With

the inclusion of additional environmental variables this
autocorrelation would likely be further reduced (Diniz-Filho
et al. 2003). In contrast, range map richness is inherently
spatially autocorrelated by virtue of the assumption that each
species occurs everywhere within its range (Diniz-Filho ef al.
2003). Thus, even when the spatial structure in predictor
variables is accounted for, range map residual richness
remains highly autocorrelated. This finding is consistent with
patterns observed in African birds (Jetz & Rahbek 2001, but
see Diniz-Filho ef al. 2003), and suggests that spatial
autocorrelation has a greater influence on range map-based
analyses than on survey-based analyses.

We have shown that survey and range map data can
produce markedly different results with regards to: (i) the
geographical patterns and spatial autocorrelation of species
richness, (i) the magnitude and direction of influence of
different determinants of species richness, and (iii) the
partitioning of diversity into within- and between-habitat
components. We emphasize that our intention is not to
condemn one data type ot to advocate the other. At present,
the debate over which kind of data to use is largely
academic, as very few geographically extensive survey
datasets exist. Rather, we hope to emphasize the fact that
range maps describe inherently coarse-grained patterns of
species richness and must be interpreted as such, regardless
of the grain at which range maps are analysed. This can lead
to results that are rematkably different from those of
surveys in many types of community-level analyses. Expli-
citly considering the scale of both species richness and
environmental data will greatly facilitate the search for
generality in the determinants of richness across disparate
regions, time scales and taxonomic groups.

ACKNOWLEDGEMENTS

We thank J. Brown, J. Goheen, F. He, W. Jetz, R. Stevens
and two anonymous referees for comments and discussion
of the manuscript. S. Spencer provided assistance with GIS.
We also acknowledge the many volunteers and USGS and
CWS researchers for collecting and making available the
Breeding Bird Survey data. EPW was supported by an NSF
Graduate Research Fellowship and AHH was supported by
an NSF biocomplexity grant (DEB-0083422).

SUPPLEMENTARY MATERIAL

The following material is available from http://www.
blackwellpublishing.com/products/journals /suppmat/ELE/
ELE726/ELE726sm.htm

Table S1 Stepwise multiple regression models for survey-
and range map-based measutes of species richness of North
American land birds

©2005 Blackwell Publishing Ltd/CNRS



326 A. H. Hurlbert and E. P. White

REFERENCES

Allen, A.P., Brown, J.H. & Gillooly, J.F. (2002). Global biodi-
vetsity, biochemical kinetics, and the energetic-equivalence rule.
Science, 297, 1545—-1548.

Brown, J.H. & Lomolino, M.V. (1998). Biogeography. Sinauer
Associates, Inc., Sundetland, MA.

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

Bullock, J.M., Edwatrds, R.J., Catey, P.D. & Rose, R.J. (2000). Geo-
graphical separation of two Ulex species at three spatial scales:
does competition limit species’ ranges? Ecography, 23, 257-271.

Burns, C.E., Johnston, K.M. & Schmitz, O.]. (2003). Global cli-
mate change and mammalian species diversity in U.S. national
patks. Proc. Natl Acad. Sei. USA, 100, 11474-11477.

Bystrak, D. (1981). The North American Breeding Bird Survey.
Stud. Avian Biol., 6, 34-41.

Chong, D.LS., Mougin, E. & Gastelluetchegorry, J.P. (1993).
Relating the Global Vegetation Index to net primary pro-
ductivity and actual evapotranspiration over Africa. /ut. J. Remote
Sens., 14, 1517-1540.

Colwell, R K., Rahbek, C. & Gotelli, N.J. (2004). The mid-domain
effect and species richness patterns: what have we learned so
far? Am. Nat., 163, E1-E23.

Cook, R.E. (1969). Variation in species density of North American
birds. Syst. Zool., 18, 63—84.

Dice, L.R. (1945). Measures of the amount of ecologic association
between species. Frology, 26, 297-302.

Diniz-Filho, J.A.F., Bini, LM. & Hawkins, B.A. (2003). Spatial
autocorrelation and red herrings in geographical ecology. Global
FEcol. Biogeogr., 12, 53—64.

Freitag, S. & wvan Jaarsveld, A.S. (1995). Towards conserving
regional mammalian species diversity: a case study and data
critique. S. Afr J. Zool., 30, 136-144.

Gaston, KJ. (1991). How large is a species’ geographic range?
Oikos, 61, 434-438.

Gaston, K.J. (1994). Measuring geographic range sizes. Ecography,
17, 198-205.

Gaston, K.J. (2000). Global patterns in biodiversity. Nature, 405,
220-227.

Gaston, K.J. (2003). The Structure and Dynamics of Geographic Ranges.
Oxford University Press, Oxford.

H-Acevedo, D. & Currie, D.J. (2003). Does climate determine
broad-scale patterns of species richness? A test of the causal link
by natural experiment. Global Ecol. Biogeogr., 12, 461—473.

Hawkins, B.A. (2004). Summer vegetation, deglaciation and the
anomalous bird diversity gradient in eastern North America.
Global Ecol. Biggeogr., 13, 321-325.

Hawkins, B.A., Field, R., Cornell, H.V., Cutrie, D.J., Guegan, J.F.,
Kaufman, D.M. ef al. (2003a). Energy, water, and broad-scale
geogtraphic patterns of species richness. Ecology, 84, 3105-3117.

Hawkins, B.A., Porter, E.E. & Diniz-Filho, J.A.F. (2003b). Pro-
ductivity and history as predictors of the latitudinal diversity
gradient of terrestrial birds. Erology, 84, 1608—1623.

Hubbell, S.P. (2001). 7he Unified Neutral Theory of Biodiversity and
Biogeography. Princeton University Press, Princeton, NJ.

Hurlbert, A.H. & Haskell, J.P. (2003). The effect of energy and
seasonality on avian species richness and community composi-
tion. Am. Nat., 161, 83-97.

©2005 Blackwell Publishing Ltd/CNRS

Huston, M.A. (1999). Local processes and regional patterns:
appropriate scales for understanding variation in the diversity of
plants and animals. Oikos, 86, 393—401.

Jetz, W. & Rahbek, C. (2001). Geometric constraints explain much
of the species richness pattern in African birds. Proc. Natl Acad.
Sei. USA, 98, 5661-5666.

Lawton, J.H. & Woodroffe, G.L. (1991). Habitat and the dis-
tribution of water voles: why are there gaps in a species’ range?
J. Anim. Ecol., 60, 79-91.

Legendre, P. & Legendre, L. (1998). Numerical Ecology. Elsevier
Science, Amsterdam.

MacArthur, RH. (1964). Environmental factors affecting bird
species diversity. Am. Nat., 98, 387-396.

MacArthur, RH. & Wilson, E.O. (1967). The Theory of Island Bio-
geography. Princeton University Press, Princeton, NJ.

MacKenzie, D.I., Nichols, ].D., Hines, J.E., Knutson, M.G. &
Franklin, A.B. (2003). Estimating site occupancy, colonization,
and local extinction when a species is detected imperfectly.
Ecology, 84, 2200.

McGill, B.J. (2003). A test of the unified neutral theory of biodi-
versity. Nature, 422, 881-885.

Midgley, G.F., Hannah, L., Millar, D., Rutherford, M.C. & Powrie,
LW. (2002). Assessing the vulnerability of species richness to
anthropogenic climate change in a biodiversity hotspot. Global
FEcol. Biogeogr., 11, 445-451.

Myers, N., Mittermeier, R.A., Mittermeier, C.G., Da Fonseca,
G.A.B. & Kent, J. (2000). Biodiversity hotspots for conservation
priorities. Nature, 403, 853—858.

Paruelo, J.M., Epstein, H.E., Lauenroth, W.K. & Butke, 1.C.
(1997). ANPP estimates from NDVI for the Central Grassland
Region of the United States. Eeology, 78, 953-958.

Prendergast, J.R., Quinn, R.M., Lawton, J.H., Eversham, B.C. &
Gibbons, D.W. (1993). Rare species, the coincidence of diversity
hotspots and consetvation strategies. Nature, 365, 335-337.

Qian, H. & Ricklefs, R.E. (2000). Large-scale processes and the
Asian bias in species diversity of temperate plants. Nazure, 407,
180-182.

Rahbek, C. & Graves, G.R. (2001). Multiscale assessment of pat-
terns of avian species richness. Proc. Natl Acad. Sci. USA, 98,
4534-4539.

Rapoport, E.H. (1982). Areography: Geographical Strategies of Species.
Pergamon Press, Oxford.

van Rensburg, B.J., Chown, S.L. & Gaston, K.J. (2002). Species
richness, environmental correlates, and spatial scale: a test using
South African birds. Am. Nat., 159, 566-577.

Ricklefs, R.E., Latham, R.E. & Qian, H. (1999). Global pattetns
of tree species richness in moist forests: distinguishing eco-
logical influences and historical contingency. Oikos, 86, 369—
373.

Ridgely, R.S., Allnutt, T.F., Brooks, T., McNicol, D.K., Mehlman,
D.W., Young, B.E. et al. (2003). Digital Distribution Maps of the
Birds of the Western Hemisphere, version 1.0. NatureServe, Arlington,
VA, USA. URL: http://www.natureserve.org.

Rodman, P.S. (1991). Structural differentiation of microhabitats of
sympatric Macaca fascicularis and Macaca nemestrina in East Kali-
mantan, Indonesia. /nt. J. Primatol., 12, 357-375.

Rohde, K. (1992). Latitudinal gradients in species diversity: the
search for the primary cause. Oikos, 65, 514-527.

Sibley, D.A. (2000). The Sibley Guide to Birds. Alfred A. Knopf, New
York.



Range map- vs. survey-based species richness 327

Svenning, J.-C. & Skov, F. (2004). Limited filling of the potential
range in European tree species. Ecol. Lett., 7, 565-573.

Waide, R.B., Willig, M.R., Steiner, C.F., Mittelbach, G.G., Gough,
L., Dodson, S.I. e al (1999). The relationship between pro-
ductivity and species tichness. Annu. Rev. Ecol. Syst., 30, 257-300.

White, E.P. (2004). Two-phase species—time relationships in North
American land birds. Ecol. Lett., 7, 329-336.

Willis, K.J. & Whittaker, R.J. (2002). Species diversity-scale matters.
Science, 295, 1245-1247.

Wilson, M.V. & Shmida, A. (1984). Measuring beta diversity with
presence-absence data. /. Eeol, 72, 1055-1064.

Editor, Fangliang He

Manuscript received 8 November 2004
First decision made 9 December 2004
Manuscript accepted 20 December 2004

©2005 Blackwell Publishing Ltd/CNRS



