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Global tests of biodiversity concordance and the

importance of endemism
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Understanding patterns of biodiversity distribution is essential to
conservation strategies', but severe data constraints make surro-
gate measures necessary’*. For this reason, many studies have
tested the performance of terrestrial vertebrates as surrogates for
overall species diversity, but these tests have typically been limited
to a single taxon or region®'°. Here we show that global patterns of
richness are highly correlated among amphibians, reptiles, birds
and mammals, as are endemism patterns. Furthermore, we
demonstrate that although the correlation between global rich-
ness and endemism is low, aggregate regions selected for high
levels of endemism capture significantly more species than
expected by chance. Although areas high in endemism have long
been targeted for the protection of narrow-ranging species'"'?, our
findings provide evidence that endemism is also a useful surrogate
for the conservation of all terrestrial vertebrates.

One of the challenges to preserving the Earth’s biota is that species
are unevenly distributed'. Confronted with the continuing extinction
crisis, conservation strategies often focus either on areas with high
species richness to maximize the number of species covered, or on
areas that contain large numbers of endemic species (species found
nowhere else)''~"* (Fig. 1a, b). The vast majority of species, however,
have yet to be named, and information regarding their ranges (as well
as the geographic ranges of many described species) is lacking'>'c.
Vertebrates, being relatively well-known, are frequently used to
represent all biodiversity, but analyses of cross-taxa congruence
often show little overlap®” and have thus lowered confidence in the
use of surrogates. This lack of concordance could be a consequence
of limitations in the taxonomic breadth or geographic extent of
previous studies®°.

Here we use a uniquely comprehensive data set of terrestrial
vertebrate distributions to evaluate global concordance in diversity
patterns among four classes: amphibians, reptiles, birds and mam-
mals. We recorded the presence or absence of 26,452 species accord-
ing to 799 terrestrial ecoregions of the world" (data available at
http://www.worldwildlife.org/wildfinder). These ecoregions serve as
the basis of World Wildlife Fund’s conservation planning'?, The
Nature Conservancy’s international efforts'®, and the delineation of
Conservation International’s hotspots'® and high biodiversity
wilderness areas®. Because ecoregions are created with species
assemblages in mind, they are more useful units for comparing
species data than are national lists*'.

Richness is perhaps the most common measure of species diversity
because it is relatively easy to compile and it implies that large
numbers of species can be conserved in small areas™”'*. We calculated
the correlation between the proportional richness corrected for
ecoregion area (hereafter termed ‘richness’; see Methods) of each
class and the other vertebrates (an index combining the three

remaining classes). Correlations between richness within a class
and the richness of the other classes were strong, positive and
significant for amphibians, birds and mammals (Pearson correlation
coefficients, which are used throughout, are 0.591, 0.715 and 0.668,
respectively; P < 0.01) (Table 1). A positive and significant corre-
lation between reptiles and other vertebrates also existed, but was
more moderate (0.380, P < 0.01) (Table 1). Ongoing debates over
the causes of coincident patterns of global biodiversity include
hypotheses regarding climate, geologic history, and a statistical
consequence of differences in range size among species. All have
explanatory merit, and a combination of factors seems likely*.
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Figure 1| Terrestrial vertebrate diversity by ecoregion. These proportional
indices combine the four terrestrial vertebrate classes and adjust for
ecoregion area. Each scale bar of five colours represents relative levels of
diversity from low (light) to high (dark). a, Species richness. b, Species
endemism.
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Regardless of the underlying mechanisms, our results confirm that
patterns of species richness among terrestrial vertebrates are broadly
concordant.

Endemic species are another important target of global conserva-
tion efforts'™'*. These species, often having small populations and
few sites for conservation intervention, are inherently vulnerable to
extinction®. As for species richness, a smaller amount of total area
will need to be conserved if endemism patterns among taxa are
correlated. We found that proportional endemism (hereafter termed
‘endemism’; see Methods) within each vertebrate class showed
significantly positive correlations with endemism of the remaining
three classes (Table 1). Endemism of reptiles (0.587, P < 0.01) and
birds (0.612, P < 0.01) were more strongly related to their respective
three-class index than endemism of mammals (0.490, P < 0.01) and
amphibians (0.503, P < 0.01). These findings indicate that ende-
mism within a well-documented group may be useful for guiding
conservation decisions regarding overall endemism. Of course,
correlations among classes only explain a portion of the observed
variance in endemism among ecoregions. Therefore, conservation
strategies based on one taxon will have to be supplemented with
specific information for other groups in order to capture all endemic
species.

Studies of congruence between richness and endemism have been
inconclusive at regional scales®*, and the one previous global
test showed low congruence within birds®. Our analysis found no
meaningful correlation between richness and endemism within any
of the four terrestrial vertebrate classes (correlation coefficients
—0.099 to 0.096) or for vertebrates overall (—0.025) (Table 1),
confirming that global patterns of these diversity measures are not
spatially concordant. Thus, global conservation priorities based on
richness alone will overlook many endemic species.

Although global correlations are suggestive of concordant diver-
sity patterns, the question most relevant to conservation decisions is
whether a specific set of ecoregions selected for one measure will
represent non-target species>**. Because endemic species are par-
ticularly important, we test how efficiently ecoregions chosen based
on the level of endemism capture all species (Fig. 2a). After only 10%
of the terrestrial land area is selected (an arbitrary cutoff*), the
aggregated set of ecoregions contain 56.5% of the world’s terrestrial
vertebrate endemics. Of more interest here, these ecoregions capture
61.6% of all vertebrates, significantly higher than expected through
random ecoregion selection (1,000 randomizations, 47.5 = 2.2%,
P < 0.01) (Supplementary Table 1 and Supplementary Fig. 1). The
numbers of both endemics and all species captured continue to rise
more steeply than expected, reaching an asymptote at roughly 50% of
the Earth’s surface (Fig. 2a). However, the actual area is much smaller
than indicated by the analysis, simply because no ecoregion is
pristine and most have large areas that are now of limited use for
biodiversity. Selecting ecoregions on the basis of the endemism of a
single class sometimes performs even better than using all four. For
example, 10% of the world’s land area chosen on the basis of bird
endemism alone captures 59.6% of all vertebrate endemics; and on
the basis of amphibian and reptile endemism, 71.0% and 72.0%,

Table 1 | Pearson correlation coefficients of terrestrial vertebrate diver-
sity measures

Amphibians  Reptiles Birds Mammals Four
Classes
Richnesst 0.591** 0.380** 0.715** 0.668**
Endemismi 0.503**  0.587** 0.612** 0.490**
Richness X Endemism§  0.096**  0.085** —0.068 —0.099 —0.025

*P < 0.05; **P < 0.01.

T Correlation between class richness and a richness index of the three remaining classes.
1 Correlation between class endemism and an endemism index of the three remaining
classes.

§Correlation between richness and endemism within each class, and of the four classes
combined.
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respectively, of total vertebrate species are captured (Supplementary
Table 2). Our findings demonstrate that, although broad correlations
between richness and endemism are weak, priority sets based on
endemic species contain large numbers of total species. This result is
probably due to turnover in species composition among areas of high
endemism (that is, these areas are highly complementary in terms of
non-endemic species®) and suggests that endemism is particularly
useful for conservation prioritization.

Although our work furthers the understanding of how species
diversity patterns can inform conservation priorities at a global scale,
we must point to several important caveats. The distribution patterns
we report only apply to vertebrates and might not hold for more
species-rich taxa such as plants, invertebrates and fungi. Biodiversity of
vertebrates also encompasses aspects of population and genetic
diversity that are missed when using species as the sole unit of
measurement. Furthermore, methods for setting conservation priori-
ties are complex and should consider not just the number of endemics
or total species present, but also degree of threat”', population
viability'®, ecological and evolutionary processes'*'®, and economic
costs and benefits of conservation”’. Comprehensive conservation
strategies will require efforts at multiple scales to ensure the long-
term survival of biodiversity in a region®'®. Using endemism along
with other factors to identify global priorities helps to focus these
conservation efforts on critical regions'"'>'*, where on-the-ground
efforts will yield the greatest payoffs for biodiversity.
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Figure 2 | Accumulation of species captured when selecting ecoregions on
the basis of endemism. a, The percentage of endemic species (red line) and
all species (dark blue line) rise rapidly as the per cent of ecoregion area
selected (blue shading) increases. The green line represents the total per cent
of species captured when ecoregions are selected at random (mean of 1,000
random sets). Species accumulate significantly faster than expected by
chance (lying above a 95% confidence interval, dashed line), and nearly all
terrestrial vertebrates are found within ecoregions that represent 50% of the
Earth’s surface. b, Ecoregions representing 10% of the Earth’s terrestrial
surface (dark brown) that capture 56.5% of vertebrate endemics and 61.6%
of all species. Also depicted are the additional ecoregions required to
represent 50% of the Earth (orange); together, the two sets of ecoregions
contain nearly all species of terrestrial vertebrates.
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METHODS

Database. The database used for these analyses contains presence/absence data
for the world’s terrestrial amphibians (n = 4,797), reptiles (n = 7,483), birds
(n = 9,470) and mammals (n = 4,702) by ecoregion. These data are based on the
natural, historic ranges of extant species, such that species introduced, present as
human commensals, vagrants or passage migrants were not recorded.

The terrestrial ecoregions are those delineated in ref. 17. Mangrove ecoregions

were excluded from analysis because the land area of these regions is invariably
small; hence species lists compiled from overlaying range maps inflates species
totals. A further nine ecoregions were excluded from the analysis because of lack
of data, but we are confident that these omissions do not affect overall
distribution patterns (land area of the world’s ecoregions is 134,735,751 km?,
land area of the nine excluded ecoregions is 236,100 km? or 0.175%). Because the
large interior portions of Greenland and Antarctica contain no terrestrial
vertebrates and are not mapped as ecoregions'’, they too were excluded from
the analysis as well as from calculations of Earth’s land area.
Analyses. Class richness was tallied for each ecoregion and divided by the total
number of species in the database for that class' (or the total number within
biomes when the data were regressed separately; see below). This proportional
species richness allowed calculations to be comparable between taxa without a
single species group overwhelming the others:

Index() = z”: G
) — e
=

where e is the richness index for each ecoregion, 7 is the number of species groups
used in the index, G, is the number of species in group 7 per ecoregion, and G,
is the total number of species of group i. Endemism indices were calculated in the
same manner. An adjusted richness index was used for comparisons between
overall richness and endemism, whereby the richness totals included only non-
endemic species so that endemics were not part of both comparative sets™.

We regressed each index against area (both variables were log;o-transformed)
in order to reduce the influence of ecoregion size on the indices. Because the
relationship between species richness and area varied by biome, we performed
regressions for each biome separately, and used the combined residuals of each
index for subsequent analyses. There was, however, no significant relationship
between the endemism indices and area, and we therefore used the original
indices for endemism. There was also no effect of latitude after we accounted for
area.

Pearson correlations were used for all analyses. We tested for statistical
significance using a geographically restricted randomization approach with
10,000 iterations. Randomizations were constrained by both biome and biogeo-
graphic realm to reduce Type I errors owing to spatial autocorrelation®. This
method is more stringent than unrestricted randomizations or randomizations
restricted to either biomes or realms®. We used the following standards to
interpret correlation coefficients: a large correlation coefficient was approxi-
mately 0.50 and higher, moderate correlations were around 0.30, and small
correlations were about 0.10 (refs 29, 30).

To determine whether the percentage of species captured when selecting
ecoregions for endemism was greater than by chance alone, we selected 1,000
random sets of ecoregions for every 10% interval in area, up to 67.9% (the
percentage at which all species were captured). Each iteration selected the same
number of ecoregions as in the set chosen for endemism at the corresponding
interval (see Supplementary Information). Note that because ecoregions vary in
size, the percentages of Earth’s land surface are slightly less than the 10% breaks.
For example, ecoregions selected for the most endemics within 10% of the global
land area actually make up 9.29% (always favouring the more conservative
number).
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Supplementary Notes

This file contains one supplementary figure and extended description of methods and discussion on (1)
unadjusted richness and endemism and (2) ecoregions selected on the basis of endemism versus random
procedures.

Unadjusted richness and endemism by ecoregion

We based our analyses on proportional diversity indices adjusted for area to remove any effects of
ecoregion size and differences in the numbers of species per taxa. Conservation strategies, action, and
funding, however, are increasingly targeted at the scale of entire ecoregions, particularly at those
ecoregions that contain the highest number of endemics and total species. For this reason, we refer
readers interested in maps of unadjusted richness and endemism to:
www.worldwildlife.org/wildfinder.

Ecoregions selected on the basis of endemism versus random procedures

Our model (main text Fig. 2a) forced ecoregions to be selected at random while maintaining the same
biome proportions as ecoregions selected for endemism. When Howard et al.* reported that different
taxa did an excellent job as surrogates for biodiversity in Ugandan sites, they concluded that this was
largely due to turnover in species between biomes. We constructed our model to differentiate turnover
due to biomes from number of species captured by endemism. Our model was more realistic than a
simple random model, thus it captured more species than the latter (Supplementary Fig. 1).

1. Howard, P. C. et al. Complementarity and the use of indicator groups for reserve selection in Uganda.
Nature 394, 472-475 (1998).
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Supplementary Figure 1. The percentage of species captured when selecting ecoregions with two different
random models. In the simple random model (purple line), ecoregions were selected at random 1,000 times
regardless of biome composition. Our random model (blue line) lies above a 95% confidence interval for the
simple randomization (purple dashed line), and is thus the more stringent model.
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Supplementary Table 1.

Percentage of endemic and total species captured at ten percent intervals of the Earth’s land area
when selecting ecoregions for endemism and by random.

Percent of Earth’s land area
10 20 30 40 50 60 67.9
End. Species’ 56.5 77.5 80.0 93.5 98.0 99.6 100.0
Mean +s.d." 164+27 332+32 454+34 545+34 678+29 772+25 83423
Tot. species’ 61.6 81.9 90.2 94.9 98.0 99.4 100.0

Mean +s.d." 47522 66718 770x15 829*14 891+10 928+0.8 951+0.7

“Ecoregions selected for endemism
TEcoregions selected by random (1,000 sets)

Supplementary Table 2.

Percentage of endemic and total species captured when selecting ecoregions for endemism of a
single class.

Percent Percent
Richness Endemism
Amphibians 71.0 46.6
Reptiles 72.0 51.1
Birds 64.3 59.6

Mammals 56.4 35.3





