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ABSTRACT

Aim When dividing the world into zoogeographical regions, Alfred Russel
Wallace stipulated a set of criteria by which regions should be determined,
foremost the use of generic rather than species distributions. Yet, recent
updates of Wallace’s scheme have not followed his reasoning, probably explain-
ing in part the discrepancies found. Using a recently developed quantitative
method, we evaluated the world’s zoogeographical regions following his criteria
as closely as possible.

Location Global.

Methods We subjected presence—absence data from range maps of birds,
mammals and amphibians to an innovative clustering algorithm, affinity prop-
agation. We used genera as our taxonomic rank, although species and familial
ranks were also assessed, to evaluate how divergence from Wallace’s criteria
influences the results. We also accepted Wallace’s argument that bats and
migratory birds should be excluded (although he was contradictory about the
birds) and devised a procedure to determine the optimal number of regions to
eliminate subjectivity in delimiting the number of regions.

Results Regions attained using genera (eight for mammals and birds and six
for amphibians) strongly coincided with the regions proposed by Wallace. The
regions for amphibians were nearly identical to Wallace’s scheme, whereas we
obtained two new ‘regions’ for mammals and two for birds that largely coin-
cide with Wallace’s subregions. As argued by Wallace, there are strong reasons
not to consider these as being equivalent to the six main regions. Species distri-
butions generated many small regions related to contemporary climate and
vegetation patterns, whereas at the familial rank regions were very broad. The
differences between our generic maps and Wallace’s all involve areas which he
identified as being uncertain in his regionalization.

Main conclusions Despite more than 135 years of additional knowledge of
distributions, the shuffling of generic concepts, and the development of com-
puters and complex analytical techniques, Wallace’s zoogeographical regions
appear to be no less valid than they were when he proposed them. Recent
studies re-evaluating Wallace’s scheme should not be considered updates as
such because they have not followed Wallace’s reasoning, and all computer-
based analyses, including this one, are subject to the vagaries of the particular
methods used.
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INTRODUCTION

It will be evident in the first place that nothing like a perfect
zoological division of the earth is possible. The causes that have
led to the present distribution of animal life are so varied, their
action and reaction have been so complex, that anomalies and
irregularities are sure to exist which will mar the symmetry of
any rigid system.

A. R. Wallace (1876, Vol. 1, p. 53)

The partitioning of the world into ‘natural’ zoological
regions, defined as areas with a consistency and distinctive-
ness of the fauna and flora, has attracted the attention of
zoogeographers since the early 19th century. The first endur-
ing global classification of regional faunas was developed by
Sclater (1858), who established six primary zoological regions
based on passerine birds. Sclater’s scheme formed the basis of
the arrangement employed later by Wallace (1876), in which
he used a simple quantitative method to delimit global faunal
regions based on the distribution of vertebrates in general,
with a major focus on non-volant mammals, and further sub-
divided each of the six large regions into four subregions (see
Figs la & 2a). Since then, many studies have attempted to
modify Wallace’s regions with limited success (e.g. Schmidt,
1954, and references therein), and although increasing knowl-
edge about species distributions has led authors to periodi-
cally review and redraw Wallace’s scheme (e.g. Smith, 1983;
Cox, 2001), his remains the model largely accepted to date.

The development of computerized clustering methods,
together with the availability of global species distribution
databases, has renewed interest in assessing global biogeo-
graphical boundaries using more complex quantitative
methods, ostensibly to evaluate the reliability of Wallace’s
scheme. These studies have identified a variable number of
‘new’ zoological regions that show some similarities but also
large differences with Wallace’s geographical divisions of the
world’s fauna (see Kreft & Jetz, 2010; Proches & Ramdhani,
2012; Holt et al., 2013a). Mismatches between these results
and those of Wallace are probably caused in part by the
specific methodological procedures employed. Yet, there
may be additional, less apparent causes. In establishing the
number, extent and boundaries of zoogeographical regions,
Wallace (1876) proposed a set of principles to which
regions should conform. However, none of the recent stud-
ies have followed his tenets, which make comparisons
between Wallace and modern regionalizations highly tenta-
tive. But before revisiting Wallace’s results using modern
data and methods, it is necessary to understand the logic he
used.

First, Wallace (1876, Vol. 1, pp. 54 & 63) stated that
regions should be of a moderate number, approximately
equal in size, and with easily defined — and remembered —
boundaries corresponding as closely as possible with the
major geographical divisions of the Earth’s surface. As Wal-
lace pointed out, the availability of a fairly extensive area is
likely to have been an essential requirement for the develop-
ment of most faunas. There are many smaller areas (e.g.
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southern Europe, the Brazilian lowland rain forest or South
Africa) characterized by distinct assemblages of animals that
undoubtedly are the result of local climates, vegetation types,
geographical barriers or past geological history, but he
argued that such areas are too small, numerous and idiosyn-
cratic to encompass the broader features of animal distribu-
tions, and their idiosyncrasies are minor when compared
with the radical differences found, for example, between
tropical Africa and tropical Asia (Wallace, 1876, Vol. 1, p.
68). Second, regions should also be taxonomically distinctive,
whether by the possession of numerous unique genera or
families or by the absence of genera or families that are
abundant and widespread in adjacent regions (Wallace, 1876,
Vol. 1, p. 54). Third, the delimitation of regions should not
be based solely on the isolation of areas and the endemism
of their fauna, but also on their richness and diversity of
groups (Wallace, 1876, Vol. 1, p. 64). For example, if only
isolation and levels of endemism are considered, Madagascar
and New Zealand could be proposed as primary regions as a
result of the presence of unique families and genera of mam-
mals and birds. But he felt this was not appropriate for
defining major biogeographical regions, although he did use
endemism to define subregions (Wallace, 1876, Vol. 1, pp.
61-62 & 74-75).

Differences in dispersal abilities among animals also led
Wallace (1876, Vol. 1, pp. 56-57) to argue for the impossi-
bility of setting boundaries which best define the distribution
of one taxonomic group that would be equally true for all
other groups (also see opening quote), and he chose to con-
struct the ‘standard’ zoogeographical regions based on the
‘most appropriate group’” — mammals for him — using the
distributions of other groups only to clarify doubtful points.
Moreover, Wallace was somewhat conflicted about how to
deal with highly dispersive animals. On the one hand he
excluded bats because they are almost universally distributed,
and he thought they contained no information about the
natural divisions of the Earth (Wallace, 1876, Vol. 1, p. 64).
Migratory birds were more of a problem, and he was unclear
about how to deal with them. Referring to Palaearctic birds,
he thought that most of the genera that migrate southwards
had been year-round residents in past epochs when the tem-
perature of the Earth was warmer but are only able to main-
tain their presence in the north by migration in winter.
Under this reasoning, he concluded, they should be consid-
ered as belonging to their breeding range, i.e. the temperate
zones (Wallace, 1876, Vol. 1, p. 185). However, when dis-
cussing migration, Wallace did not accept that the breeding
place of a migratory bird represents its true home instead of
where it resides in winter, arguing that the likely reason why
migratory birds leave the warm regions to breed in temper-
ate latitudes is because they find abundant food there in
summer. Consequently, because favourable breeding areas
would be susceptible to changes of climate, he argued that
the true range of a species should comprise the area that it
occupies regularly for any part of the year (Wallace, 1876,
Vol. 1, pp. 27-28), a criterion difficult to deal with in
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Figure 1 (a) The six zoogeographical
regions as proposed by Wallace (1876)
compared with the regions generated by our
affinity-propagation protocol for (b)
mammal, (c) bird and (d) amphibian
genera. Grey areas represent cells with fewer
than five genera.

practice and likely to generate inconsistent patterns among
bird genera.

Finally, and most importantly, Wallace (1876, Vol. 1, pp.
vii—viii; 1880, p. vii) did not consider species distributions
to be appropriate for defining zoological regions. Species
were intentionally ignored in his evaluations of the geo-
graphical distributions of taxa, because he argued that their
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more recent origins would not be as clearly related to long-

term geographical change as would genera. He felt that gen-
era represent the more permanent distribution of an
‘organic type’, being more clearly influenced by biotic
changes and modifications of the physical environment
operating over deep time. Wallace was very much fixed on
defining regions based on major geological and climatic
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Figure 2 (a) The 24 subregions identified
by Wallace (1876) compared with regions
found for (b) mammal, (c) bird and (d)
amphibian species. The numerical codes in
(a) are those used by Wallace in his global
map (Wallace, 1876): NEarcTIC (1)
Californian, (2) Rocky Mountain, (3)
Alleghanian, (4) Canadian; NEOTROPICAL
(1) Chilean, (2) Brazilian, (3) Mexican, (4)
Antillean; Paraearcric (1) European, (2)
Mediterranean, (3) Siberian, (4)
Manchurian; ETHioPEAN (1) East African,
(2) West African, (3) South African, (4)
Malagasy; OrieNTAL (1) Indian, (2) Ceylon
and South Indian, (3) Himalayan or Indo-
Chinese, (4) Indo-Malayan or Malayan;
AUSTRALIAN (1) Austro-Malayan, (2)
Australian, (3) Polynesian, (4) New Zealand.

events spanning the early and mid-Cenozoic, which he felt events (e.g. the Pleistocene ice ages) and so were not useful
that generic distributions were more likely to reflect, whereas for defining major biogeographical regions. He also pointed
species distributions were largely influenced by more recent out that species can show greater geographical anomalies in
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their distribution than genera. For example, islands may
contain species that are relicts that have survived as a result
of long, continued isolation and protection from competi-
tion (Wallace, 1876, Vol. 1, p. 361). In such cases, the use
of species would lead us to define most tropical and sub-
tropical islands as zoological regions (which would also vio-
late his principle that they should be roughly comparable in
size). Wallace (1876, Vol. 1, pp. 77-78 & 451-452) illus-
trated this problem using New Zealand bird species: if we
based our classification on bird species distributions, we
might consider New Zealand as a zoological region itself.
However, when looking at its birds as a whole, most belong
to Australian genera.

Wallace’s advice about the utility of genera for defining
biogeographical regions could be problematical, because all
taxonomic ranks above species are generally considered to be
arbitrary decisions by taxonomists. This is especially relevant
to evaluating Wallace’s results in the 21st century. There
have been many taxonomic revisions of vertebrates over the
past 135 years, the outcome of which is very difficult to pre-
dict with respect to global regionalizations. For example,
non-volant mammals comprised 404 genera in Wallace
(1876), but the classification used in the TUCN mammal
range maps (see below) comprises 947. Although some of
these genera may comprise species unknown in Wallace’s
time, presumably genera were also taxonomically broader
than they are now, and this difference could affect the
regionalization scheme depending on how species have been
shuffled among the many new genera. Despite this potential
issue, Wallace’s reasons for not using species distributions
are clearly stated, and if we are going to test his scheme here
we must do so following his criteria.

In this paper we evaluate whether the world’s zoogeo-
graphical regions proposed by Wallace (1876) can be con-
firmed if his general classification criteria are followed as
closely as possible. To compare against other recent region-
alizations we had to select a quantitative clustering method,
of which there are several to choose from: none having logi-
cal priority from a biogeographical perspective. Based on
recent advances in methodology we selected an innovative
clustering analysis — affinity propagation (Frey & Dueck,
2007) — and assessed the regions for the vertebrate groups
for which global distribution maps are available (birds,
mammals and amphibians). We base our results and discus-
sion on the generic rank, although species and familial rank
regionalizations were also generated to illustrate how using
them results in schemes substantially different from what
Wallace intended even when using a standardized analytical
method. We also excluded both bats and long-distance
migratory birds; the former because he did, and the latter
because of his contradictory point of view about where they
belong geographically. Also, small islands are excluded to
meet his criterion that regions should not be too small and
driven by a few endemic genera. Finally, we utilize a cluster-
ing process referred to as adaptive affinity propagation to
compute the optimal number of clusters to define regional
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solutions that are not arbitrarily selected from a wide range
of solutions.

MATERIALS AND METHODS

Species distribution data and distance metric

Species range maps were obtained from BirdLife International
for birds (http://www.birdlife.org/datazone/info/spcdownload,
accessed June, 2011) and from the IUCN for mammals
(http://www.iucnredlist.org/initiatives/mammals/description/
download-gis-data, accessed January, 2010) and amphibians
http://www.iucnredlist.org/initiatives/amphibians/description/
download-gis-data, accessed January, 2010). The maps were
processed in ArcGIS 9.3 (ESRI, Redlands, CA, USA) to
extract species occurrences into a global grid with a 9309 km?
grain size — based on Behrmann’s projection — to generate
presence—absence matrices in which every row represents a
grid cell and every column a species. We then excluded: (1)
cells containing less than 50% of land area, so that small
islands and coastal cells are not included in further analyses;
(2) cells containing fewer than five species to reduce potential
distortions caused by having few taxa and to make the results
more directly comparable to at least some pre-existing analy-
ses (e.g. Kreft & Jetz, 2010); (3) bats; and (4) pelagic and
transcontinental migratory birds. These exclusion criteria ren-
dered a total of 13,483 cells and 7875 species for birds, 14,097
cells and 3901 species for mammals, and 8537 cells and 5829
species for amphibians. Additionally, using the taxonomies
provided in the downloaded files, we combined distributions
of all species in each genus (1861 for birds, 947 for mammals
and 504 for amphibians) and family (224 for birds, 119 for
mammals and 55 for amphibians), and presence—absence
matrices were constructed for these data.

The matrices were used to calculate pairwise distances
between pairs of cells for each animal group and taxonomic
rank. As with clustering algorithms, there are many distance
or taxonomic/phylogenetic turnover metrics to choose from,
and none can be said to be perfect from a biogeographical
perspective. We selected Hellinger distances (Rao, 1995),
which are calculated by first modifying the species presence—
absence data and then computing the Euclidean distance
among sites — or pairs of cells — based on the modified data
(see details in Legendre & Gallagher, 2001). Accordingly, if
Y = [y;] is a presence-absence matrix of size (n x p) with
grid cells (rows) i = {1...n} and species (columns) j = {1...p},

the data Y = [y;] are first transformed into Y'= [y’;] as
follows:
Yij
il = —
b J} Vit

where y;; is the sum of the occurrences per row (grid cell
richness in our case); then the Euclidean distance between
the rows (grid cells) of transformed data is identical to the
Hellinger distance between the original rows (grid cells) of
the species occurrence data:
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DHellinger (X1 y X2 ) =

where x; and x, are grid cells described by the j = {l...p}
species list, and y; and y, are occurrence values of j for the
grid cells in question. The Hellinger distance is used to avoid
both the ‘double-zero problem’, i.e. when two sites or grid
cells that have no species in common are assigned the same
distance as two sites that share species; and the ‘species-
abundance paradox’, which frequently occurs when two sites
share only a small fraction of all the species in the same
regional pool (Legendre & Legendre, 1998; Gagné & Proulx,
2009).

Clustering method and analytical procedure

We applied a machine-learning algorithm referred to as
affinity propagation (Frey & Dueck, 2007) to generate zoo-
geographical regions for each animal group and taxonomic
rank. Affinity propagation (AP hereafter) is extensively used
in bioinformatics and astrophysics and is making inroads in
ecology (e.g. Cardille & Lambois, 2009) as a more powerful
alternative to popular methods such as k-means. AP can
compress a massive data set very efficiently (i.e. with lower
error), while simultaneously identifying and retaining the
single member that best represents each group (see Frey &
Dueck, 2007, 2008).

Contrary to algorithms in which cluster centres are found
by randomly choosing an initial subset of data points, AP
takes as input measures of ‘similarities’ between pairs of
data points (cells in this case) and simultaneously considers
all the points as potential cluster centres (called ‘exemplars’
in AP terminology). AP identifies these exemplars via ‘mes-
sage passing’ between points and searches for clusters
through an iterative process until a high-quality set of ex-
emplars and corresponding clusters emerges (see Frey &
Dueck, 2007, for technical details). One important advantage
is that the number of clusters need not be specified before-
hand. Instead, AP takes as input a similarity value for each
data point so data points with greater similarities are more
likely to be chosen as exemplars. These values are referred
to as ‘preferences’. However, AP clustering has the limita-
tion that it is difficult to know the value of ‘preference’ that
yields the optimal clustering solution. To solve this, we used
a variant of the AP algorithm referred to as adaptive-AP
(Wang et al., 2007). Adaptive-AP searches for the best solu-
tion within the range of possible preference values for the
data set, from the minimum preference value (for which
one or at most two clusters would be obtained) to the max-
imum (for which as many clusters as data points would be
obtained). Thus, a series of results with different numbers
of clusters is obtained. Subsequently, the adaptive-AP algo-
rithm uses a cluster validation technique — the ‘silhouette
index’ — to evaluate the optimal clustering solution for the
data. The silhouette index reflects the compactness and sep-

2220

aration of clusters and is applicable to both the estimation
of the optimal number of clusters and evaluation of cluster-
ing quality (Rousseeuw, 1987; see also Wang et al., 2007);
the largest overall average silhouette value identifies the
highest clustering quality and the optimal number of clus-
ters.

Ideally, we would have implemented the adaptive-AP algo-
rithm beginning with the first pass through the data. How-
ever, it was computationally unfeasible to manage the large
similarity matrices generated, because the size of a similarity
matrix increases with the square of the number of items; for
example, our smallest matrix (amphibians) contained
72,897,444 pairwise distance values (i.e. 8538 x 8538). To
solve this computational limitation we devised the following
procedure. We first ran an AP analysis using the full similar-
ity matrices, i.e. based on the complete presence—absence
matrices. AP is computationally less demanding than its
adaptive version because it does not scan all possible prefer-
ence values.

For this first AP analysis we used the R package APCrus-
TER (Bodenhofer et al., 2011), setting the preference value as
the median of the pairwise similarities. This is standard
practice when all data points are equally suitable as exemp-
lars (Frey & Dueck, 2007) and results in a large number of
clusters. For example, at the generic rank we obtained 935,
1026 and 607 clusters for birds, mammals and amphibians,
respectively (see Table 1). Then, to reduce the size of the
similarity matrices, we classified each grid cell (row) of the
original presence—absence matrices according to the cluster
to which they were assigned in the first analysis and calcu-
lated the mean number of presences per cluster for each spe-
cies/genus/family (columns). For example, at the generic
rank this procedure allowed us to reduce the size of the ori-
ginal matrices, from 13,483 grid cells (rows) for birds,
14,097 for mammals and 8538 for amphibians, to new
matrices with far fewer rows (935 for birds, 1026 for mam-
mals and 607 for amphibians; see Table 1) to construct simi-
larity matrices with practical computational sizes. We then
ran adaptive-AP clustering in MaTLaB 7.0 using the code
provided by Wang et al. (2007). However, although adap-
tive-AP results in an optimal number of clusters, this does
not indicate that this solution is also the optimal minimum
number of clusters that can be obtained from the data. From
a biogeographical perspective it should also be remembered
that following Wallace we are looking for a moderate num-
ber of broad regions. Thus, we used the clusters obtained in
this second analytical run to classify every grid cell of the
original presence—absence matrices according to the cluster
to which they have been assigned in the analysis, calculated
the mean of the presences per cluster and generated a sec-
ond new matrix (and similarity matrix) on which we re-ran
adaptive-AP. We repeated this process until the silhouette
index approached, or was surprisingly equal to, 1 (Table 1),
indicating that we had obtained both the optimal regional
configurations and the optimal minimum number of
regions.
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Table 1 Number of clusters and silhouette index values (S) resulting from each run of the affinity propagation (AP) and the adaptive-
AP clustering for the three vertebrate groups (birds, mammals and amphibians) at three taxonomic ranks (species, genus and family).
Sequential adaptive-AP runs were conducted on each data set until the highest silhouette index was achieved, which in all cases save one

was the maximum possible value (= 1).

Run 1 Run 2 Run 3 Run 4 Run 5
AP Adaptive-AP Adaptive-AP Adaptive-AP Adaptive-AP
BIRDS
Species 1017 31 (S=10.22) 13 (S = 0.34) 13(S=1)
Genus 935 11 (S = 0.26) 8 (S = 0.69) 8(S=1)
Family 802 7 (§=0.23) 5 (S =0.58) 5(8=1)
MAMMALS
Species 1123 66 (S = 0.19) 25 (S =0.29) 21 (S = 0.80) 21 (S=1)
Genus 1026 10 (S = 0.23) 8 (§=0.76) 8(S=1)
Family 793 8 (§=0.26) 5 (S =0.53) 5(8=1)
AMPHIBIANS
Species 790 70 (S = 0.18) 15 (S = 0.15) 15(5=1)
Genus 607 6 (S=0.28) 6(S=1)
Family 214 2(S=042)
RESULTS the Great Indian Desert, clearly due to genera associated with

The optimal regions using modern genera (eight for mam-
mals and birds and six for amphibians; Table 1) largely coin-
cide with the six zoogeographical regions and boundaries
proposed by Wallace (1876) (Fig. 1). As expected, clustering
at the species rank yields many more minimum regions (21
for mammals, 13 for birds and 15 for amphibians; Table 1),
many of which appear to largely reflect variation in contem-
porary climate and vegetation types that define subregions
rather than regions as defined by Wallace (Fig. 2), whereas
the familial rank results in a small number of regions (five
for mammals and birds and two for amphibians), generally
quite broad, with boundaries that probably reflect evolution-
ary processes at a range of very deep geological times (see
Appendix S1). We present the familial rank results for com-
pleteness, but given that neither Wallace nor anyone else has
advocated using them to define biogeographical regions we
do not consider them further.

DISCUSSION

The six regions found for amphibian genera were strikingly
similar to Wallace’s if we do not consider areas where most
or all genera have been extirpated by Pleistocene and Holo-
cene climates, whereas for mammals and birds we obtained a
few new regions (Fig. 1b,c). In the New World, the Nearctic
is split in two and a ‘subarctic’ region appears for birds,
whereas for both mammals and birds, temperate South
America separates from the tropical zone forming an ‘austral’
region; we do not define these formally using capitalizations
for reasons we will come to shortly. But both the subarctic
and austral regions closely resemble subregions defined by
Wallace (Fig. 2a), the Canadian and Chilean. In the Old
World, a new region emerges for mammals, extending from
the Sahara and Arabian deserts across Iran and Pakistan to
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arid conditions (Fig. 1b) and somewhat similar to Wallace’s
Mediterranean subregion of the Palaearctic, although Wal-
lace’s subregion is circum-Mediterranean (Fig. 2a). It is also
very similar to the proposed ‘Saharo-Arabian Realm’ of Holt
et al. (2013a), formalized after they clustered phylogenetic
turnover of amphibian, bird and mammal species together.

It is noteworthy that, setting aside the new ‘regions’ found
for mammals and birds, the major boundaries largely match
across the three taxonomic groups and are close to those
proposed by Wallace. There are, however, some differences.
For example, the northern Ethiopian (now Afrotropics)
boundary is located farther south, excluding the southern
Arabian Peninsula, whereas the Palaearctic—Oriental bound-
ary across China is extended farther north (Fig. 1). Wallace
(1876, Vol. 1, p. 180; 1880, p. 39) explained the difficulty in
accurately defining southern Palaearctic boundaries because
these often represented regions less well known at that time.
Accepting the impossibility of placing the boundaries accu-
rately, he drew the southern Palaearctic borders arbitrarily,
considering the Tropic of Cancer as the Palaearctic—Ethio-
pian boundary and setting the Palaearctic—Oriental boundary
in eastern China slightly to the south of Shanghai on the
coast. However, more recent taxonomically based studies
(Zhang, 1979; Zhang et al., 1989; Zhang & Chen, 1997) have
moved the Oriental boundary in China farther north than
did Wallace, more in line with the Palaearctic—Oriental
boundary shown in our maps. Also, in our results, Wallace’s
Line is shifted, placing Sulawesi in the Oriental Region
instead of the Australian. Again, Wallace (1876, Vol. 1, p.
387; 1880, pp. 421-434) was unsure where to locate the
boundary between the Australian and Oriental regions
owing to the strong faunal relationships of the island of
Sulawesi with both Asia and Australia. In the end he
included Sulawesi in the Australian Region, although he
pointed out that it could almost as easily belong to the
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Oriental. This uncertainty about where to draw the line has
continued, with the exact location of Wallace’s Line attract-
ing a great deal of discussion (e.g. Mayr, 1944; Simpson,
1977; Vane-Wright, 1991; Cox, 2001; Esselstyn et al., 2010).
This is outside the brief of this paper.

Interestingly, for mammals the Palaearctic extends into the
northern part of the Western Hemisphere (Fig. 1b), similar
to the results of Kreft & Jetz (2010) for mammal families and
Holt et al. (2013a) using phylogenetic turnover of species.
More unusual is the inclusion of Madagascar within the
Oriental region (Fig. 1b). Kreft & Jetz (2010) also found
Madagascar oddly grouped, but with Australia in their case.
They and Cox (2010) argued that this result is not due to the
existence of a deep linkage between both areas, but rather to
the fact that Australia and Madagascar are very different from
the other regions, each having a high level of endemism at
higher taxonomic ranks. This is true, and biogeographers
have offered alternative explanations for why Madagascar is
difficult to classify biogeographically. Wallace (1880, pp. 384—
420) described the anomalies in the distributions of mammals
in Madagascar and its links with Asia, arguing that the com-
plexity of Madagascar may be because the fauna is derived
from two distinct sources: from the African continent
through a direct land connection before the greater part of its
existing fauna had reached Africa (in the Eocene or Late Cre-
taceous), and from Asia by means of intervening large islands,
now submerged, that connected north-eastern Madagascar
with India. Recent studies (e.g. Voelker & Outlaw, 2008, and
references therein) have explained current lineage distribu-
tions in Madagascar based on two similar suppositions: the
so-named Lemurian stepping-stones (Eocene—Oligocene
islands or land bridges), which connected India and Sri Lanka
to Madagascar via the Seychelles; and vicariance events post-
dating the breakup of Gondwana. Recently, Parenti & Ebach
(2010, 2013a; but see also de Bruyn et al., 2013; Parenti &
Ebach, 2013b) provided an explanation based on comparative
biogeography, suggesting that Madagascar is a composite of
two old biogeographical subregions — the Indo-Malayan and
Pandora — that were joined in the early Oligocene (30 Ma).
Madagascan freshwater fishes seem to reflect this paradoxical
distribution (Sparks & Smith, 2004).

In sum, it appears that the somewhat minor differences
we obtained from Wallace, including the positions of the
boundaries of the Palaearctic—Afrotropics, Palaearctic—Orien-
tal and Oriental-Australian regions, as well as the placement
of Madagascar, were anticipated and discussed by him.

In general, and according to Wallace (1876), both Mada-
gascar and the new regions found for mammals and birds
should probably be considered subregions belonging to the
broader regions which they are embedded within or adjacent
to, because even if they have unique genera, they are too
small or species poor (especially in the latter cases) to be con-
sidered zoological regions as such. It can be argued that the
Saharo-Arabian Realm (sensu Holt et al., 2013a) found for
mammals is large enough to form a distinct region, but an
alternative interpretation is that it is more a shifting transi-
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tion zone between the Ethiopian, Palaearctic and Oriental
regions than a distinct region with many unique groups.
Wallace (1876, Vol. 1, p. 70) was well aware of the issues
related to the Old Word deserts, claiming that although this
expansive area, extending from the Atlantic shores of the
Sahara across Arabia to Central Asia, contains a number of
desert taxa largely or entirely restricted to it, any attempt to
define it as a separate region would introduce confusion. He
argued that it is not possible to place geographically or zoo-
logically defined limits to this region, probably because its
climate has been unstable over recent time in comparison to
the great masses of land with more or less well-defined geo-
graphical barriers that constitute the major regions. He rea-
soned that the main regions had retained considerable
geological and climatic stability over a sufficient period of
time to allow the development and co-adaptations of faunal
assemblages. This instability would also account for why he
could not place the Palaearctic—Ethiopian boundary with con-
fidence. It is now known that the border of the Sahara and
Sahel has repeatedly shifted southwards and northwards
(Foley et al., 2003) and that in some periods (e.g. the early
Holocene), the Sahara was replaced entirely by wooded
savanna in which giraffe, hippopotamus, elephant and bovids
were abundant (de Vivo & Carmignotto, 2004). Thus, as
Wallace argued, there is considerable evidence that this area
does not have the distinctiveness in its fauna that other, larger
regions have and should not be considered as being equiva-
lent to them. Indeed, only 12 of the 128 genera found there
are endemic, most of them having narrow ranges and belong-
ing to a few families (e.g. Muridae, Bovidae) or orders (e.g.
Rodentia). This also holds for the division of the Nearctic
into two regions for birds and mammals. The fauna of Can-
ada is the product of repeated recolonizations following the
major glaciations of the Pleistocene (see Dyke et al., 2003, for
maps of ice coverage in North America for several of the
more recent glaciations), with little or no unique, uninter-
rupted biogeographical signal dating from the Palaecogene or
earlier. Thus, it seems to make little sense to consider this
constantly re-mixed fauna, lacking any in situ diversification
at the generic rank, to be equivalent to the centres of evolu-
tion associated with the major biogeographical regions. And
because a substantial portion of Canada’s mammalian fauna
is derived from groups migrating into North America from
East Asia during the late Cenozoic (e.g. Morales-Castilla
et al., 2012), it is not surprising that it sometimes clusters
with the Palaearctic. Finally, the austral region (Chilean sub-
region of Wallace), which is sometimes distinguished from
the rest of the Neotropics (see Morrone, 2002), is relatively
small, depauparate and lacks any obvious geographical bar-
rier, and probably largely appears due to the sharp climatic
gradient from tropical to temperate latitudes that currently
exists and which partitions the fauna into lowland tropical
and cold-adapted groups. Wallace clearly realized that south-
ern South America differed from the rest of the continent
(Wallace, 1876, Vol. 2, pp. 36-48), but he did not consider
these differences sufficient to merit regional status.
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As argued by Wallace (1876), results at the species rank,
with variable numbers of regions and boundaries, indicate
that regions derived from species distributions are to some
extent dependent on smaller-scale and shorter-term environ-
mental factors — contemporary climate and vegetation type —
constraining the distributions of low-rank taxa. Previous
results at the continental scale have also demonstrated that
biogeographical units for vertebrate groups based on species
are partly determined by climate and habitat (Heikinheimo
et al., 2007; Rueda et al., 2010), which also suggests linkages
between biological traits and patterns of regionalization at
finer spatial and taxonomic scales. For example, limited dis-
persal ability and ectothermy probably make amphibians
more susceptible to climatic conditions and generate more
localized clusters of species than for birds or mammals (Rue-
da et al, 2010). Thus, regionalization patterns obtained at
the species rank are too dependent on the taxonomic group,
rendering many small regions, and should not be used to
assess Wallace’s scheme, although this rank possesses the
highest conservation value (Whittaker et al., 2005).

Using modern analytical techniques and our current
knowledge of distributions and generic concepts, we have
shown that when Wallace’s principles are followed it is possi-
ble to obtain a map of zoological regions quite similar to the
map he generated more than a century ago. Thus, mis-
matches between the recent ‘updates’ and Wallace’s scheme
are not necessarily wholly due to the use of modern analyti-
cal techniques per se but also reflect that they have not used
the same criteria for classification. Hence, Holt et al.
(2013a), for example, identified a total of 20 regions nested
within 11 large realms. However, their classification was
based on species-level distributions and, in the final classifi-
cation scheme, combined three vertebrate groups. Moreover,
they included in their zoogeographical map new realms such
as Madagascan, Sino-Japanese and Panamanian, which under
Wallace’s classification criteria are too small to be considered
regions and purposefully compound influences on the distri-
bution of taxa operating over relatively recent time-scales
with those operating over deeper time. Proches & Ramdhani
(2012) used generic-level distributions but ecoregions as the
geographical units, which are somewhat coarse and ensure
that the outcome will include ecological (vegetation types)
effects. They obtained 11 regions and again provide as an
update of Wallace’s scheme new island regions too small to
be considered as such by Wallace, including the Madagascan,
Wallacean, Caribbean and New Guinean regions. Finally,
Kreft & Jetz (2010) compared species, generic and familial
rank data for mammals, mapping both volant and non-
volant species. However, they only mapped the first 12
groups obtained by their UPGMA (unweighted pair-group
method using arithmetic averages) clustering procedure, and
although they provide an optimal number of clusters for the
multi-rank data, they did not map the optimal generic rank
patterns, so direct comparison with Wallace’s scheme is not
possible. In any case, their final map shows 30 regions gener-
ated at the species level, greatly differing in size — from tiny
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New Caledonia to the expansive Euro-Siberian region — that
are nested in six major realms where North Africa, the
Sahara, the Arabian Peninsula and the Middle East are parts
of the Afrotropics but from which Madagascar is excluded.

All of the regions generated by the recent spate of analyses
are spatially cohesive and computationally accurate, and is
not our intention to criticize them. In fact, they provide
good examples of some of the issues involved with attempt-
ing global regionalizations, showing how results depend on
the unit of analysis (e.g. ecoregions versus regular grids), the
taxonomic rank, the distance metric (beta diversity versus
phylogenetic beta diversity) and/or the clustering method
(see also Holt et al., 2013b; Kreft & Jetz, 2013). However, in
view of our results they should not be considered updates of
Wallace’s zoological regions, as they are not tests of his
scheme at all. Rather, they are original schemes that seem to
have little to do with what Wallace was trying to achieve
when he divided the world into biogeographical regions.

So, what was Wallace trying to achieve? He later defined
zoological regions as ‘those primary divisions of the earth’s
surface of approximately continental extent, which are char-
acterized by distinct assemblages of animal types’ (Wallace,
1894, p. 613), and he considered them useful for facilitating
the study of the existing geographical distributions of ani-
mals as a consequence of evolution by common descent and
the geological history of the Earth. As time passes new chal-
lenges arise, and the current aims of global regionalization of
vertebrates often have more to do with conservation plan-
ning than with evolution or history. In regionalizations with
the former goal, many or most of Wallace’s tenets may not
be relevant, and workers can use any method they feel
appropriate to the question. But when the goal of a new
analysis is to generate ‘biogeographical regions’ sensu Wal-
lace, we should perhaps be more circumspect in claiming
that each new classification scheme generated via a new
methodology or turnover metric is an updated version of his
scheme. There are at least two reasons for this: first, none of
the computer-based approaches have followed Wallace’s cri-
teria, and second, even when using state-of-the-art analytical
techniques and greatly modified animal classification systems,
we find that when identifying global zoological regions the
principles devised by Wallace more than 135 years ago can
lead to virtually the same patterns today.

We close by turning the above question towards ourselves.
What are we trying to achieve by repeatedly revisiting the
issue of global regionalization from a biogeographical per-
spective? Clearly, it is perceived to be an important issue by
biogeographers, but what are we doing when we rely on
computers to answer the question? Wallace had relatively
limited taxonomic and distributional information and the
most basic analytical tools, whereas we can download range
maps, select among metrics to generate matrices of ‘distance’
or ‘turnover’ and feed this grist into the mill of computer-
ized clustering methods. The outcome of this approach is
becoming clear: every methodological decision we make gen-
erates one or more possible schemes. Are these really
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improvements on Wallace’s classification? He utilized keen
evolutionary and geological insights based on both extant
and extinct groups [the latter being an important source of
information missing from all computer-based analyses] to
generate a global map. It is possible to very nearly reproduce
his map using a clustering algorithm and excluding fossils,
but we could also change the taxa, the distance metric or the
clustering method and generate a range of scenarios. Would
these variations give us any insights into the underlying bio-
geography or just generate more confusion? Perhaps deepen-
ing our understanding of biogeographical regions does not
lie in a computer algorithm but requires information on
biology, evolution and the history of the Earth; that is, the
use of standard biogeographical methods. Even if true, it
seems evident that Wallace had the ability to devise a scheme
that can be recovered by a computer algorithm more than a
century later. This strikes us as being remarkable.
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