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ABSTRACT

Aim Maps of species ranges are among the most frequently used distribution
data in biodiversity studies. As with any biological data, range maps have some
level of measurement error, but this error is rarely quantified. We assessed the
error associated with amphibian range maps by comparing them with point
locality data.

Location Global.

Methods The maps published by the Global Amphibian Assessment were
assessed against two data sets of species point localities: the Global Biodiversity
Information Facility (GBIF), and a refined data set including recently
published, high-quality presence data from both GBIF and other sources.
Range fit was measured as the proportion of presence records falling within
the range polygon(s) for each species.

Results Using the high-quality point data provided better fit measures than
using the raw GBIF data. Range fit was highly variable among continents, being
highest for North American and European species (a fit of 84-94%), and
lowest for Asian and South American species (a fit of 57-64%). At the global
scale, 95% of amphibian point records were inside the ranges published in
maps, or within 31 km of the range edge. However, differences among conti-
nents were striking, and more points were found far from range edges for
South American and Asian species.

Main conclusions The Global Amphibian Assessment range maps represent
the known distribution of most amphibians well; this study provides measures
of accuracy that can be useful for future research using amphibian maps as
baseline data. Nevertheless, there is a need for greater investment in the contin-
uous updating and improvement of maps, particularly in the megadiverse areas
of tropical Asia and South America.
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INTRODUCTION

et al., 2011; Sandel et al., 2011; Hof et al., 2012; Ficetola et al.,
2013). Direct field sampling over very large spatial scales is

In recent years, a growing number of studies have investigated
patterns of biodiversity at broad spatial scales. These studies
are helping us to understand the factors determining species
distribution, richness and abundance, thus providing the
information needed to set up conservation strategies (Grenyer
et al., 2006; Finer et al., 2008; Lawler et al., 2010; Rondinini
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rarely feasible, as it would require significant resources and
time. Broad-scale biodiversity analyses must therefore rely on
a variety of species distribution data, ranging from point
locality data obtained from databases, faunistic atlases,
geographical range maps and species distribution models.
Unfortunately, our knowledge of biodiversity distribution is
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far from complete, and we have a limited knowledge of actual
species distribution even for the best-studied taxa (Lomolino,
2004; Mokany & Ferrier, 2011; Ficetola et al., 2013).

The quality of broad-scale biodiversity analyses and their
usefulness for conservation purposes is strongly related to
the data on which analyses are based, but any biological data
have some level of measurement error. Among species distri-
bution data, errors are routinely quantified for some data
types (species distribution models) but not for others (point
localities, geographical range maps) (Rondinini et al., 2006;
Rocchini et al.,, 2011). Geographical range maps encompass
the broad areas where a species is thought to be found, and
assume the species’ presence inside the range and absence out-
side. Even with this assumption, tests are needed to estimate
the reliability of the range edge (Gaston, 2003; Rocchini et al.,
2011). In the real world, the range edge is not always a hard
boundary, except when it is represented by a physical barrier,
e.g. the coastline for terrestrial species. With soft boundaries,
populations at range margins can be sinks that experience
extinction—recolonization dynamics and can be at lower
densities than core populations (Gaston, 2003; Kanda et al.,
2009). This is the case, for example, with valleys for species
living on mountain tops, or savanna for forest species, or with
boundaries defined by more complex biotic interactions (e.g.
competition or predation). The latter case may include the
range edge of many species that live in major forest basins
(Amazon and Congo) but do not occupy the basin entirely
(Gaston, 2003; Naka et al., 2012). As a consequence, true
range boundaries often move over time and are difficult to
assess (Gaston, 2003; Thomas, 2010). Range margins are
therefore expected to be more accurately detected in regions
with high sampling intensity, rather than regions where
species knowledge is poor (one of the facets of the Wallacean
shortfall, i.e. the uneven knowledge on species distribution
across space) (Lomolino, 2004; Rocchini et al., 2011).

The maps of amphibian species ranges, originally published
by the Global Amphibian Assessment (GAA) in 2004 and
housed in the IUCN Red List of Threatened Species (available
at: http://www.iucnredlist.org/), are now a milestone for stud-
ies of amphibian ecology and conservation. They are the only
maps of amphibian distribution available at the global scale,
are routinely considered the most authoritative resource for
large-scale amphibian distributions, and are used in an
increasing number of studies on amphibian biogeography,
ecology, evolution and conservation, as well as in bioclimatic
species distribution models (e.g. Cooper et al., 2008; Finer
et al., 2008; van Wilgen et al., 2009; Lawler et al., 2010;
Becker & Zamudio, 2011; Sandel et al., 2011; Hof et al.,
2012), including analyses performed on fine spatial scales (e.g.
Finer et al., 2008; van Wilgen et al., 2009; Becker & Zamudio,
2011). The maps may be affected by multiple sources of error,
such as incomplete information on some species or in some
areas, limited spatial resolution, and errors when digitizing
the distribution ranges, which may influence the output of
analyses based on these maps (Hurlbert & Jetz, 2007; Foody,
2011; Rocchini et al.,, 2011; Canti-Salazar & Gaston, 2013).
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Determining the level of accuracy across the spatial database
can improve the use of I[UCN amphibian data in ecology,
conservation and evolutionary biology, and allows a better
understanding of the strengths and limitations of analyses
based on these maps (Hurlbert & Jetz, 2007; Rocchini et al,
2011). It can also highlight those areas that may need greater
investment in field surveys and data collation.

The aim of this study was to quantify the error associated
with the edges of the range maps (hereafter referred to as
‘amphibian ranges’). The quality of the data mostly depends
on expert knowledge, distribution of surveyor effort and
access to the field data, compared to the number of species
to be mapped. Recent analyses showed strong geographical
bias of terrestrial ecological observations, with a concentra-
tion of studies in rich continents with limited biodiversity
(Europe and North America), while fewer studies have been
performed in areas with high biodiversity but limited or
more recent economic growth (particularly Africa and South
America) (Martin et al., 2012). Analogous geographical pat-
terns are observed in the global distribution of amphibian
taxonomists (Rodrigues et al., 2010). We therefore predicted
that the errors associated with the amphibian range maps
parallel the global pattern of ecological observations, with
smaller errors in the continents that have received more
studies, compared to their biodiversity.

To achieve our goal, we compared the amphibian range
maps with presence records of amphibian species obtained
from the Global Biodiversity Information Facility (GBIF) and
some of the recent primary literature. We assessed the fit
between amphibian ranges and point locality data through
two data sets: a very comprehensive but unverified point
locality data set, comprising distribution records for the
majority of species; and a smaller data set, considering only
recent distribution records that are likely to be accurate. To
this end, we defined ‘range fit’ as the proportion of presence
records that can be found within the amphibian range poly-
gon(s) for each species. As uncertainty may also be present
in the validation data (i.e. point localities), we also tested
how the quality of validation data may affect the validation
process. Furthermore, we provide explicit measures of spatial
accuracy of ranges by identifying confidence bands that may
allow us to reduce the risk of omitting unmapped popula-
tions from analyses. The results of our study provide insights
into the nature of maps and GBIF data, but also identify pri-
orities for future research/work.

MATERIALS AND METHODS

Range maps

The first comprehensive conservation assessment of all
amphibian species was completed in 2004 through the GAA
(Stuart et al., 2004; Chanson et al., 2008a) following the
taxonomy of the Amphibian Species of the World (Frost,
2004), and produced maps for all of those species, with a few
(approximately 100) exceptions, primarily due to uncertain
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geographical provenance and/or taxonomic uncertainty (Stu-
art ef al., 2008). Initial ranges were represented as polygons
in spatial data files; for several species, polygons were drawn
to encompass known point localities (Stuart et al., 2008;
N. Cox, IUCN Global Species Programme, pers. comm., Jan-
uary 2012). The regional coordinators in charge of initially
developing local assessments drew these polygons either in
the Species Information System Data Entry Module tool, a
relatively simple program developed for assessment purposes,
or using other spatial data software. The integration of
expert assessment and workshops within a geographical data
framework provides an excellent baseline for conservation
evaluations (Sanderson et al, 2002). Hard copies of these
initial ranges were thus reviewed in GAA workshops by
experts and modified by hand, with changes later incorpo-
rated into vector polygons (shapefiles). After the workshops,
polygons were clipped to coastlines, and sometimes polygons
were also clipped to rivers or elevational contours, although
there was variation in the consistency with which this was
done (Stuart et al, 2008; N. Cox, pers. comm., January
2012). Of the 33 geographical units that were identified by
the GAA coordinating team (e.g. Africa, Borneo, Caribbean,
North America, etc., see Stuart et al., 2008), the only region
that was mapped using political boundaries was North
America, where maps were developed by addition of the
county limits where species were present (maps originated
from the Amphibian Research and Monitoring Initiative,
ARMI; Muths et al., 2006; S. Stuart, [UCN Species Survival
Commission, pers. comm., 2012). This could have occurred
because US herpetological atlases usually use county limits as
their spatial sampling units, in contrast with other areas of
the world (e.g. Europe uses UTM squares). In general,
greater attention was paid when mapping species with
restricted ranges because they were of greater conservation
concern. If possible, ranges were not extrapolated beyond
known limits, even when wider ranges were considered likely.
However, this was not the case for some areas; for instance,
records existing on either side of the Congo Basin were taken
to indicate that a species was present within the largely unex-
plored centre of the basin (N. Cox, pers. comm., 2012).
Polygons were fragmented or adjusted for large areas of
obviously unsuitable habitat (S. Stuart, pers. comm., 2012),
but there was variation in the consistency with which this
was applied owing to ambiguities in the IUCN guidelines at
the time (N. Cox, pers. comm., 2012). Since 2004, smaller
updates (primarily the addition of new species and a few
reassessments) have been undertaken, but there has been no
subsequent reassessment of the entire amphibian data set.
We used version 2010.4 of the amphibian range maps,
downloaded as vector polygons (shapefiles) from the ITUCN
Red List website (IUCN, 2010).

Presence records
We assessed the correspondence between the amphibian

range maps and two sets of presence records: a very large
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data set, covering a good proportion of described amphibi-
ans but which may include inaccurate localities (‘whole GBIF
data’), and a smaller data set, in which we tried to minimize
the number of inaccurate localities (‘high-quality data’).

Whole GBIF data

The Global Biodiversity Information Facility (GBIF, http://
www.gbif.org/) is a data portal established in 2001 to allow
free and open access to biodiversity data. It is an amalgama-
tion of non-validated organismal presence data gathered
from a variety of sources. It currently holds more than
390,000,000 species distribution records across the globe;
approximately half of the point localities originated from
museum records and the rest from field studies (Edwards,
2004; Boitani et al., 2011). The GBIF database also includes
data from faunistic atlases of some European countries (e.g.
Spain, Portugal). A list of current Red List amphibian taxon-
omy following Amphibian Species of the World (Frost, 2011)
and primary common names was sent to GBIF, who
matched the taxonomy used in the Red List with their own
records and kindly provided us with all species records for
which coordinates were available (n = 4507 species from all
continents except Antarctica).

High-quality data

We obtained high-quality, georeferenced presence records
through two main sources: the GBIF portal and the recent
papers reporting accurate geographical localities (mostly
from the journal Check List). Check List is a peer-reviewed,
online international journal publishing lists of species and
notes on the geographical distribution of any taxon. Papers
are authored primarily by taxonomists; therefore, we expect
a minimum rate of misidentification, although even taxono-
mists may have difficulties with cryptic species. We inspected
all issues of the journal, from the beginning of publication
(2005) to June 2011 (23 issues). Museum records digitized in
GBIF are often old; older records are more likely to contain
a higher proportion of positional and taxonomic errors than
more recent data (Boitani et al., 2011); we therefore consid-
ered only GBIF point localities collected between 1990 and
2011 for which the reported coordinate precision is 1000 m
or finer. These parameters are expected to remove a large
amount of inaccurate information. All data were visually
inspected for any apparent discrepancies, and duplicate pres-
ence records from the same locality were omitted. We also
removed all dubious records (e.g. records that probably came
from sister species or from recently subdivided species) and
all localities where the species is non-native (following Kraus,
2009); 0.7% of records were removed because they were
dubious or non-native. Data from recent publications and
GBIF were merged for analyses into a single data set (‘high-
quality data’) which included 423 species from all continents.
Ninety-three per cent of ‘high-quality’ data points were
from GBIF, and there is therefore some overlap between the
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‘high-quality’ and the ‘whole GBIF data. Despite some of
the ‘high-quality’ data being included within the ‘whole
GBIF data set, the two data sets represent substantially dif-
ferent information, as only 5% of the ‘whole GBIF data have
been included in the ‘high-quality’ data set.

Analyses

We assigned each species to the continent that included the
centroid of the species’ range, considering six continents:
Europe, North and Central America (from Panama north-
wards), South America, Africa, Asia and Oceania (including
Papua New Guinea, New Zealand and Australia). The divi-
sion of continents reflected previous global analyses of
amphibian expertise (Rodrigues et al., 2010). We mapped
species ranges using an equal-area Mollweide projection in
order to calculate their areas. A spatial intersection analysis,
using both amphibian ranges and the extracted point data,
was carried out for every species to determine the number of
records falling within the range polygon. This procedure was
repeated for both the ‘whole GBIF’ and the ‘high-quality’
data sets and was done in a batch process using Python and
GRASS scripts to automate tasks (see Appendix S1 in Sup-
porting Information). The proportion of records falling
within the amphibian range maps was then calculated for
each species. For the ‘high-quality’ data set, we also calcu-
lated the Euclidean distance between each point outside the
species range and the polygon’s closest edge. We assigned a
distance of 0 km to points within the range boundary.

The distances of ‘high-quality’ presence points from the
boundary of the range of each species were then used to cal-
culate the minimum distances needed to include 70%, 80%,
90% or 95% of presence records for any given species. This
allowed us to identify ‘confidence bands’ of species ranges
(considering both points inside the species range, and those
outside the range within a given distance from the bound-
ary). These bands are intended as a further measure of the
degree of spatial accuracy of ranges.

Our analyses focused primarily on the extent to which
range maps do not include the extant populations (omission
error). We also used the a-hull methodology (Burgman &
Fox, 2003) to explore the extent to which range maps could
over-represent these populations (i.e. commission error) —
for instance, because areas within the range are actually not
occupied (Appendix S2).

We used generalized linear models (GLM) to analyse
factors determining the variation of range fit, considering
continent and range size as independent variables. We used
weighted least squares, by weighing each species depending
on the number of records found. Because of overdispersion,
we assumed a quasi-binomial error distribution and used an
F-test to assess significance (Crawley, 2007). We used mixed
models to analyse the variation of the distance of records
from species boundaries, considering continent as fixed
factor and species identity as random effect. Furthermore,
all models included range area as a covariate. We then
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performed Tukey’s all-pair comparisons to assess the signifi-
cance of differences between pairs of continents within the
GLM and mixed-model frameworks (Bretz et al., 2011).

We used the data published by Martin et al. (2012) as a
measure of geographical distribution of ecological observa-
tions. These data are the geographical location of all field
studies published in major ecological journals during the
period 2004-2009. For each continent, we calculated the
availability of ecological information, corrected for biodiver-
sity, as the ratio of the number of ecological observation
studies to the number of amphibian species. We used the
ratio between the number of studies and the number of spe-
cies instead of using the raw number of studies in order to
take into account strong geographical differences in amphib-
ian species richness. According to these data, Europe is the
continent subject to the largest number of ecological studies,
taking into account its biodiversity, followed by North
America, Oceania, Asia, Africa and South America (see Mar-
tin ef al., 2012). We then calculated Spearman’s correlation
between the availability of ecological information and the
measures of quality of amphibian range maps (i.e. average
range fit measured using both the ‘whole GBIF and the
‘high-quality’ data; average distance from presence records to
range edge).

We performed geographical analyses using Grass GIs 6.4
(GRASS Development Team, 2008), ARcGIS 9.2 and ArcGIS
10.0 (ESRI, Redlands, CA, USA, 2006, 2010). We performed
statistical analyses in the R 2.12 environment (R Develop-
ment Core Team, 2010) using the packages LME4 (Bates &
Maechler, 2010) and murtcomp (Hothorn et al., 2008; Bretz
et al., 2011).

RESULTS

Analysis of range fit with the whole GBIF data

Overall, GBIF was the source for 206,156 presence points
from 4507 amphibian species for which there are published
range shapefiles in the IUCN Red List of Threatened Species
(Table 1). Our data set therefore included 65% of about
7000 described amphibians (AmphibiaWeb, 2013). South
America had the greatest number of species in our data set;
Europe had the fewest species but the largest number of
presence records. On average, 73.8% of validation records
were within the species’ ranges. Range fit was highest for spe-
cies with large geographical ranges (F;4500 = 2594.34,
P < 0.0001). Furthermore, when taking into account differ-
ences in range size, the range fit was significantly different
among continents (Fs 4500 = 203.8, P < 0.0001). Europe had
the highest range fit, followed by North/Central America and
Oceania. Africa, Asia and South America had the lowest
range fit (Table 1). Range fit was significantly correlated with
measure of availability of ecological information published
by Martin et al. (2012) (rs = 0.94, P = 0.005). Range fit
differed significantly between all pairs of continents, except
between South America and Asia, which showed similar
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Table 1 Fit of amphibian range maps across continents.

Assessing amphibian range maps

All GBIF data

High-quality data

Continent No. of species  No. of records % within the range* No. of species  No. of records % within the range*
Europe 56 79,737 92.6 16 8326 94.4
North/Central America 795 59,279 75.8 116 1011 84.3
South America 1678 18,123 33.6 86 431 57.4
Africa 715 7331 44.5 90 223 77.6
Asia 839 13,296 38.1 65 674 63.7
Oceania 424 28,390 67.3 50 212 69.2

*Weighted average across species.

proportions (post hoc comparison between Asia and South
America, P = 0.95; all other post hoc pairwise comparisons,
P < 0.005). Continent and range size explained a substantial
proportion of variation (R*p = 0.60).

Analysis of range fit with high-quality data

We obtained 10,877 high-quality point localities for 423 spe-
cies. North America had the largest number of species in this
data set; Europe had the fewest species but the largest num-
ber of presence records (Table 1, Appendix S3). The high-
quality data set showed better performance than the whole
GBIF data set, with a consistently higher range fit. Neverthe-
less, the pattern of variation among continents was similar in
the two data sets (Table 1).

Despite the fact that, for several species, a number of
records were outside the species’ range, validation points were
generally coherent with ranges (see, for example, Fig. 1). On
average, 89% of records were within the species’ ranges. Range
fit was positively related to the size of geographical ranges
(Fi416 = 29.9, P <0.0001). When taking into account the
effect of range size, fit was significantly different among conti-
nents (Fs 416 = 29.3, P < 0.0001). Europe and North America
had the highest proportion of records within the range, fol-
lowed by Africa and Oceania. Range fit was lowest in Asia and
South America (Table 1). European, North American and
Oceanian species showed similarly high range fit (post hoc, all
P-values > 0.2). European species showed higher range fit
than South American, African and Asian species (post hoc, all
P-values < 0.01). North American and Oceanian species
showed higher range fit than South American and Asian (all
P-values < 0.03), and no differences in range fit from African
species (P > 0.19). No significant differences were detected
between Africa, Asia and South America (all P-values > 0.16).
Continent and range size explained 39% of variation. Range fit
was significantly correlated with the availability of ecological
information (rg = 0.83, P = 0.043).

The number of points falling outside the range was
strongly correlated with the overall number of records for
that species (Pearson’s correlation on log-transformed data:
r=0.54, n =423, P <0.0001). In 55% of species, none of
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the validation points fell outside the range, but all these spe-
cies had a limited number of localities (57 or fewer).

Analysis of distances

There was a negative relationship between the average dis-
tance of presence records from the range boundary and
range size (Fj416 = 47.3, P <0.0001), indicating that the
most distant points were associated with species with small
ranges. Furthermore, the distance of high-quality presence
records from species boundaries was significantly different
among continents (mixed model, Fs 44 = 11.7, P < 0.0001),
South America being the continent with the highest distances
(Table 2, Fig. 2). Distances to range edges were significantly
higher for South American species than for species on other
continents (post-hoc, all P-values < 0.001). The distances of
African and Asian species from range edges were higher than
those of North American species (both P < 0.05). The other
differences were not significant (all P-values > 0.2). The dis-
tances of point locality data to species’ range edges were neg-
atively correlated with the availability of ecological
information (rs = —0.83, P = 0.043). Overall, the average
distance of high-quality records from range boundaries was
strongly correlated with range fit (Spearman’s correlation:
rs = —0.939, n = 423, P < 0.0001), suggesting that range fit
and distance from the boundary provide congruent measures
of the robustness of maps.

Ninety-five per cent of all GBIF and Check List records
were either within the range or within 31 km of the species’
range border, i.e. 31 km was the confidence band including
95% of all records at the global scale. Similarly, 90% were
either within the range or within 2 km (Table 2). A very
small proportion (0.15%) were in the range 500-1108 km.
These few very distant points were from South America
(63%), Oceania (25%), Africa and Asia (6% each); all the
distant points represent species in the order Anura (frogs
and toads). Nevertheless, differences among continents were
strong (Table 2, Fig. 2). For European species, a 2-km confi-
dence band included 95% of points. By contrast, for South
American species a 123-km band was required to include
80% of points (Table 2).
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(a) Bufo bufo

Py -~

Figure 1 Validation points for amphibian
species from different continents and with
ranges of different area. (a) Bufo bufo,
Europe: range area 10,500,000 km?; (b)
Leptodactylus furnarius, South America:
range area 1,155,000 km?; (c) Hyperolius
torrentis, Africa: range area 4700 km?; (d)
Litoria arfakiana, Oceania: range area
199,000 km?>. The scale is not the same in
the four maps; darker colours represent the
species range maps.
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Table 2 Interval bands representing the distance of high-quality
point locality data to amphibian species range edges (in
kilometres beyond the range) by continent. Percentage interval
bands indicate the proportion of point records that can be
found within a particular distance. Thus, for North America,
95% of all records can be found within 21 km of the edge of
the species’ range, while for Asia, 80% of records are within

36 km of the range edge.

Percentage interval bands (km)

Continent 70% 80% 90% 95%
Europe 0 0 0 2
North/Central America 0 0 6 21
South America 62 123 285 368
Africa 0 3 57 140
Asia 16 36 72 125
Oceania 3 42 141 192
All continents 0 0 2 31

1100 7
500
250
100

50

25

w1 ]

Europe N/C America S America Asia Africa Oceania

Distance from range edge (km)

Figure 2 Frequency of high-quality point localities falling
within species ranges, and outside ranges at different distance
intervals from the range edge for amphibian taxa in six regions
of the world. The area of each bar is proportional to the
proportion of points within a given distance, as the number of
validation points was different among continents. The total
number of records per continent is reported in Table 1.

DISCUSSION

Our assessment of amphibian range maps provides impor-
tant information on the properties of these data. On the one
hand, measures of fit suggest that range maps represent the
actual distribution of most amphibians well, and that omis-
sion errors are relatively limited, particularly in certain
geographical areas. Even for the few species in which several
records were rather far from the range boundary (e.g. Lepto-
dactylus furnarius, Fig. 1b), the range still provides a reason-
able and useful picture of species distribution. On the other
hand, the fit between range maps and distribution suggests
strong variation among continents, and geographical varia-
tion parallels observed global bias for research efforts and
ecological observations (Martin et al., 2012). The current
study provides measures of range accuracy that may be
useful for future research using the amphibian range maps as
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baseline data, and demonstrates a need for greater invest-
ment in the continuous update and improvement of maps,
particularly in the megadiverse areas of tropical Asia and
South America.

Using the ‘whole GBIF data’ provided poorer measures of
fit when compared with the ‘high-quality data’ that only
includes recent and more accurate data points. Using GBIF
as an unscreened source of information can be problematic,
as data can be provided by multiple contributors and no fil-
tering or error-checking procedure is implemented; therefore,
a significant proportion of points may be affected by spatial
errors (inaccurate coordinates) (Yesson et al., 2007). Accu-
racy issues may be particularly problematic in old records,
because of both positional errors and taxonomic changes
(Boitani et al., 2011). Using all GBIF data yielded a very
large validation data set, with > 200,000 records covering the
majority of amphibian species, but the inclusion of unveri-
fied records limited the usefulness of these data to assess
amphibian range maps, and might have increased bias in the
measure of range fit. For these reasons, GBIF records cannot
be used uncritically to update species ranges (e.g. in proce-
dures of automated update of point locality data), because
errors exist in the database. The range fit was much higher
in the ‘high-quality data’, which was obtained in part from
the GBIF, but in this instance data from GBIF underwent
some screening. The use of selected, recent data reduced
sample sizes and required substantial operator workload, but
limited errors, confirming the importance of data quality in
spatial analyses validating the performance of any kind of
distribution models (including range maps) (Boitani et al.,
2011). These records, and particularly those from specific
publications (e.g. the journal Check List), might be used to
improve or refine ranges.

The development of the range maps involved several steps
that could account for some of the errors observed across all
continents (Chanson et al., 2008b; IUCN Standards & Peti-
tions Subcommittee, 2011). First, given the methodology
used to produce range maps (workshops), and given issues
of scale with hand-drawn boundaries (and transferring them
to a digital format), a degree of error was to be expected in
the maps (Sanderson et al., 2002). Second, when the maps
were originally drawn, access to GIS tools was not as easy as
it is today (Chanson et al, 2008b). Third, it is possible that
experts in developing countries such as those in South Amer-
ica and Asia may not have had access to many primary
sources of records or primary literature at the time that the
maps were compiled. Taxonomic uncertainty may be an
additional cause of spatial error, as it may result in modifica-
tions and splitting of ranges on the basis of expert opinion.
Furthermore, the accuracy of ranges reflects the global bias
towards better-sampled regions of the world with easier
access to information (Martin et al., 2012), and possibly cer-
tain taxonomic groups as well. For instance, the continent
with highest range fit (i.e. Europe) is also the continent with
most observations (Table 1; see discussion below). An addi-
tional source of variation is the procedure of map-drawing.
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In North America, in some instances, ranges were expanded
to match administrative boundaries, possibly resulting in
inflated ranges and reduced omission error (i.e. when a spe-
cies is incorrectly thought to be absent) arguably at the cost
of an increase of commission errors (i.e. when a species is
incorrectly thought to be present) (Boitani et al, 2011).
Mapping strategies that use fine cartographical grids may
provide more effective results.

The quantification of error here focused on range limits.
Unused areas inside ranges (due to unsuitable habitat or
other limiting factors) are not accounted for. While these
may be acceptable for large-scale biogeographical analyses,
they are known to affect conservation prioritization analyses
(Hurlbert & White, 2005; Rondinini et al., 2005, 2011; Hurl-
bert & Jetz, 2007; Cantu-Salazar & Gaston, 2013). To over-
come these issues, amphibian ranges may be combined with
habitat suitability models that integrate information on fac-
tors such as habitat availability and climatic suitability, where
available. Owing to the scarcity of information, broad-scale
deductive models may be built by overlaying areas of suitable
or unsuitable habitat (e.g. based on water availability, inten-
sely urbanized areas and, if available, habitat maps) to range
polygons, to provide some preliminary indication of possible
species occupancy within a polygon (Rondinini et al., 2006,
2011). This would provide a more robust estimate of actual
species distribution, identifying unsuitable areas within
amphibian ranges and thus refining the information available
for conservation. Unfortunately, data on the micro-habitat
preferences, tolerance of habitat disturbance, and climatic
envelope are extremely scarce for many amphibians, thereby
limiting the possibility of using them to improve range
maps.

We attempted to assess commission errors within ranges
using o-hulls created on the basis of presence points. This
approach may allow unoccupied areas within a species’ range
to be excluded (Burgman & Fox, 2003), and may provide
more refined information on patterns of occupancy within
the species ranges (Appendix S2). The o-hull analysis sug-
gests that range maps might overestimate species distribu-
tion, and overestimation might be particularly relevant for
species with large geographical ranges (Appendix S2). How-
ever, the results of the o-hull analysis should be considered
with caution: o-hulls are an approximate measure of species
distribution, and simulations suggested they can have good
performance when presence points are numerous (20,000 or
more per species) and are distributed across the species’
whole range (Burgman & Fox, 2003). Unfortunately, such a
large quantity of high-quality presence data was not available
for any species. Additional analyses, based on fine-scale grid-
ded surveys (e.g. from high-resolution atlases) covering mul-
tiple continents, are needed for a more comprehensive
assessment of unoccupied areas within ranges (Hurlbert &
White, 2005; Hurlbert & Jetz, 2007).

Overall, the amphibian ranges adequately represent the
limits of species distributions considering our current
taxonomic knowledge of these species (see below for further
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discussion on the implications of taxonomic resolution), but
the results of this analysis can be used to improve their use.
To reduce the risk of omitting amphibian populations from
analyses, researchers may integrate ranges with confidence
bands. Bands might be continent-specific, ranging from a
few kilometres in Europe and North America, to 50-100 km
in South America and Oceania (Table 2). Clearly, the deci-
sion of confidence bands to be used (e.g. 95%, 80% bands)
would depend on the aims of the analyses, and on the rela-
tive cost of omission versus commission errors (Loiselle
et al., 2003; Rondinini et al., 2006). When commission errors
are more dangerous than omissions, it may be sensible to
use ranges as they are, provided it is clear that they represent
a lower limit of species distributions.

As expected, the geographical distribution of number of
records and range fit follows the global pattern in knowledge
and (inversely) in species richness (Table 1) (Rodrigues
et al., 2010; Martin et al, 2012): range fit was highest in
Europe and North America, where most amphibian special-
ists are based, where more field studies are performed
(Rodrigues et al., 2010; Martin et al., 2012), and thus where
amphibian distributions are best known. Available data on
the distribution of ecological observations (Martin et al.,
2012) are certainly not complete, and are likely to omit some
biodiversity surveys and monitoring efforts occurring in
tropical countries (Young et al, 2001); nevertheless, these
data are probably a good representation of the global bias in
biodiversity knowledge. This is supported by the similarity
between the global patterns of ecological observations and
taxonomic expertise (cf. Rodrigues et al., 2010; Martin et al.,
2012). Ecogeographical factors may also be implicated in the
differences in range fit among continents. Many amphibian
ranges tend to be smaller in tropical regions, where it is pos-
sible to find more micro-endemics (Whitton et al, 2012),
and range fit was lower for small ranges. This may contribute
to the limited range fit in the tropical continents. South
America and Asia were the continents with lowest range fit
(Tables 1 & 2). This can be partly explained by the large
number of very recent data on amphibian distributions in
South America, which have improved and expanded the
available distribution data. For instance, the journal Check
List is based in Brazil, and a large proportion of papers focus
on Latin America; an increasing number of studies and
records from South America have also been published in
other journals covering similar topics, such as Herpetological
Review. A similar situation probably occurs in Asia, which
includes both rich countries receiving substantial research
efforts and tropical developing countries. In general, and
taking into account continental biodiversity, South America
is the continent where the fewest field studies have been
undertaken and/or made public, while Asia and Africa are
the continents with fewest studies considering their area
(Martin et al., 2012). An additional potential reason for the
relatively low range fit in South America, Asia and Africa is
a more limited access to data sources (museum records, pri-
mary literature) for the initial range maps. It is also possible
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that in these continents, our measures of range fit might be
slightly overestimated because some of the observation points
used for validation were also available to the experts that
drew the maps, although we would expect a degree of varia-
tion across regions, taxa and species with differing range
sizes, given that range revisions were conducted at assess-
ment workshops with other experts who contributed with
additional information. With the tropical areas of these three
continents being hotspots for amphibian species richness,
and with there being many unexplored areas with the poten-
tial to harbour more new records as well as new species, the
funding available for researchers to investigate areas that
remain poorly studied remains insufficient.

Furthermore, and particularly in tropical regions, incom-
plete taxonomic delimitations could seriously affect amphib-
ian conservation (Vieites et al, 2009; Angulo & Icochea,
2010). The lack of taxonomic resolution of unrecognized
cryptic taxa within widely distributed nominal species
(complexes), for instance, impedes the assessment of the
conservation status of the cryptic taxa under these names,
and underestimates their extinction risks. The conservation
status of groups known to be taxonomically complex but
that have been assessed as of Least Concern should be trea-
ted with caution (Angulo & Icochea, 2010), particularly if
studies on intraspecific diversity are lacking. Taxonomic
knowledge is strongly related to the accuracy of range
maps: as taxonomic uncertainty can overestimate distribu-
tion, it can cause errors in the assessment of the appropri-
ate category of threat, with a significant impact on
conservation decisions (Angulo & Icochea, 2010). Refining
taxonomic resolution is not an easy task for many species
complexes (Angulo & Icochea, 2010). Greater collaborations
among taxonomists and regional biologists, as well as joint
efforts between taxonomists and biogeographers are thus
needed to improve our knowledge of species identity and
distribution of amphibians, in order to better inform our
assessments of extinction risk and the resulting conservation
decisions.

This study identifies regions where it would be useful to
invest resources into improving range accuracy and reassess-
ing species, and stresses the importance of keeping ranges
up to date. While this may appear relatively straightforward,
it requires significant additional resources, and resources for
amphibian assessments have become increasingly difficult to
secure in the context of the current economic climate and
also because the group has already been assessed at least
once. Under these circumstances, alternative strategies for
maintaining the global amphibian database and maps need
to be explored, and the identification of well-organized and
coordinated regional and national expert groups that would
be willing to take stewardship of their assessments is a first
step in this direction. However, additional resources are still
needed to support these groups and to support both assess-
ment and map updates. Our analysis focused on amphibian
ranges; range maps of other taxa, such as mammals, birds
and a number of reptiles, are made available by the IUCN
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and are used in a wide range of studies, and could also be
analysed in a similar fashion to that applied here.

Uncertainty is an inherent component of biological stud-
ies, and also affects amphibian ranges. However, not all
uncertainty is equal: for example, Akgakaya et al. (2000)
identified at least three different types of uncertainty associ-
ated with conservation assessments (semantic uncertainty,
measurement error and natural variability). For amphibian
ranges, much of the uncertainty can be associated with
aspects that can be aggregated under measurement error (e.g.
the various stages and approaches involved with drawing
polygons), but also natural variability (coming with soft
range boundaries that are in flux). Understanding the nature
of the uncertainty involved may help interpret existing
results and direct future biodiversity research.
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