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ABSTRACT

Aim Habitat loss and degradation are the factors threatening the largest num-
ber of amphibian species. However, quantitative measures of habitat availability
only exist for a small subset of them. We evaluated the relationships between
habitat availability, extinction risk and drivers of threat for the world’s amphib-
ians. We developed deductive habitat suitability models to estimate the extent
of suitable habitat and the proportion of suitable habitat (PSH) inside the
geographic range of each species, covering species and areas for which little or
no high-resolution distribution data are available.

Location Global.

Methods We used information on habitat preferences to develop habitat suit-
ability models at 300-m resolution, by integrating range maps with land cover
and elevation. Model performance was assessed by comparing model output
with point localities where species were recorded. We then used habitat avail-
ability as a surrogate of area of occupancy. Using the IUCN criteria, we identi-
fied species having narrow area of occupancy, for which extinction risk is likely
underestimated.

Results We developed models for 5363 amphibians. Validation success of
models was high (94%), being better for forest specialists and generalists than
for open habitat specialists. Generalists had proportionally more habitat than
forest or open habitat specialists. The PSH was lower for species having small
geographical ranges, currently listed as threatened, and for which habitat loss is
recognized as a threat. Differences in habitat availability among biogeographical
realms were strong. We identified 61 forest species for which the extinction risk
may be higher that currently assessed in the Red List, due to limited extent of
suitable habitat.

Main conclusions Habitat models can accurately predict amphibian distribu-
tion at fine scale and allow describing biogeographical patterns of habitat avail-
ability. The strong relationship between amount of suitable habitat and
extinction threat may help the conservation assessment in species for which
limited information is currently available.

Keywords
Amphibian decline, deductive habitat suitability model, deforestation,
extinction risk, IUCN RedList, land use, terrestrial habitat.

INTRODUCTION

extinction, a figure much higher than the one observed in
any other animal class (Stuart et al., 2004; Chanson et al.,

Amphibians are one of the most imperilled animal taxa. Of
the 6409 amphibian species for which conservation status
has been assessed by the International Union for Nature
Conservation (IUCN), 41% are recognized as threatened by
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2008; Hoffmann et al, 2010). The amphibian biodiversity
crisis is not caused by one single agent: multiple threatening
factors are recognized, including habitat loss and degrada-
tion, emerging pathogens, alien species, climate change,
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pollution, UV-B radiation and human-caused mortality (Stu-
art et al., 2004, 2008; Beebee & Griffiths, 2005). Furthermore,
threats may act in synergy, determining particularly severe
consequences (Blaustein & Kiesecker, 2002; Hof et al., 2012;
Menéndez-Guerrero & Graham, 2013). Even if the impact of
some factors (e.g. pathogens, climate change or other emerg-
ing processes) is probably underestimated because of limited
data, habitat-related processes remain the threatening factors
affecting the largest number of amphibian species. According
to the Global Amphibian Assessment, habitat loss and degra-
dation are a major threat for ~63% of all amphibian species
(87% of all threatened species) (Chanson et al., 2008).

Adequate knowledge on habitat availability is pivotal to
develop conservation strategies, but this information is extre-
mely limited for most of amphibians. Habitat suitability
models can be successfully used to extract information on
habitat availability and to guide conservation strategies
(Rondinini et al., 2011b). These models can be particularly
useful in poorly known areas and for analyses over broad
scales, as they allow the development of spatially comprehen-
sive predictions of suitable habitat and of potential distribu-
tion, on the basis of incomplete information (Rondinini
et al., 2006). In recent years, habitat suitability models have
become one of the most frequently used approaches in mac-
roecology and biodiversity conservation, because of technical
developments (e.g. remote sensing, statistical tools for the
analysis of spatially explicit data, geographic information sys-
tems), and thanks to the growing availability of environmen-
tal layers and databases with information on species. Two
broad classes of models exist as follows: inductive and
deductive habitat suitability models (Corsi et al., 1999).
Inductive models combine point localities (e.g. presence or
presence/absence data) with environmental layers to derive
statistical relationships. These relationships are then inter-
preted as representing suitability, can be used to produce
suitability maps and to evaluate the potential impact of envi-
ronmental changes (e.g. climate or land use changes). Induc-
tive models are data intensive, as they require a large
number of presence data to develop robust statistical rela-
tionships, and may be heavily biased if sampling is uneven
(Kramer-Schadt ef al., 2013; Ficetola et al., 2014a; Lahoz-
Monfort et al., 2014). For amphibians, high-resolution spe-
cies presence localities are available for a limited number of
species, and the quality (e.g. spatial resolution) of this infor-
mation is particularly limited in the megadiverse, tropical
regions (Ficetola et al., 2014b).

Deductive models are less frequently used, but constitute a
valuable alternative. In this case, the knowledge of relation-
ships between species and habitat is derived from expert
knowledge and from the literature, to obtain ordinal scales
of habitat suitability (Rondinini et al., 2006; Gaston & Fuller,
2009). These models refine the resolution of geographical
ranges by identifying the suitable and unsuitable habitat
within them. Deductive models suffer some limitations: their
output is limited to a qualitative evaluation of whether a
given area is suitable for a given species (Rondinini et al.,
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2006), and they may suffer bias because of subjectivity and
incomplete information used for model development. Never-
theless, deductive models are a key approach for the identifi-
cation of conservation priority over broad areas with
incomplete biodiversity knowledge (da Fonseca et al., 2000;
Maiorano et al., 2013; Almeida-Gomes et al., 2014) and have
been demonstrated to predict accurately species distribution
over wide geographical and taxonomic extents (Jenkins &
Giri, 2008; Rondinini et al., 2011a).

In this study, we performed the first analysis of the avail-
ability of habitat for amphibians at the global scale. We
developed species-specific deductive habitat suitability mod-
els and validated a sub-sample of them. Subsequently, we
evaluated the relationship between the proportion of suitable
habitat (PSH), the extinction risk and the drivers of threat.
Finally, we used the extent of suitable habitat (ESH, Beres-
ford et al., 2011) to estimate the maximum potential area of
occupancy of each species, which is a key parameter to assess
species extinction risk using the JTUCN Red List categories
and criteria (IUCN, 2001). We identified species that may
have a very limited amount of suitable habitat, and for which
the current extinction risk may therefore be underestimated
(Almeida-Gomes et al., 2014).

METHODS

Development of models

We used geographical ranges (vector polygons in ESRI shape-
files) and textual information on habitat preferences from the
TUCN Red list to develop suitability models for amphibians,
adapting the procedure described in Rondinini et al. (2011a).
We produced models for 5363 species, that is 84% of amphibi-
ans evaluated by the IUCN (Appendix Sla), excluding species
for which no habitat/range information was available, and for
strictly aquatic/subterranean species for which we could not
identify relationships with the habitat classification of the maps
used to develop suitability models. The models were limited to
within the IUCN range polygons of the species. Models consid-
ered two environmental parameters: land cover typology
(including human influence and flooding occurrence) and ele-
vation. Amphibians are capable of utilizing water bodies at a
much finer temporal and spatial scale than available mapped
sources (e.g. the use of small ponds or temporary puddles for
reproduction); we therefore did not include water availability as
a limiting factor. Information on elevation came from the shut-
tle radar topography mission digital elevation model, originally
at approx. 90-m resolution at the equator (United States Geo-
logical Survey, 2006). Land cover data came from GlobCover v.
2.1 (IONIA, 2009), which is a global map with a 300-m resolu-
tion at the equator, classifying land cover in 63 classes based on
the UN Land-cover Classification System (Di Gregorio & Jan-
sen, 2000). The GlobCover map was developed on the basis of
images taken during 2005-2006 (Bicheron et al., 2008). All
analyses were performed on an equal-area Mollweide projection
in GRASS GIS (GRASS Development Team, 2008).
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Information on land cover preferences (preferred habitat
types and tolerance to human impact) was extracted in two
steps. First, we read the IUCN reports and identified the
presence of each species in one or more broad habitat cate-
gories (forest, shrubland, grassland, bare and artificial). Each
broad habitat category was associated with a suitability score
(high, medium or low suitability) for each of the 63 Glob-
Cover classes. This score was then integrated with informa-
tion on known tolerance to human influence and (for
strictly terrestrial species) flooding events, to obtain a more
detailed suitability score: low tolerance to human presence or
flooding would reduce the overall suitability if the GlobCov-
er category indicates anthropic presence (e.g. degraded forest,
mosaic of forest and pasture, crops, etc.) or floods (e.g.
grasslands in permanently flooded lands). For a detailed table
with all scoring combinations, see Appendix 2 in Rondinini
et al. (2011a). Subsequently, if more detailed information on
the habitat preference was available, we modified manually
the suitability scores of specific land cover classes. As the
information from IUCN sources only allowed to identify
presence in very broad classes, and as suitability scores of
each species were individually checked and fine-tuned, it was
possible to apply the same scoring table developed in Rondi-
nini et al. (2011a) without modifications.

The information on the minimum and maximum eleva-
tion within which each species lives, if available, was
obtained from the IUCN Red List. Due to the uncertainty on
the true elevation range of many species, the elevation range
was extended 300 m either side. All areas outside each spe-
cies’ elevation limits were assigned low suitability. Pixels
within the elevation limits retained the suitability value
assigned to land cover. For the analyses of this study, the
areas with medium and high suitability were summed to
obtain the ESH, and the PSH was calculated dividing the
ESH by the area of the species’ geographic range.

Species were classified as (1) forest specialist; (2) species
living in open habitats (e.g. shrubland and grassland); (3)
habitat generalists (i.e. using both forest and open habitats).
Shrubland and grassland species were merged because 0.7%
only of analysed amphibians were associated exclusively to
shrublands while, if generalists were excluded, 81% of shrub-
land amphibians were also associated to grasslands. Several
studies have shown that, in amphibian communities, a gradi-
ent exist between forest specialists and species living in more
open and sunny habitats (Skelly et al., 1999; Halverson et al.,
2003). Strictly aquatic species that do not require terrestrial
habitats were not included in the analysis.

Model evaluation

We used point locality data of species for independent evalu-
ation of the habitat suitability models. These data were
obtained from Ficetola et al. (2014b), which used the pri-
mary literature and the Global Biodiversity Information
Facility (GBIF) to gather point presence localities of amphib-
ians with the broadest geographic coverage. We considered
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only data collected after 1990, and for which the reported
coordinate precision was 1 km* or finer (‘High quality data’
in Ficetola et al., 2014b). Furthermore, we considered only
species for which at least five separate presence points (i.e.
more than 1 km apart) within the species’ range were avail-
able (Rondinini et al, 2011a). Overall, we obtained 115 spe-
cies with point locality data for model validation (see Results
for information on their geographic coverage). Models were
validated following Rondinini et al. (2011a); to match the
resolution of validation points, validation was performed at
the 1 km?® spatial scale. For each of the 115 species, we calcu-
lated validation success as the proportion of correctly pre-
dicted occurrences, that is the proportion of occurrence
points falling within 1 km from cell having high and/or
medium suitability habitat (i.e. point prevalence). We then
compared this value with the model prevalence, which was
calculated as the proportion of all cells within 1 km from
high or medium suitability cells (i.e. the proportion of spe-
cies range predicted as suitable). If the point prevalence is
higher than model prevalence, the model performs better
than the geographical range at predicting true species pres-
ences (Rondinini et al., 2011a). Model prevalence does not
correspond to the percentage of habitat available for each
species, because model prevalence also includes the unsuit-
able cells within 1 km from the suitable ones.

Analysis of habitat availability

We used ANOVA to evaluate whether validation success was
significantly different among continents or for species living
in different habitats. Subsequently, we attempted to identify
factors correlated to the PSH. The coordinates of the cen-
troid of the range of each species were used to model spatial
correlation, as the residuals of preliminary general linear
models were affected by spatial autocorrelation (model relat-
ing % habitat availability to zoogeographic realm and habitat
typology: Moran’s I = 0.06, P < 0.001; model relating %
habitat availability to IUCN category and range size:
I=0.08, P <0.001; model relating % habitat availability to
realm and threat: I = 0.06, P < 0.001). Spatial autocorrela-
tion may influence the results of statistical models, by biasing
the results of significance tests and altering regression coeffi-
cients. We therefore used generalized least squares (GLS) to
build our models. GLS allows the incorporation of spatial
structure into the error of the model and is considered
among the techniques with the best performance for the
analysis of spatial data (Dormann et al, 2007; Beale et al,
2010). We built preliminary models using spherical, Gaussian
and Exponential spatial correlation structure. The Exponen-
tial spatial correlation was then selected, as models with this
error structure showed the lowest Akaike’s information crite-
rion scores. Nevertheless, results are identical with the spher-
ical and Gaussian models.

First, we evaluated whether the PSH (i.e. the range pro-
portion with suitability scores indicating medium or high
suitability) was different for species with different habitat
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typologies (forest specialist, open specialist, generalist) or
across biomes. For this purpose, we considered the 11 bio-
geographical realms identified by recent quantitative analyses
(Holt et al., 2013). Second, we evaluated whether the pro-
portion of suitable habitat is different among species with
different threat levels, according to the IUCN Red List
(IUCN, 2013). As IUCN category is also strongly related to
range size (Cooper et al., 2008), we also included range size
in this model. Third, we evaluated whether the PSH was
lower for species threatened by habitat loss. Before analysis,
the PSH was arcsine-squareroot-transformed and species
range was log transformed to reduce skewness and improve
homoscedasticity. Partial regression plots were used to repre-
sent the relationship between the dependent and each
explanatory variable, while keeping the other variables con-
stant (Maindonald & Braun, 2010; Breheney & Burchett,
2013). Analyses were performed in R (R Development Core
Team, 2013) using the NLME package; partial regression
plots were developed using the VisReG package (Breheney &
Burchett, 2013).

Identification of potentially threatened species

We used the ESH, obtained through the habitat models, to
identify species for which the extinction risk is likely under-
estimated. The ESH was used as a maximum possible esti-
mate of area of occupancy (AOO) (Almeida-Gomes et al.,
2014). Indeed, species rarely occupy all suitable habitats
within their range, and therefore, the AOO is likely to be
smaller than the ESH. Two IUCN criteria evaluate threat sta-
tus on the basis of AOO: criterion B2 and criterion D2
(TUCN, 2001). A species is classified as vulnerable according
to criterion D2 if the AOO is <20 km® and if potential
future threats for the species exist (i.e. human-modified hab-
itat within the species range or possible decline). Criterion
B2 requires ongoing decline of habitat or populations and
severe fragmentation of habitat/species present in a few local-
ities only. We thus assumed that a species might qualify for
criterion. B2 if: AOO < 10 km® (potential status: critically
endangered, CR), AOO < 500 km? (potential status: endan-
gered, EN), AOO < 2000 km? (potential status: vulnerable,
VU), and (a) the TUCN Red List currently reports ongoing
decline and severely fragmented range/1-10 locations
(depending on the IUCN categories, see IUCN, 2001) or (b)
> 75% of the range is already occupied by unsuitable habitat
and dominated by human-modified habitats. Visual exami-
nation of habitat maps confirmed severe habitat fragmenta-
tion for all the species meeting condition (b). This
alternative criterion was used if no data on the decline was
reported in the Red List, and assumes that, if a species
already lost > 75% of its habitat, decline is likely. Criterion
B2 is not frequently used in the present version of the
amphibian Red List, due to the complexity of obtaining esti-
mates of AOO (Stuart et al., 2008). We excluded from this
analysis species for which current distribution maps are just
circles around one or a few localities. This revaluation was
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performed on forest amphibians only, as models showed the
highest performance with these habitat specialists (see
Results).

RESULTS

Validation of models

Point occurrences were available for species from all conti-
nents (Europe: N = 15 species, North/Central American:
N = 43; South America: N = 20; Africa: N = 9; Asia: N = 17;
Oceania: N = 11), and the average (£ SD) number of points
available for model validation was 80 £ 391 per species. For
species with validation points, the proportion of species range
predicted as suitable was 0.79 £ 0.21. The average validation
success, weighted for the number of validation points, was
0.94 £ 0.79. Validation success was significantly higher for
forest specialists (weighted average = 0.94) and habitat gener-
alists (0.95) compared with species living in open habitats
(0.84), and differences were statistically significant (ANOVA
with weighted sum of squares: F, ;;, = 9.74, P < 0.001), while
there were no significant differences among continents
(Fy112 = 1.44, P = 0.22). There was no relationship between
number of records and validation success (Spearman’s corre-
lation: 75 = 0.08, N = 115, P = 0.93). Models predicted spe-
cies occurrences better than random points in 79% of cases
(91 of 115 species).

Variation in habitat suitability

The average proportion of suitable habitat (4 SD) was
0.55 + 0.26 for forest species, 0.42 £ 0.27 for open habitat
species and 0.61 4 0.27 for habitat generalists. Differences
among habitat typologies were strongly significant (GLS:
F, 5330 = 116.3, P < 0.0001). Differences were also strong
among zoogeographic realms (Fjo, 5330 = 24.1, P < 0.0001),
with suitability values generally low for the Saharo-Arabian
and Oriental realms, particularly for habitat specialists, and
generally higher for the Australian and the Nearctic realms
(Fig. 1). Furthermore, we detected significant interaction
between habitat typology and realm (F 5330 = 4.4,
P < 0.0001), because the availability of certain habitat typol-
ogies strongly varied among realms For instance, as expected
the proportion of habitat was very low for the few forest spe-
cies of the Saharo-Arabian realm (Fig. 1).

The percentage of suitable habitat strongly varied among
amphibians assigned to different TUCN categories (GLS:
Fs55356 = 19.6, P < 0.0001), with species belonging to high
threat categories clearly having less available habitat (Fig. 2a).
Furthermore, when taking into account threat status, suit-
ability ~was higher for species with large ranges
(Fis3s6 = 123.3, P < 0.0001; Fig. 2b).

For 64.4% of species analysed, habitat loss is listed as a cur-
rent threat. Habitat availability was generally lower for these
species (0.54 £ 0.25) compared with species for which habitat
loss was not considered to constitute a current threat
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D Grassland/shrubland
D Generalists
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Figure 1 Proportion of suitable habitat
° for amphibians with different habitat

Proportion of suitable habitat

specialization [forest specialists,
specialists of open habitats (grassland/
shrubland), generalists] taking into
account differences among zoogeographic
realms (Holt et al., 2013).

IUCN threat category

Range area (km’)

Figure 2 Partial regression plots showing the relationship between proportion of suitable habitat, IUCN category and range size for
amphibians. In a), we show the average proportion of suitable habitat for each IUCN category (DD: data deficient; LC: least concern;
NT: near threatened; VU: vulnerable; EN: endangered; CR: critically endangered) after taking into account variation in range size. Dots
represent the partial residuals of all the species belonging to the same category; the horizontal distribution of points in each IUCN
category only serves to render the density of points easier to read. In b), we show the relationship between range size and proportion of

suitable habitat.

(0.57 & 0.29). The difference between these two groups was
limited but statistically significant (GLS taking into account dif-
ferences among biogeographical realms: F) s34 = 30.0,
P < 0.0001). This pattern was consistent across most realms
(Fig. 3). Nevertheless, differences among realms were strong
(Fi0,5341 = 23.1, P < 0.0001). The interaction between threat
typology and realm was statistically significant (Fjo5341 = 3.4,
P =0.0002), and in two realms, we detected the opposite pat-
tern: species threatened by habitat loss did not show lower suit-
ability (Saharo-Arabian and Oriental realms; Fig. 3).

Species suffering underestimation of extinction risk

We identified 61 forest species for which current extinction
risk may be underestimated (Appendix Slc). Five data defi-
cient (DD) species potentially have AOO < 20 km® and
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might be considered VU according to Criterion D2. Further-
more, due to the very small amount of habitat and ongoing
declines/heavy habitat modifications, two DD species might
be considered CR; 44 more species might be EN and ten
more species might be VU (Appendix S1b). Overall, species
possibly in need of re-evaluation were from Central America
(3 species), South America (31), Africa (9) and Asia (17)
(Appendix S1b). In the present version of the Red List, no
criteria are applicable for 63.9% of these species, while crite-
ria Bl (EOO) and B2 (AOO) are used for 29.5% and 6.6%
of these species, respectively.

DISCUSSION

We present the first global evaluation of habitat availability
for amphibians. We show that deductive models can

Diversity and Distributions, 21, 302-311, © 2014 John Wiley & Sons Ltd
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. Habitat loss not listed as a threat
D Habitat loss listed as a threat

1.0 4

0.8 4
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Figure 3 Proportion of suitable habitat 001

for amphibians for which habitat loss is
listed/not listed (open vs. filled) as a
current threat in the IUCN Red List,
when taking into account differences
among zoogeographic realms.

accurately predict species distribution at fine scale, we
describe biogeographical patterns of habitat availability, and
we show how our estimates of habitat availability can help to
improve the present evaluation of amphibian extinction risk.

Variation of habitat availability

The TUCN Red List is mostly based on expert opinion, and
its output has been sometimes criticized because species sta-
tus is assessed even in the absence of quantitative data (Cle-
ments et al, 2011). In our quantitative analysis, the
proportion of available habitat was consistently lower for
threatened species, and for species for which habitat loss is
considered a threat (Figs 2 & 3), confirming the IUCN eval-
uation. Among the species threatened with extinction
according to the Red List, those classified as vulnerable (VU)
were the ones with lowest proportion of suitable habitat,
when taking into account range size (Fig. 2a). A similar pat-
tern was detected for mammals: critically endangered mam-
mals have a higher proportion of suitable habitat than the
vulnerable or endangered ones (Rondinini et al., 2011a). This
is not necessarily surprising, because amphibians suffering
the highest threat levels (EN and CR) are often threatened
by multiple stressors (e.g. emerging infectious diseases), often
have very small distribution ranges, and sometimes are taxa
showing enigmatic declines even in apparently pristine habi-
tats (Lips et al., 2004; Menéndez-Guerrero & Graham, 2013).
Therefore, these species may be classified according to crite-
ria other than area of occupancy, such as population reduc-
tion and small population size. This particular trend is also
seen in other taxa: in mammals, for example, only 28 of 211
critically endangered species are classified with criterion B2
(IUCN, 2014).

The biogeographical variation of habitat availability was
strong. The Saharo-Arabian and Oriental realms were the
areas with less proportion of available habitat for amphibians
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(Figs 1 & 3). The result for the Saharo-Arabian realm was
expected, as this region is dominated by deserts that are
clearly unsuitable for most amphibians. Incidentally, this was
the realm with the least species in our dataset (26). Con-
versely, the situation of the Oriental realm is particularly
alarming. This is among the regions with the highest
amphibian richness, but also in which amphibian biodiver-
sity is heavily underestimated (Bain et al, 2008). Unfortu-
nately, the Oriental realm is also the tropical area suffering
the strongest deforestation, and the rate of habitat conver-
sion is growing at an unprecedented rate there (Wright &
Muller-Landau, 2006; Hansen et al., 2013), with the risk of
multiple amphibian extinctions because of habitat loss, even
before species description. The integration of habitat suitabil-
ity models with information on land use changes, for exam-
ple, obtained from satellite images taken in different periods,
may be an important tool for the identification of species
most threatened by ongoing habitat loss. Differences among
biogeographical realms may be partly due also to the differ-
ent ability of the coarse habitat types used in the study to
capture important habitats for amphibians. In different parts
of the world, the same macrocategories may perform differ-
ently as predictor of suitable habitats. Individual species
could depend on small-scaled features that can be found in
one or more habitat(s) in different regions, this contributing
to variation of habitat availability.

There are several explanations for the lower model perfor-
mance of open habitat species. First, in land cover maps the
accuracy of classification of open habitats may be lower than
the one of forest or human-dominated habitats (Bicheron
et al., 2008). Furthermore, open habitat amphibians often
require small landscape elements that are difficult to capture
in broad scale habitat maps (Joly et al., 2001; Mendenhall
et al., 2011). The higher performance of models for forest/gen-
eralist species and the difficulties of capturing the require-
ments of open habitat species through remote sensing might
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explain why the latter tended to show less available habitat
(Fig. 1). Furthermore, open habitats are less widespread than
forest ones in ecoregions with high amphibian diversity (Olson
et al., 2001) and may suffer particularly strong impacts. Tem-
perate grasslands, savannahs and shrublands are among the
habitats suffering the highest human pressure, but are also
among the ones with the lowest level of protection at the glo-
bal scale (e.g. 4.6% of temperate grasslands and shrublands
protected, compared to 9.8% of temperate broadleaf forests;
see Hoekstra et al., 2005). Therefore, amphibians specializing
in these environments may have less protected areas limiting
habitat loss and degradation.

Methodological limitations

Due to the detail of available underlying data, our analysis suf-
fers multiple sources of uncertainty. The JTUCN maps and
assessments are the sole and most complete source of informa-
tion for amphibians at the global scale (Stuart et al, 2004;
Chanson et al., 2008), nevertheless such data have limitations. For
instance, these range maps are in some cases an imperfect represen-
tation of the true species distribution (Ficetola et al., 2014b). Fur-
thermore, the biology of many species is only partially known and
in multiple cases information is based on anecdotal observations.
Therefore, habitat preferences and elevation ranges suffer some
degree of uncertainty. Nevertheless, the validation of models for a
subset of species suggests that they generally have good perfor-
mance, particularly for forest specialists and generalists.

Our models focused on terrestrial habitats, but many
amphibian species require water for reproduction. The neces-
sary complementation between suitable terrestrial habitats
where adults live and suitable water bodies for reproduction
means that true habitat requirements of many amphibians are
more complex than depicted here (Pope et al., 2000; Becker
et al., 2007). For several species, our models somehow overes-
timate suitability: we could not take into account the presence
of suitable breeding habitats, and a potentially suitable terres-
trial habitat might remain unoccupied if it is far from breeding
wetlands, or in the presence of barriers. Unfortunately, remote
sensing can measure the availability of small landscape ele-
ments such as ponds only over reduced geographic extents
(Curado et al., 2011; Mendenhall et al., 2011), with no global
data available. Nevertheless, our models lend themselves to be
refined at local scale, in areas where such data are available
(Almeida-Gomes ef al., 2014). Finally, lack of sufficiently
detailed data from remote sensing hampered the application of
our models to strictly aquatic and fossorial species. Actually,
fossorial species are often among the less known amphibians,
and many of them are currently listed as data deficient. Fine
scale studies are particularly important to understand the habi-
tat requirements of these species (Ficetola et al., 2012).

Habitat quantification to improve threat assessment

Habitat models are a powerful tool to refine ranges and estimate
extent of suitable habitat, which can be used as a maximum
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possible estimate of species” area of occupancy (sensu Gaston,
1991). The actual area of occupancy is expected to be smaller
than the extent of suitable habitat for most species, as they
rarely occupy all suitable habitats within their range due to
other limiting factors (biogeographical, historical and ecologi-
cal factor not accounted for in our models, including predators
and competitors). Almeida-Gomes et al. (2014) recently
showed that the extent of suitable habitat can be used to flag
species that, despite being currently classified as data deficient
(DD), may be threatened with extinction due to the very limited
habitat available to them. Until now, quantitative measures of
area of occupancy and of habitat availability only rarely existed,
and therefore, criterion B2 was not often used in the amphibian
Red Lists (Stuart et al., 2008). Our global habitat maps allowed
us to identify a set of forest species for which the extinction risk
may be underestimated because of limited habitat availability,
high fragmentation and ongoing habitat deterioration. The
majority of these ‘underestimated’ species are currently listed as
least concern or data deficient, but the limited habitat availabil-
ity may provide sufficient information for the inclusion in a
threat category (Appendix S1c), while about one-third of these
species are already considered vulnerable, but their small extent
of suitable habitat suggests a higher threat category. Our results
were not identical to the ones of Almeida-Gomes et al. (2014),
as the latter identified two Atlantic forest frogs (Hylodes cha-
radranaetes and H. pipilans) as likely endangered because of an
AOO < 200 km?*. We did not develop models for H. pipilans
because very limited habitat information was available on this
species on the Red List (Angulo, 2008), while the extent of suit-
able habitat for H. charadranaetes with our approach was
broader (about 630 km?, vs. 182 km? in Almeida-Gomes et al.,
2014). The smaller AOO of Almeida-Gomes et al. (2014) is
related to the more accurate information on habitat require-
ments they used for model development (width of suitable
riparian buffer zones), that was not available for our global set
of amphibian species. Despite the imperfect information, we
believe that our models are a feasible and reliable strategy to
obtain a coarse but robust assessment of potential habitat
within range for species for which some basic information is
available, thereby helping to identify species for which extinc-
tion risk is underestimated (see also Howard & Bickford, 2014).
These assessments may be then refined at local scale with infor-
mation on populations and breeding habitats, to provide infor-
mation for conservation planning. Several identified species are
DD, therefore range maps are far from accurate, and even
uncertainties on their taxonomy and habitat requirements are
often present (Appendix Slc). In principle, extinction risk
might be inflated if the known distribution ranges underesti-
mate the true distribution (Wallacean shortfall; Ficetola et al.,
2014b). Despite these uncertainties, we believe our estimate is
conservative, as we only considered species for which models
generally have good performance (forest species), and for which
human activities have already heavily altered the habitats. Our
approach cannot be a substitute of the work of IUCN assessors,
as the correct evaluation of species extinction risk requires
direct information on taxa and their environments.
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Nevertheless, we believe that this set of species requires special
attention and particular efforts by assessors in the future and
that our approach can complement the assessment process.
Furthermore, our models may be refined if more detailed infor-
mation on habitat requirements (Almeida-Gomes et al., 2014)
or ongoing habitat loss (Hansen et al., 2013) become available.

The Convention on Biological Diversity identified several
major targets to reduce biodiversity loss by 2020. Among
them, target 5 aims to significantly reduce habitat degrada-
tion and fragmentation (CBD Secretariat, 2010). However,
measures of habitat area, trends and degradation and their
impacts on species are only available for a small subset of
species. The deductive models developed here allow an expli-
cit quantification of habitat availability at the global scale
and may be for instance used to identify species or areas suf-
fering the highest threat levels. Furthermore, combining
models with remote-sensing data may provide a dynamic
information on how ongoing land cover changes impact spe-
cies, helping to keep up-to date our information on the
extinction risk of species (Rondinini et al., 2014).
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SUPPORTING INFORMATION

Additional Supporting Information may be found in the
online version of this article:

Appendix S1. (a) List of species for which we developed
suitability models; (b) list of species for which we did not
develop models; (c) list of species for which extinction threat
is likely underestimated.
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