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ABSTRACT: Ethiopia harbours 9 species of threatened amphibians, all of which inhabit the high-
lands. Over the last decades, there has been a rapid increase in deforestation and habitat degrada-
tion in Ethiopia, with the result that the last undisturbed refuges for forest-dwelling anurans in the
mountain areas have shrunk noticeably, especially outside of protected areas. In the present study,
we used a maximum entropy ecological niche modelling approach to model the potential distribution
of 2 poorly known Leptopelis species. The models were derived from climate and land cover data at
known occurrences of the species (i.e. data from a number of natural history museums). These mod-
els can be used to select the priority areas most critical for future protection and may guide further
field surveys to accelerate the discovery of unknown populations.
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INTRODUCTION

Habitat loss and degradation are by far the great-
est threat of amphibians, affecting 63 % of all species
(Stuart et al. 2004, 2008). These factors are also at
work in Ethiopia, where political, socio-economic and
cultural pressures have reduced the historical
forested areas to a fraction of their former size, com-
prising a decrease of 96.4 to 97% (e.g. McCann
1999, Dessie & Kleman 2007, Dessie & Christiansson
2008). In the late 19th century, forests covered 65 %
of Ethiopian's lowlands and 90% of the highlands.
Currently, only 2.2% of its lowland forests and 5.6 %
of its highland forests are still intact (FAO 2000).
Nationwide, this means an annual loss of 163 000 ha
of forestland (Reusing 1998). Within one of Ethiopia's
biodiversity hotspots, the south central Rift Valley,
forest cover declined from 16% in 1972 to 2.8 % in
2000 (Dessie & Kleman 2007).
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Of the 65 to 70 recognised amphibian species known
from Ethiopia (AmphibiaWeb 2009, Frost 2009), 40 %
are endemic (Evangelista et al. 2008). Of these endemic
species, 9 species are listed by the IUCN (2009) as
threatened: Afrixalus clarkei (vulnerable, VU), A. en-
seticola (VU), Altiphrynoides malcomi (endangered,
EN), Altiphrynoides osgoodi (VU), Balebreviceps hill-
mani (EN), Ericabatrachus baleensis (EN), Leptopelis
ragazzii (VU), L. susanae (EN) and L. vannutellii (VU).
With the exception of A. clarkei, which occurs at alti-
tudes down to 820 m (Largen & Schigtz 2004), all other
species are true highland forms, occurring above alti-
tudes of 1500 m. Therefore, unfortunately, the ranges of
all threatened species are restricted to the Ethiopian
highlands (Stuart et al. 2008), which show a higher rate
of deforestation than lowland forests (Dessie & Kleman
2007, Dessie & Christiansson 2008).

In this study, we evaluated the availability of suitable
habitat of threatened Ethiopian tree frogs Leptopelis
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ragazzii and L. vannutelli, 2 species strictly associated
with undisturbed highland forest, to identify areas that
may harbour additional populations of both species
and to assess the level of threat to these populations
from human-induced deforestation.

Leptopelis ragazzii is a poorly known species that is
restricted to the central Ethiopian plateau and is
strictly associated with montane forest at altitudes
between 1930 and 3010 m a.s.l. (Largen 1977, Stuart et
al. 2008). It is a medium-sized (27.9 to 49.5 mm
snout—vent length, SVL), arboreal species. L. vannu-
telliiinhabits dense, humid tropical deciduous forest in
south-western Ethiopia at elevations of 1500 to 2200 m
a.s.l. (Largen 1977). It resembles L. ragazzii in size
(27.0 to 45.3 mm SVL) and overall appearance (Fig. 1),
but is associated with more submontane forests char-
acterised by the presence of Aningeria adolfi-fredericii
(Sapotaceae) and Polyscias ferruginea (Araliaceae)
(Largen 1977). L. vannutellii is apparently more strictly
arboreal than any other Leptopelis sp., and males have
never been observed calling from the ground (Largen

a7

Fig. 1. (A) Leptopelis susanae and (B) L. ragazzii. Photos by
S. Schick and S. Lotters

& Schigtz 2004). Thus, it is more dependent on dense
vegetation and, like L. ragazzii, it does not survive in
degraded habitats. Fig. 2 illustrates the distributions of
both studied species, following Largen & Schiotz
(2004).

The combination of species distribution modelling
(SDM) and land cover layers provides the tools not only
to incorporate what we know of the environmental
conditions necessary for survival of a species (e.g. tem-
perature and precipitation requirements), but also
allows us to refine these predictions without know-
ledge of the microhabitat requirements for the ecology
of each species. This bridges the gap between talking
about the potential ecological niche to the fulfilled eco-
logical niche, a real-world tool for conservation biolo-
gists in their efforts to assess and protect threatened
species.

MATERIALS AND METHODS

Species records. In total, 12 records of Leptopelis
ragazzii and 8 of L. vannutellii with a sufficient spatial
resolution to assign them to unique grid cells of 30 arc
seconds were available through literature surveys
(Largen 1977, Schick 2005), the Global Biodiversity
Information Facility (GBIF; www.gbif.org), HerpNet
databases (www.herpnet.org) and personal observa-
tions (S. Lotters, S. Schick pers. comm.). If necessary,
the BioGeoMancer (http://bg.berkeley.edu/latest/)
was used for georeferencing. The accuracy of coordi-
nates processed was assessed with DIVA-GIS by com-
paring the information provided with the records with
locality (county, city) and elevation data (Hijmans et al.
1999, 2001). Expert maps of the distributions of the
reviewed anurans were obtained from Largen &
Schigtz (2004). Additionally, we present 2 new records
of L. susanae provided by S. Létters and S. Schick
(pers. comm.).

Climate data, land cover data and protected area
network. Information on current climate was obtained
from the Worldclim database, version 1.4, which is
derived from weather conditions recorded between
1950 and 2000 with a grid cell resolution of 30 arc sec-
onds (Hijmans et al. 2005a; www.worldclim.org). Cli-
mate surfaces provided by Worldclim were created by
interpolation of observed climate at weather stations
using a thin-plate smoothing spline, whereby latitude,
longitude and elevation were used as independent
variables using ANUCLIM (Hutchinson 1995, 2004). A
total of 19 bioclimatic variables is available (Nix 1986,
Hijmans et al. 2005b). However, inclusion of too many
variables in SDMs may cause ‘over-fitting' problems
(Beaumont et al. 2005, Heikkinen et al. 2006). There-
fore, for model computation, we selected the 'annual
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Fig. 2. Leptopelis ragazzii, L. vannutellii and L. susanae. Altitudinal distribution of L. ragazzii (black dots), L. vannutellii (pink
triangles) and L. susanae (blue squares) and corresponding coverage with the protected area network. The distributions of the
species assumed by Largen & Schietz (2004) are indicated as polygons in the corresponding colours. 1 = Bale Controlled Hunting
Area; 2 = Bale Wildlife Reserve; 3 = Bale Mountains National Park; 4 = Controlled hunting area of Mizan-Teferi. IUCN categories
are as follows: II, areas focusing on protection and conservation of whole ecosystems; IV, areas that are actively managed to
primarily protect particular species and habitats; VI, protected areas with sustainable use of natural resources

mean temperature’, ‘'mean maximum temperature of
the warmest quarter’, ‘mean minimum temperature of
the coldest quarter’, ‘annual precipitation’, ‘mean pre-
cipitation of the wettest quarter’, and ‘'mean precipita-
tion of the driest quarter'. These variables characterise
the availability of water and energy throughout the
year and are suitable for distribution modelling (Car-
naval & Moritz 2008, Rodder & Dambach 2009).

Land cover data was obtained from the Global Land
Cover 2000 database (http://bioval.jrc.ec.europa.eu/
products/glc2000/glc2000.php). In order to facilitate
interpretation, we reclassified the original land cover
categories as follows (original categories given in
parentheses): "Tree cover' (categories 1 and 3), ‘Mosaic
of tree cover and other natural vegetation' (category 9),
"Tree cover / Crop land mosaic' (category 14), ‘Shrub
cover' (categories 11 and 12), and ‘Other’ (all other cat-
egories that exhibit strong human impacts and are
deemed to be unsuitable for these pristine habitat spe-
cies). Areas labelled as 'Tree cover' are covered with
undisturbed broadleaved deciduous or evergreen
woodland, with crown cover between 15 and 100 %.
‘Mosaic of tree cover and other natural vegetation’
regions are mainly covered by closed trees with a
crown cover of more than 60%. The vegetative cover
in this category is characterised by the presence of

(semi)natural vegetation. The category ‘Tree cover/
Crop land' is composed of primarily vegetated areas
containing more than 4% vegetation during at least
2 mo yr!. The vegetative cover in this category is char-
acterised by the removal of the (semi)natural vege-
tation and replacement with human-facilitated vege-
tation. The vegetative compound of this category
consists of closed to open trees with crown cover
between 15 and 100%. By definition, tree height
ranges from 3 to >30 m in the categories “Tree cover’,
'Mosaic of tree cover and other natural vegetation' and
"Tree cover / Crop land mosaic'. The category ‘Shrub
cover' represents both closed to open evergreen
(>15%) and closed to open deciduous. This layer con-
sists of broadleaved closed to open thicket, whereby
the crown cover ranges between 15 and 100 % with a
height ranging between 0.3 and 5.0 m. All other cate-
gories comprise strongly anthropogenic modified areas
and were hence classified as unsuitable for the species.

Polygons of protected areas following IUCN criteria
(II, IV and VI) were obtained from the World Database
on Protected Areas (www.wdpa.org). Category II con-
tains areas focusing on protection and conservation of
whole ecosystems, e.g. national parks. Category IV
areas are actively managed Habitat and Species Man-
agement areas primarily protecting particular species
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and habitats. Protected areas with sustainable use of
natural resources are combined under Category VI
(Dudley 2008). Protected areas with lower or uncertain
protection status were not considered here.
Computation of species distribution models. We
used Maxent 3.2.19 (Phillips et al. 2004, 2006; www.
cs.princeton.edu/~schapire/maxent/) for SDM compu-
tation in order to assess the potential distribution of the
tree frogs. This program uses a machine-learning algo-
rithm to compute the likelihood of the species in ques-
tion occurring at any point in the area of the analysis. It
has been shown to reveal better results than other
comparable methods such as BIOCLIM, DOMAIN or
GARP for predicting the environmental requirements
that make up a species range (e.g. Elith et al. 2006,
Wisz et al. 2008). The reliability of the results obtained
from Maxent models for the spatial distribution of suit-
able habitat for the species has been confirmed by the
outcome of introductions of invasive species outside
the native range (Peterson & Vieglais 2001, Rédder et
al. 2008, Rodder 2009, Rodder & Weinsheimer 2009).
Furthermore, and probably more important to this
study, it has proven to be highly useful in predicting
novel presence localities for poorly known species
(Pearson et al. 2007). We conducted Maxent runs using
only the climate layer as variables applying the default
settings. The logistic output format with suitability val-
ues ranging from 0 (unsuitable) to 1 (optimal) (Phillips
& Dudik 2008) was chosen. For each run, Maxent
allows us to assess the relative impor-
tance of each variable using a jack-
knife approach and provides a variety
of possible thresholds to convert con-

plotted (Fielding & Bell 1997). This method is recom-
mended for ecological applications because it is non-
parametric (Pearce & Ferrier 2000). Values of AUC
range from 0.5 (i.e. random) for models with no predic-
tive ability to 1.0 for models giving perfect predictions.
According to the classification of Swets (1988), AUC
values >0.9 describe model fits that are 'very good' —
in other words, the modelled distribution of suitable
habitat matches the localities of known occurrences
that we entered; values >0.8 are considered ‘good’ and
values >0.7 indicate 'useful’ discrimination ability.

RESULTS

We obtained ‘good’ AUC values for both species dis-
tribution models (Leptopelis ragazzii: AUC = 0.884; L.
vannutellii: AUC = 0.883). The minimum Maxent value
in the training records of L. ragazzii was 0.325,
whereby the lowest 10% percentile was 0.343. The
minimum Maxent value and the lowest 10 % percentile
in the training records of L. vannutellii were both
0.329. The relative variable importance and the results
of the jack-knife test of variable importance are pro-
vided in Table 1. In L. ragazzii, the environmental vari-
able with the highest gain when used in isolation was
‘the mean temperature of the warmest quarter’, which
therefore appears to provide the most useful informa-
tion by itself, and was at the same time the environ-

Table 1. Leptopelis ragazzii and L. vanutellii. Relative variable contribution in

Maxent models and results of a jack-knife test

tinuously scaled logistic output maps
into reasonable presence/absence

maps. We applied 2 of these thresh-

olds, i.e. the minimum training pres-
ence and the lowest 10 percentile
training presence, which are widely
used in SDM applications (Liu et al.
2005). Additionally, the output map
describing the potential distribution of
the species derived from climate was
overlaid with the land cover data to
exclude areas unsuitable due to micro-
habitat features.

Maxent allows for testing the model
performance by calculation of the Area
Under the Curve (AUC), referring to
the Receiver Operating Characteristic
(ROC) curve (Hanley & McNeil 1982).
In ROCs, the sensitivity values, the
true-positive fraction against 1 — speci-
ficity and the false-positive fraction for
all available probability thresholds are

Variable L. ragazzii L. vannutellii
Variable contribution (%)
Annual mean temperature 0.60 0.00
Mean temperature warmest quarter 89.26 0.00
Mean temperature coldest quarter 0.00 1.16
Annual precipitation 0.17 75.46
Precipitation wettest quarter 8.98 0.00
Precipitation driest quarter 0.99 23.38
Training gain with all variables 0.78 0.67
Training gain without...
Annual mean temperature 0.78 0.67
Mean temperature warmest quarter 0.74 0.67
Mean temperature coldest quarter 0.78 0.66
Annual precipitation 0.78 0.54
Precipitation wettest quarter 0.73 0.67
Precipitation driest quarter 0.78 0.58
Training gain with only...
Annual mean temperature 0.65 0.00
Mean temperature warmest quarter 0.72 0.00
Mean temperature coldest quarter 0.61 0.00
Annual precipitation 0.00 0.57
Precipitation wettest quarter 0.08 0.13
Precipitation driest quarter 0.10 0.38
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mental variable that decreased the gain the most when
it was omitted. It therefore appears to include the most
information that is not present in the other variables. In
L. vannutellii, the same pattern is evident for the
‘annual precipitation’.

Fig. 3 shows the remaining suitable vegetation struc-
ture and 3 different scenarios of the potential distribu-
tion of Leptopelis ragazzii. Fig. 3A illustrates the status
of the current vegetation in the investigated area in
relation to the distribution area of L. ragazzii assumed
by Largen & Schigtz (2004). Only small parts of this
assumed distribution area is covered by undisturbed
forest, of which the Harenna Forest (green area on the
left side of the map) on the southern slopes of the Bale
Mountains makes up the greatest part. Fig. 3B illus-
trates the predicted potential distribution for L.
ragazzii from the SDM in Maxent. This model is based
only on climate variables without regard to forest
cover. When the results from Fig. 3B are trimmed to
only include areas with suitable forest cover, Fig. 3C
depicts those areas with both a suitable climate and
adequate forest cover. We believe this to be the more
accurate depiction of available habitat based on the
assumption that the species is able to survive in
slightly disturbed areas such as "Tree cover/Crop land
mosaic'. If this assumption is correct, its current distri-
bution is limited to the south-western parts of its recog-
nised distribution east of the Rift Valley. Approxi-
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mately half of that range (Fig. 3C) is situated within the
Bale Controlled Hunting Area (IUCN category VI) and
small parts in the Bale Wildlife Reserve (IUCN cate-
gory IV). West of the Rift Valley, our model indicates
that L. ragazzii may be restricted to small and strongly
fragmented relict habitats not covered by any pro-
tected area, making it highly vulnerable to further
habitat loss. If L. ragazzii is as strictly bound to undis-
turbed forest habitats as suggested by Largen (1977)
and Largen & Schigtz (2004), the potential inhabitable
area shrinks mostly to a small fragment in the south-
west of the Bale Controlled Hunting area (Fig. 3D).
Outside that area, the species is likely to become extir-
pated, since only very small and strongly fragmented
habitats remain available.

In contrast, the potential distribution of Leptopelis
vannutellii inferred from climate data is still widely
covered with undisturbed, connected tree cover, and
only scattered areas inside the known distribution of
the species are severely degraded (Fig. 4A). Large
parts of the northern, eastern and western distribution
areas assumed by Largen & Schigtz (2004) are climati-
cally suitable for the species (Fig. 4B), but do not ex-
hibit the vegetation preferred by the species. Assum-
ing that this species tolerates slight disturbances,
suitable habitats appear in most parts of its expected
distribution as well as in scattered parts outside its
range, especially in the west and northeast (Fig. 4C).

Fig. 3. Leptopelis ragazzii. Assessment (black dots). The distribution of the species assumed by Largen & Schistz (2004) is indi-
cated as black polygons; shaded areas mark protected zones following IUCN criteria. Higher Maxent values suggest higher habi-
tat suitability. (A) Large-scale vegetation map of the region indicating the spatial distribution of suitable habitats according to
land cover information. (B) Climatically suitable habitats for L. ragazzii derived from climate variables only. (C) Possible distribu-
tion of L. ragazzii assuming both adequate climatic conditions and survival in undisturbed and slightly disturbed habitats and (D)
assuming adequate climatic conditions and survival exclusively in undisturbed habitats. IUCN categories as in Fig. 2
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Fig. 4. As in Fig. 3, but for Leptopelis vannutellii

DISCUSSION

Leptopelis ragazzii is listed as vulnerable in the
IUCN Red List of threatened species based on its small
range size, estimated at less than 2000 km?, and the
fact that this range is strongly fragmented and the
extent and quality of its habitat continue to decline
(www.redlist.org). Our results indicate that the previ-
ously assumed distribution of L. ragazzii west of the
Rift valley is much smaller than assumed by Largen &
Schigtz (2004). Inappropriate climate as well as natural
boundaries through unsuitable habitat and anthro-
pogenic habitat destruction limit its range to a few
small isolated areas. From the results of this study, it is
clear that only protected forest areas such as situated
around the Bale Mountains can assure a long-term sur-
vival of this species both in terms of the suitable cli-
mate conditions and forest cover. Bale Mountains
National Park (IUCN Category II), the adjacent Bale
Wildlife Reserve (IUCN Category IV) and the Bale
Controlled Hunting Area (IUCN Category VI) are the
only protected areas within the range of this species,
but these areas contain very few suitable habitats
based on our findings. This is especially critical, as
most of these remaining habitats lie at the edge of the
protected zones where human population growth is
higher than in other rural areas (Wittemyer et al. 2008).
Sadly, most of the voucher records of L. ragazzii avail-
able in the literature are more than 30 yr old, and it is
uncertain if the species still exists at the sites where it
had been collected in the past. Since L. ragazzii seems
to be incapable of adapting to disturbed habitats, it is

likely that the last refuges of this species will disappear
in the near future unless those areas predicted as suit-
able habitat can be protected from human encroach-
ment. Only inaccessible forest remnants, usually along
steep-sided valleys, offer an opportunity to retreat
(Largen 1977).

Much like Leptopelis ragazzii, the IUCN lists L. van-
nutellii as vulnerable with a decreasing population
trend. This species inhabits a relatively large forest
fragment west of the Rift Valley and seems to be less
immediately threatened through habitat loss than L.
ragazzii because a higher portion of the climatically
suitable area is still covered by undisturbed forest. As-
suming that L. vannutellii is equally intolerant to any
habitat disturbance as L. ragazzii, the predicted poten-
tial distribution from this study matches closely to the
distribution assumed by Largen & Schigtz (2004), and
may even range farther west (Fig. 4C). Based on the
suitability of climate and habitat variables from this
study, the occurrence of additional, thus far undetected
populations of this species in that area is highly likely.
However, it is also likely that the status of L. vannutellii
will degrade seriously in the future, as huge parts of the
remaining forest are unprotected and therefore at risk.
Only one relatively small, protected zone (controlled
hunting area of Mizan-Teferi, IUCN category IV) is
contained within its currently known distribution.

In addition to the 2 Leptopelis spp. considered in this
study, L. susanae, another endangered species, is also
found within these mountain ranges at elevations
between 2600 and 2700 m (Largen, 1977) in the Gughe
Mountains. Though once known from only 2 localities,
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in our research for this study we were informed of 2
further occurrences in the Bale Mountains (S. Lotters
pers. comm.), which increases the overall distribution
of the species to the north and gives hope of finding
more populations of all 3 species. Similar to L. ragazzii
and L. vannutellii, L. susanae appears to rely on undis-
turbed, dense mountain forest and only survives in
these forests along streams in inaccessible areas.
Unfortunately, locality data of L. susanae are too lim-
ited and do not allow computing a reasonable SDM.
Even without creating SDMs of the potential distribu-
tion of this third species, we do know that these 2
mountainous areas, Gughe and Bale, are separated by
heavily degraded areas, which would potentially limit
gene flow between these relic populations. The frag-
mented distribution of habitat is likely to lead to low
genetic diversity and potential population extinctions,
as seen in a number of studies of endangered species
in fragmented refugia (e.g. see Habel et al. 2009 and
references therein).

CONCLUSIONS

This study highlights the fact that even though Lep-
topelis ragazzii and L. susanae are theoretically pro-
tected by several reserves, their populations seem to
be extremely vulnerable to the threats of habitat loss
and habitat fragmentation. Enlarged, connected pro-
tected areas centred on the environmental and ecolog-
ical requirements of these species are needed to
ensure the survival of the species. In contrast to the 2
montane forest endemics, the potential distribution of
the submontane L. vannutellii is only marginally cov-
ered by protected areas, yet a greater extent of its pre-
dicted range includes both the ecological and environ-
mental conditions that it needs for survival. For all
species, further field studies are urgently needed to
gather data about the remaining population size,
genetic diversity and population structure, distribution
boundaries of all populations, and current threats.
Although the Maxent models of the distribution of suit-
able climate conditions for each species have little pre-
dictive power due to the small sample sizes of these
rare species, nevertheless, as suggested by Pearson et
al. (2007), niche models derived from small numbers
of occurrence records are effective as guidelines for
further field surveys to accelerate the discovery of
unknown populations and species.

A new wave of scientific research into Ethiopian
amphibians is focusing on the identification, distribu-
tion, conservation and other biological aspects of these
little known species with a focus on the forests in the
Bale Mountains and the southwest highlands across
the East African Rift Valley (A. A. Mengistu unpubl.)

with an aim to identify species in need of prioritisation
for conservation measures. In 2006, geographic and
biological data were collected from over 350 amphib-
ian specimens (kept in ZNHM/AAU, Addis Ababa; B.
Zimkus unpubl.). Additional data from 2006 and 2008
on the distributions and genetic relationships at the
species and population level are now being processed
(S. Loader, A. A. Mengistu and S. Saber unpubl.). The
biogeographic data being collected from such ongoing
field work and predictions of suitable habitats such as
those made in this study offer 2 powerful tools for con-
servation biology: (1) ongoing and upcoming field
work can use the Maxent prediction of suitable habitat
as a tool to concentrate on potentially suitable habitats,
and (2) findings from new field data and systematics
can in turn be used to evaluate the accuracy of the cur-
rent prediction.
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