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Populations of large mammals have declined at alarming rates, especially in areas
with intensified land use where species can only persist in small habitat fragments. To
support conservation planning, we developed habitat suitability models for the Walia
ibex (Capra walie), an endangered wild goat endemic to the Simen Mountains, Ethiopia.
We calibrated several models that differ in statistical properties to estimate the spatial
extent of suitable habitats of the Walia ibex in the Simen Mountains, as well as in other
parts of the Ethiopian highlands to assess potentially suitable areas outside the current
distribution range of the species. We further addressed the potential consequences
of future climate change using a climate model with four emission scenarios. Model
projections estimated the potential suitable habitat under current climate to 501–
672 km2 in Simen and 6,251–7,732 km2 in other Ethiopian mountains. Under projected
climate change by 2,080, the suitable habitat became larger in Simen but smaller in
other parts of Ethiopia. The projected expansion in Simen is contrary to the general
expectation of shrinking suitable habitats for high-elevation species under climate
warming and may partly be due to the ruggedness of these particular mountains. The
Walia ibex has a wide altitudinal range and is able to exploit very steep slopes, allowing it
to track the expected vegetation shift to higher altitudes. However, this potential positive
impact may not last long under continued climate warming, as the species will not have
much more new space left to colonize. Our study indicates that the current distribution
range can be substantially increased by reintroducing and/or translocating the species
to other areas with suitable habitat. Indeed, to increase the viability and prospects for
survival of this flagship species, we strongly recommend human-assisted reintroduction
to other Ethiopian mountains. Emulating the successful reintroduction of the Alpine ibex
that has spread from a single mountain in Italy to its historical ranges of the Alps in
Europe might contribute to saving the Walia ibex from extinction.

Keywords: connectivity, corridors, endemic species, distribution range, habitat loss, habitat suitability modeling,
reintroduction, translocation
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INTRODUCTION

There is increasing evidence that anthropogenic land use change
poses imminent threats to biodiversity globally (Leadley, 2010;
Watson et al., 2014). Indeed, humans have greatly altered the
distribution ranges of endangered species and directly impacted
their survival (Thuiller et al., 2005). Degradation of ecosystem
services goes hand in hand with species extinctions, declining
species abundances, and widespread shifts in species distributions
(Leadley, 2010). The current rate of global extinction in
biodiversity due to human activities is orders of magnitude higher
than natural extinction rates (Pimm et al., 1995). Natural rates are
calculated as approximately 1.8 extinctions per year per million
species, whereas anthropogenic rates during the last 500 years
have reached 28–100 extinctions per year per million species
(Barnosky et al., 2011).

While land use change was considered the main driver of
terrestrial biodiversity loss during the twenteith century, climate
change is increasingly becoming a threat (Leadley, 2010). Climate
change has started to impose multiple impacts on species, such as
demographic and phenological changes, species range shifts and
range size changes (Pounds et al., 1999; Bellard et al., 2012). Many
species are shifting their ranges toward higher elevations and
latitudes (Lenoir et al., 2008; Lovari et al., 2020), but migration
is not always possible, because suitable areas can be lacking
or because habitat loss has disrupted connectivity (Early and
Sax, 2011). Given current trends, climate change could surpass
habitat destruction as the greatest global threat to biodiversity
over the coming decades (Leadley, 2010). The populations of
large mammals have declined at alarming rates, especially in areas
of intense land use where species can only persist in small habitat
fragments, and often inside protected areas (Morrison et al.,
2007). However, even protected areas face strong pressures from
increasing human populations (McNeely, 1994). Hence, ensuring
the survival of large mammals in human-dominated landscapes
is challenging (Morrison et al., 2007; Gordon, 2009).

Modeling the suitability of habitats by means of species
distribution models (SDMs) has become increasingly important
to understand species ecology and develop conservation
strategies (Morrison et al., 2007; Lobo et al., 2010), particularly
to address the impact of climate change on species distributions
(Araújo et al., 2004). SDMs assess the relationships between
species occurrence data and environmental predictors to evaluate
the suitability of a given area for a target species (Guisan
and Zimmermann, 2000), and allow for identifying suitable
areas for species conservation management (Zielinski et al.,
2006; Thuiller, 2007). Multiple statistical algorithms are used
for modeling species distributions. The combination of multiple
models (ensemble forecasting) for suitability projections are
a means to visualize uncertainty, thus providing more robust
conclusions for conservation planning (Thuiller et al., 2006;
Araújo and New, 2007; Marmion et al., 2009; Meller et al., 2014).

The Walia ibex (C. walie) is an endangered (EN) species
restricted to the montane, sub-afro-alpine and afro-alpine
habitats of the Simen Mountains in northern Ethiopia. It inhabits
rugged and steep terrain in a single conservation area, the
Simen Mountains National Park. The park was established as

a direct response to the high conservation significance of the
species. Main threats resulting in population decline of the Walia
ibex originated from habitat loss due to agricultural expansion,
overgrazing, constructions, and occasional poaching (Galvin and
Haller, 2008). Low genetic variability, with an effective population
size (Ne) much smaller than the census population size
(Gebremedhin et al., 2009), is an additional threat. Genetic data
have documented a past population bottleneck, which combined
with its single small distribution area has led to extremely low
genetic diversity; in fact, one of the lowest ever recorded in any
endangered mammal species (Gebremedhin et al., 2009). The
Walia ibex has the smallest current distribution of all wild goat
species (<100 km2), but it had a much larger range, including
mountains beyond the park boundary, in the past (Figure 1).
However, anthropogenic factors pushed the population to the
verge of extinction, with an estimated total population of 150
individuals in the early 1990’s. Due to conservation measures,
the population is recovering, and current estimates suggest a
population size of >957 (Ejigu et al., 2017). Given this trend,
the protected area may not have adequate suitable habitat to
support a larger population in the future. Proposed conservation
actions include the establishment of viable populations in other
suitable areas, for instance by facilitating movements or through
translocations to adjacent unoccupied habitats (Hirzel et al., 2002;
IUCN, 2013). Such actions require the identification of suitable
habitat area outside the current park boundaries (Seddon et al.,
2007). SDMs allow for identifying such suitable areas, thereby
supporting a detailed planning of translocations or assisted
colonization of new habitats. Given that climate change will
further modify the distribution of potentially suitable habitats
in the future, such scenarios should additionally be taken into
account in conservation management planning.

In this study, we analyzed and estimated the spatial extent of
the suitable habitats of the Walia ibex in the Simen Mountains,
and projected our models to other Ethiopian mountains to assess
whether areas with potentially suitable bioclimatic conditions
exist. Being a mountain specialist, we expect the ibex to be
negatively affected by climate warming in all mountains due
to shrinkage of its habitat. To test this hypothesis and in
order to understand the spatiotemporal dynamics of suitable
areas, we addressed the potential consequences of future climate
change. We implemented three different strategies to improve
the reliability of our species distribution predictions. Specifically,
(i) when predicting models under present and projected future
climate conditions, we excluded any territory where the models
extrapolated; (ii) we accounted for imperfect detection of
presences; and (iii) we measured habitat features that are
indicative of an increase or decrease in total suitable areas under
present and projected future conditions. Our results are discussed
and evaluated in a conservation context.

MATERIALS AND METHODS

Study Area
The Simen Mountains National Park (with area of 412 km2),
situated in northern Ethiopia at 13◦9′57′′–13◦19′58′′ northern
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latitude and 37◦54′48′′–38◦24′43′′ eastern longitude, is the only
refuge for the Walia ibex (Figure 1). The park is topographically
diverse with an elevation ranging from 1,900 to 4,543 m above
sea level (a.s.l.). Agriculture is the dominant land use system. The
natural vegetation is divided into three main zones: the montane
forest belt, the transitional ericaceous belt, and the uppermost
afro-alpine belt (Puff and Nemomissa, 2005).

Occurrence Data
The Walia ibex inhabits altitudes between 2,700 and 4,300 m a.s.l.
(Ejigu et al., 2015), but historical data indicate that the species has
inhabited altitudes as low as 2,300 m (Nievergelt, 1981). Here, we
followed (Nievergelt, 1981) and considered all areas above 2,300
m in the Simen and in other Ethiopian mountains (Figure 1)
as our study area.

The extant range of the Walia ibex is well known, and is
the subject of regular monitoring (Gebremedhin et al., 2009,
2010). We performed repeated surveys of the Walia ibex habitats
through the whole range of the species from March to April
2011. We used binoculars and telescopes to spot the animal
from a distance. Presence points were recorded at the spot an
individual or a group of Walia ibex were seen or fecal samples
were observed. Individuals or groups of Walia ibex that were
seen within less than about 100 m distance were considered as
the same group. In such a way, we documented 214 occurrence
points of Walia ibex.

Predictor Variables
Nineteen bioclimatic candidate variables at the 30 arc-seconds
resolution (about 1 km2) were obtained from WorldClim
(Hijmans et al., 2005). Slope and aspect were additionally derived
from the 90 m resolution Shuttle Radar Topography Mission
digital elevation model (SRTM DEM) (Jarvis et al., 2008). The

elevation model was resampled by using the nearest neighbor
resampling algorithm by means in Google Earth Engine (GEE) to
the same resolution as the WordClim variables before derivation
of slope and aspect. Aspect was kept as a continuous variable in
the analyses. We used GlobCover (Arino et al., 2012), resampled
to 1,000 m using the majority nearest neighbor resampling
algorithm in GEE, to represent land cover. Each land cover class
was converted to 0 and 1 by specifying each category data as
a dummy variable.

To limit multicollinearity effects, we evaluated pairwise
Pearson correlations among predictor variables, and selected only
variables with r < |0.7|, selecting the ones with higher biological
importance. We retained eight variables: slope angle, slope aspect,
land cover, isothermality (BIO3), temperature annual range
(BIO7), precipitation of the wettest month (BIO13), precipitation
of the warmest month (BIO18) and precipitation of the coldest
quarter (BIO19).

All models from the three algorithms were projected to
all Ethiopian highlands (areas >2,300 m; Figure 1), both for
current and projected future climates, using the same criteria as
described above to assess suitability. We projected the models to
future climates representing the year 2,080 using data from the
Community Climate System Model version 4 (CCSM4) relying
on all the four emission scenarios (RPCs 2.6, 4.5, 6.0, and 8.5
Wm2 of radiative forcing).

Model Fitting and Evaluation
Three statistical modeling approaches were applied, differing in
general performance and statistical properties: (1) The Maximum
Entropy Model (MaxEnt), a parametric maximum likelihood
approach (Phillips et al., 2006; Halvorsen, 2013; Halvorsen et al.,
2015); (2) The Generalized Additive Model (GAM), a non-
parametric maximum likelihood approach (Wood, 2011); and (3)

FIGURE 1 | Study area showing the Ethiopian highland masses above 2,300 m (A) and Simen Mountains (B), the only place where the Walia ibex is extant today.
The park boundary and the occurrence points used in the models are indicated in (B).
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The Gradient Boosting Model (GBM), a resampling (boosting)
approach (Friedman et al., 2000; Elith et al., 2008).

The different modeling approaches calls for different
way of creating absence points (Barbet-Massin et al., 2012).
For MaxEnt and GAM we used the thickening procedure
proposed by Vollering et al. (2019a) for collection of absences
(background points and pseudo-absences). We generated
10,000 weighted points within discrete thickening distances
by analyzing geostatistical properties of the predictors
such as semi-variance. The weighting was performed by
using the relative probability of absences to be equal to the
number of presences within a radius length of each location
determined of the spatial-autocorrelation range of the predictor
variables (Vollering et al., 2019b). A minimum separation
distance was set to 10 km. In the third algorithm (GBM),
we randomly generated pseudo-absence points equivalent in
number to the presence points that were collected during
the field work. We then re-run the algorithm 10 times as
recommended by Barbet-Massin et al. (2012), as tree-based
machine learning algorithms requires this amount of runs at
least when the number of presence points is less than 1,000
(Barbet-Massin et al., 2012).

Twenty-one replicates of MaxEnt models were fit with
different regularization multiplier values (0–10 with an interval
of 0.5) to regulate model complexity, using the DISMO
package (Hijmans et al., 2013). We used the MIAmaxent
R package for variable transformation and model selection
for species distribution models. We finally retained the
model with regularization multiplier of 3.5 due to the best
cross-validation performance. We used the caret package
in R to tune the parameters in the GAM models for
choosing the optimal model across our parameters. Accuracy
was used to select the optimal model using the largest
value as criteria.

For the GBM approach, we built several models by setting
the back fraction to the default value (0.75; Elith et al., 2008)
and by using different combinations of tree complexity levels
(1–5) and learning rates (slightly varying values ranging from
0.0001 to 0.05) from the “gbm.step” function in the gbm package
(Ridgeway, 2013). From models with more than 1,000 trees, the
least number of trees by default; see Elith et al. (2008), we selected
the combination of tree complexity levels and learning rates that
provided the lowest cross-validation deviance.

For each of the performed algorithms, we ran a fivefold
cross-validation procedure and repeated it 10 times. To
this end, we divided our data into five equal subsets, ran
the cross-validation procedure, and repeated these steps 10
times. For each of the mentioned algorithms, we then
calculated predictions from the weighted mean across all
repeats and folds. All the three final models were validated
against the test data set by means of the AUC and TSS
accuracy metrics (Swets, 1988). The reported AUC of each
algorithm is the average AUC computed across the repeated
fivefold cross-validation. We also report TSS (true skill
statistics) as an average across the repeated fivefold cross-
validation. TSS was calculated as “sensitivity” + “specificity” – 1
(Allouche et al., 2006).

Spatial and Temporal Projections of
Models
All models from the three algorithms were projected to all
Ethiopian highlands (areas > 2,300 m; Figure 1), both for current
and projected future climates representing the year 2080 using
data from the Community Climate System Model version 4
(CCSM4) by relying on all the four emission scenarios (RPCs 2.6,
4.5, 6.0, and 8.5 Wm2 of radiative forcing).

The probabilistic prediction maps obtained from models
runs as well as projections were split into binary presence-
absence maps using three threshold criteria: (1) Minimum
presence threshold, selecting the minimum probability value
among occurrence points; (2) Maximum sum threshold
(Maximum Sensitivity plus Specificity), maximizing the
sum of sensitivity and specificity (Liu et al., 2005); and
(3) Maximum Kappa, using the threshold that provides
highest Cohen’s Kappa values. All nine binary ensemble maps
(three algorithms × three probability threshold criteria) were
combined to define three habitat suitability classes: Unsuitable
habitat, where less than 30% (maximum two out of nine)
binary maps predict presence; Uncertain suitability, where
30–60% (3–5) maps predict presence; and Suitable habitat,
where >60% (more than five) maps predict presence following
Chala et al. (2016).

Future habitat suitability ensembles were produced by
combining 36 maps (three algorithms, three threshold criteria
and four emission scenarios) and produced the three habitat
suitability classes following the same approach that was applied
to the ensemble current habitat suitability map. We performed
a MESS analyses (Elith et al., 2010) by using the R-package
“dismo” (Hijmans et al., 2013). The MESS analyses show how
far pixel values in the predictors are outside the range of
presences in the training data. Negative values indicate that
one or more predictors are outside this range and the MESS
values decreases in accordance with the dissimilarity. Thus pixels
with negative MESS values were ruled out and not included in
the results.

Correction for Lack of Species
Occurrences in Steep Areas
Ibex species are specialized to steep cliffs up to 60◦ (Nievergelt,
1981), which are difficult to access for predators and other
organisms (Shackelton, 1997). The steepest areas (>45◦) are,
however, not likely to be well covered by species occurrence
data obtained through visual observation, as in our case. Thus,
we assumed that our presence-based models mainly captured
the climate requirement of Walia, without fully capturing the
topographic requirements, due to under-sampling of the steepest
slopes. In order to take into account this source of bias, we
repeated the whole analyses such that occurrences of Walia
ibex in gentle slopes far away from steep cliffs were removed
from the presence data set. We also repeated the whole analyses
and built models without slope as predictor. We compared the
two model versions, and filtered flat areas from both. To filter
flat areas far away from steep cliffs, we calculated the average
slope among occurrence points. Then we flagged all occurrence
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points for which the slope was lower than the mean value and
calculated the distance between these points and the nearest
cliff with slope above the mean. We computed the first (lower)
quartile, the third (upper) quartile, and the interquartile range
(IQR). In this way, we restricted the presence points for the
Walia ibex to include only suitable habitats that overlap with
the cliffs that are above mean values of the slope angle and any
suitable habitat within the distance of the sum of the upper
quartile value plus 1.5 times the IQR from these cliffs. Overall,
for both current and future climate conditions we present two
versions of habitat suitability maps for the Simen Mountains and
other Ethiopian mountains, i.e., maps with and without steep
area correction.

Landscape Connectivity
We performed a landscape connectivity analyses in order to
provide an estimation of the habitat that can be spontaneously
colonized by the Walia ibex under present and projected
future climate conditions. Thus, we calculated two different
connectivity indices in the program package FRAGSTATS
(McGarigal, 2002): the proximity index and the connectance
index. This analysis was limited to suitable habitats inside a
“landscape” of 100 × 100 km with the current occurrence
points of Walia ibex in the center, because available data
on species distribution and movements do not support the
idea of spontaneous dispersal over broader scales. Other
typologies of connectivity analyses were hampered by limited
data on species movements and lack of high-resolution
information on fine-scale landscape elements that could act
as barriers.

In this analysis, suitable habitats are defined as the habitats
currently used by the Walia ibex. The proximity index is
calculated between a given habitat spot (patch) and all other
habitat spots of the same type. The sum of the area of the
habitat spots (m2) is divided by the square of nearest edge-to-edge
distance (m2). Therefore, the proximity index has higher values
at increasing amounts of suitable areas and if suitable areas are
nearby. The connectance index is the number of connections (c)
between all habitat spots of the same type (i) (sum of cijk, where
cijk = 0 if spot j and k are not within the specified distance from
each other, and cijk = 1 if spot j and k are within the landscape,
divided by the total number of possible connections between all
spots of the same type, multiplied by 100 to give a percentage
value (values between 0 and 100).

RESULTS

Predictions Under Current Climate
The three statistical models showed similarly high performance,
with average AUC and TSS values from all model runs
per algorithm: AUC = 0.902 and TSS = 0.846 for GAM,
AUC = 0.905 and TSS = 0.853 for GBM, and AUC = 0.906
and TSS = 0.855 for MaxEnt. The predicted suitability patterns
were also similar for the models (Supplementary Figures 1, 2).
Our results consistently showed that suitable habitat for the
Walia ibex is available in the Simen Mountains, also in areas

where the species is not currently known to exist. The model
projections suggested that there is 501–672 km2 of suitable
habitat in the Simen Mountains (Figure 2 and Table 1),
considerably larger than the currently delineated protected
area (Figure 1).

Projecting the models to all Ethiopian highland areas
suggested that suitable habitat is not only present in the
Simen mountains, but also in the several other mountain
fragments in northwestern Ethiopia (Supplementary Figure 2).
The GAM model also predicted suitable habitats in the southern
highlands of Ethiopia, in the Bale and Arsi Mountains, southeast
of the Rift Valley (Supplementary Figure 2). In the other
two models, this was only the case when the minimum
presence threshold was used. The models without slope as
predictor resulted in reduced suitable habitat area, namely
a 21.4% reduction in the Simen Mountains and a 20.4%
reduction across all Ethiopian highlands (Table 1). The impact
of under-sampling of the steepest slopes was lower in the
Simen Mountains (−13.6%) than in other Ethiopian mountains
(−28.4%; Table 1).

Overall, the modeling approaches indicate that there are
fragmented patches with potentially high habitat suitability,
mostly in the central northern highlands, west of the Rift Valley,
and that most of these patches are isolated (Figure 3 and
Supplementary Figure 2).

Predictions Under Projected Climate
Change
Model projections under future emission scenarios indicated a
tendency of shifting suitable habitats toward higher altitudes,
both in the Simen and in the other Ethiopian mountains
(Supplementary Figure 1). Upward range shifts resulted in an
expansion ranging from 501–672 to 1,164–1,243 km2 of suitable
habitat in Simen, depending on model and scenario applied. The
opposite pattern was detected in other Ethiopian mountains (a
reduction ranging from 6,251–7,732 to 4,922–5,812 km2), with
consistent results across models. Correction for under-sampling
of the steepest slopes had less pronounced impact under climate
change scenarios, especially in mountain areas outside Simen,
reflecting that less flat area is found to be available or suitable
toward mountain summits (Table 1). The MESS analyses showed
four mountain areas outside Simen where our predictions may be
unreliable (Figure 4). One of these areas was in the northern part
of Ethiopia close to Dessie and three other areas in the South. The
prediction cells in these territories were ruled out and excluded
from the reported results.

Habitat Connectivity
The proximity analysis identified that several suitable areas are
well connected to currently occupied patches (Figure 5). Under
scenarios of climate change, some increase of connectivity levels
are expected, with an increase up to 5.86%, particularly in the
central Simen area. This is likely caused by the prediction of
more future suitable habitats in this area. Slight increases of the
proximity index under climate change may suggest that larger
suitable patches in areas with high elevation would become better
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FIGURE 2 | Comparison of habitat suitability under current and future climate in the Simen Mountains. Current suitability maps are produced by averaging nine maps
(3 algorithms × 3 threshold values). Future habitat suitability is produced by averaging 36 (3 algorithms × 3 threshold values × 1 climate model × 4 emission
scenarios). The numbers on the legend bar refer to the degree of agreement among these maps in predicting presence: 0–0.3 unsuitable with high certainty, 0.3–0.6
uncertain suitability, >0.6 suitable with high certainty. Slope is excluded as a predictor variable and correction is made for under-sampling of steep slopes in the
maps on the right panels.

TABLE 1 | The total area (km2) of suitable habitat predicted with high certainty (>60% agreement for presence among models) in the Simen Mountains and among all
Ethiopian highland masses (above 2,300 m), and correction for under-sampling of the steepest slopes.

Simen mountains Whole Ethiopia

With slope Without slope With slope Without slope

Current Future Current Future Current Future Current Future

Suitable habitat 738 1,418 580 1,345 10,970 6,626 8,731 7,100

Suitable habitat* 672 1,243 501 1,164 7,732 4,922 6,251 5,812

*Area of suitable habitat corrected for under sampling of the steepest slopes.

connected in the future. In the opposite direction, connectance
tended to decrease (Table 2), suggesting increasing distances
between the total of patches, where the ibex at lower elevation
would have to traverse larger areas of less suitable habitat.

DISCUSSION

This study is the first to examine both the current and future
potential suitable habitats of the charismatic Walia ibex for
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all Ethiopian highlands, assessing in particular the expected
impacts of climate change on habitat suitability. Our findings
have important bearings on conservation management under
changing climate and land use in Ethiopia. Indeed, our results
demonstrate that there is suitable habitat available in the Simen
Mountains and also in other Ethiopian mountains that is not
yet realized, both under current and projected future climates.
The particularly high suitability within the Simen Mountains
confirms the significance of the area as a refuge for this
endangered mountain mammal. All projected areas of high
habitat suitability are located west of the Ethiopian Rift Valley,
while suitability is generally lower on the eastern side (Figure 3).
The projected area of suitable habitat varies depending on the
predictors used in the model calibration, as models without slope
tended to predict smaller areas of suitable habitat (Table 1).

Notably, our projections under climate change scenarios for
the year 2080 suggest the possibility of an increase in the area

of suitable habitat within the Simen Mountains, the only area
where the species occurs today. In contrast, we found the opposite
trend for all other parts of the Ethiopian highlands (Table 1).
The projected expansion in the Simen Mountains is contrary
to the general expectation of a shrinking of suitable areas for
high-elevation species in response to climate warming and may
be attributed to the ruggedness of the mountains, as has also
been suggested in other areas of the world (Elsen and Tingley,
2015). The wide altitudinal range of the Walia ibex, and its
ability to exploit the steepest slopes, might allow the species
to track the expected vegetation shift to higher altitudes. The
Simen is a complex mountain range with rugged topography
presenting steep slopes compared to other Ethiopian mountains.
As a consequence, the ibex could find additional, currently
unexploited habitats under climate change (see Supplementary
Figure 1). However, the potentially positive impact in Simen
may not last very long under continued climate warming after

FIGURE 3 | Comparison of habitat suitability under current (upper panels) and future (lower panels) climates in Ethiopian highland masses (>2,300 m). Current
suitability maps are produced by average nine maps (3 algorithms × 3 threshold values). Future habitat suitability is produced by averaging 72 maps (3 algorithms ×
3 threshold values × 1 climate model × 4 emission scenarios). The numbers in the legend bar refer to the degree of agreement among maps in predicting presence:
0–0.3 unsuitable with high certainty, 0.3–0.6 uncertain suitability, >0.6 suitable with high certainty. Slope is excluded as a predictor variable and correction is made
for under-sampling of steep slopes in the maps on the right panels.
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FIGURE 4 | MESS analysis. Negative MESS values showed by red colors
have one or more predictors outside the range of present in the training data.
Deeper red colors show larger differences and predictions here should be
treated with strong caution.

2080, as the species will not have much more new space left
to colonize.

A study on the impact of climate change on the gelada baboon
(Theropithecus gelada) suggests that baboons could shift their
lower altitudinal limit (>2,000 m) upward by about 500 m for
every 2◦C of increase in mean annual temperature, resulting

in a loss of up to 32% in range size (Dunbar, 1998). Such a
shift is primarily driven by the dietary behavior of this primate,
which mainly feeds on grasses (Dunbar and Bose, 1991). The
niche of the gelada baboon partially overlaps with the Walia
ibex (Nievergelt, 1981) and it is documented that the Walia ibex
previously could have inhabited lower altitudes, as low as 2,300
m a.s.l. (Nievergelt, 1981). In our surveys, however, tracks of
the species were never observed below 2,700 m, which could
imply that a shift toward higher elevations has already started.
It is difficult to determine whether such a shift was caused by
climate change or by direct anthropogenic impact. However, in
the last few decades, agricultural expansion at low altitudes has
been intensive, suggesting that habitat loss and/or competition
with domestic goats (Gebremedhin et al., 2016) could have forced
the ibex to move upwards. In our study, we did not include
projections of land-use change, given the lack of high-resolution
projections for the study area. However, regional analyses suggest
that agricultural increase could cause further habitat shrinkage in
the future (Williams et al., 2021), thus the prevention of habitat
loss from agriculture is a conservation priority for the next years.

IUCN’s guidelines for planning and managing protected
areas recommend that protected areas (PAs) should be large
and continuous with limited edge effects and with high
connectivity to other areas of suitable habitat (Hamilton and
McMillan, 2004). The Simen Mountains National Park satisfies
none of these criteria, as it has been affected by considerable
human intervention (Hurni et al., 2010). In addition to direct

FIGURE 5 | Landscape proximity between present and suitable habitats for Walia ibex. The raster colors indicate the present-day proximity values. The dots
represent the centroid of each suitable habitat patch. The color of the dots show how much the proximity value in each suitable patch would change (in percent) in
the Simen mountain according to the prediction model Simen future corrected for slope showed in Figure 2 lower right.
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TABLE 2 | Average values for Proximity index and Connectance index for suitable
habitat patches in the Simen Mountains, respectively, under current climate and
future projection.

Proximity Connectance

Simen current 22.0695 7.8886

Simen future projection 23.2189 7.2981

anthropogenic factors, we show that climate warming will force
the species to move further upwards. Under these circumstances,
the pressure on small-sized protected areas such as the Simen
Mountains National Park will become extremely high. Given the
recent increase in population size of the Walia ibex, animals
may already soon have to expand beyond the protected areas
(Mason et al., 2014). The combination of anthropogenic factors,
competition with livestock, and climate change may lead to
further changes in the species’ range dynamics that may render
the small-sized currently protected area of insufficient quality
in future conservation strategies and prompt the need for
expansion of such areas. Indeed, future consideration of areas
for reintroduction or translocation should focus on those that
are well connected with other afro-alpine, sub-afro-alpine and
montane ecosystems.

In response to the increasing human pressure on the habitats
of the Walia ibex and the overall afro-alpine biodiversity, the
total area of the Simen Mountains National Park was recently
expanded from ∼225 to 412 km2. With the enlargement of the
protected area, the boundaries were redesigned to connect the
currently occupied areas to the historical species distribution.
So far, no animal movement to the reconnected areas has
been observed. Our connectivity analysis suggests that proximity
values between the Simen and some nearby suitable areas are
not low, thus the expansion to nearby areas is in principle
possible (Figure 5). However, our connectivity analyses focused
on broad-scale suitability values, and did not take into account
fine-scale landscape elements, such as barriers, that could actually
hamper the movements of ibexes. More accurate assessments of
potential colonization pathways would require high-resolution
data on the occurrence of barriers, and better information
on the actual movements of ibexes, for example through
radiotracking. Such data would allow to identify areas where
additional corridors and protected areas could be defined in
order to increasing the chance for spontaneous re-colonization
of historical sites.

Our study has identified potential key sites that can support
re-established populations of the Walia ibex outside its current
distribution range and has pointed to areas in which the
species will also find suitable habitats under projected future
climates. Planning and implementing conservation actions like
reintroducing and translocating animals to other mountain areas
have been successful for several close relatives of the Walia ibex,
such as e.g., the Alpine ibex, C. ibex (Maudet et al., 2002). The
Alpine ibex, endemic to the Alps in Europe, was driven very
close to extinction in the early nineteenth century, when less than
100 individuals were estimated to be left in a single protected
area in Italy (Stüwe and Nievergelt, 1991). The reintroduction

to multiple sites within the historical range of the Alpine ibex
in 1911 allowed populations to grow and to colonize many areas
across all of the Alps (Hirzel et al., 2002). Such efforts are needed
in order to conserve the Walia ibex in the highlands of the
Ethiopian mountains.

Reintroductions are complex management actions that can
have impacts also on the species that currently are resident in
the target areas. Hence, it is important to consider the possible
interactions between translocated species and the resident ones.
Interspecific competition is one of the major potential issues.
In a study conducted to assess the spatial overlap between
reintroduced Bison (Bison bison) and resident ungulates, Jung
et al. (2015) conclude that the overall potential for competition
between reintroduced bison and resident ungulates is low, still
they highlight that competition could occur across multiple
niche dimension axes. A study on seven species of herbivores
in the Simen Mountains suggested limited levels of competition
(Dunbar, 1978). This could be because several of the species were
in the process of re−establishing themselves following periods of
absence or reduced density, so that competition was more likely
to be incipient rather than actual.

The potential wild competitors for the Walia ibex in
the Simen Mountains include the gelada baboon and the
klipspringer (Oreotragus oreotragus) (Nievergelt, 1981). However,
the density of klipspringer in the park is very low and the
competition that may arise should not significantly affect
the Walia ibex population (Dunbar, 1978). On the other
hand, the density of domestic livestock in the study area
has increased to a higher level over the last four decades
(Gebremedhin et al., 2016). Studies performed on related
species in India (Bagchi et al., 2004) observed very strong
interactions between the Himalayan ibex (C. sibirica) and
livestock species, suggesting that domestic livestock deplete the
density and diversity of wild herbivores in the cold deserts
of the Trans−Himalaya by imposing resource limitations.
Similarly, using metabarcoding methodology Gebremedhin
et al. (2016) documented potential competition with domestic
goats in the Simen mountains. Even though reintroductions
have a great potential to allow the Walia ibex regaining its
historical range, accurate analyses of competition with both
native and domestic species will be pivotal for the success of
conservation actions.

CONCLUSION

The population size of the Walia ibex recently increased from 150
individuals in the early 1990s to a minimum of 957 individuals
at present. Although the population increase is good news for
the conservation of this iconic species, new tasks are ahead.
The area currently protected by the National Park is very small,
potentially leading to fierce competition for resources within the
population as well as with the increasing number of domestic
animals (Gebremedhin et al., 2016). Given the projected habitat
suitability under climate change, new areas need to be considered
for expanding the distribution of the Walia ibex. If appropriate
management actions are undertaken, such as well-planned
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translocations and the building of suitable migration
corridors (Stüwe and Nievergelt, 1991; Clark et al., 2002;
Hirzel et al., 2002), the species could expand its population
further, especially in the Simen Mountains, but potentially
also in other areas west of the Ethiopian Rift Valley. A future
presence of the Walia ibex in several interconnected mountain
fragments that ideally form a functional metapopulation would
certainly increase the viability and future prospects of this
charismatic flagship species. The historically successful strategy
of reintroduction of the once-nearly extinct species of the
Alpine ibex that has roamed to the whole Alps mountains
should be taken as a lesson to enable the Walia ibex to occupy
suitable habitat in the Simen and other mountains west of the
Rift Valley.
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