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Summary

Climate change can cause geographic displacement of the ecological niche of a species, so that
similar species that previously did not coexist could begin to face new interactions. Such geographic
displacement and increased competition can also be exacerbated by anthropic intervention. Until
less than 100 years ago, Vultur gryphus and Coragyps atratus did not coexist. Nowadays, possibly
as a result of climate change, changes in the distributions of both species created areas where they
are now sympatric. Through ecological niche modeling, we evaluated the possible effects that
future scenarios of climate change and human influence would have on the distribution and
sympatry between the two species. Our models predict that the current distribution of
V. gryphus will be reduced between 18% and 24% by 2050 and between 21% and 32% by
2070. Additionally, they predict that the distribution of C. atratus will be reduced by 31-52%
by the year 2050 and 15-60% by 2070. The two algorithms predict a reduction in the areas of
sympatry. However, for the northern Andes the overlap between the two species will increase,
reaching up to 70% in the year 2070. The distribution of C. atratus will move towards higher areas
in the altitudinal gradient, and this will generate an increase in the current sympatry between both
species. No clear trend was observed on the effect of human influences on the areas of overlap
between the scenarios evaluated. The possible effects of climate change and anthropic intervention
in future scenarios found in this study highlight the need to include these effects in future analyses
and conservation programs of V. gryphus and other threatened vultures.
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Introduction

Global temperatures increased by between 0.65 and 1.06°C during the period 1880—2012. Possibly,
depending on various scenarios, global temperatures could increase by between 1.4 and 4.5°C for
the period 2085—2100 (Collins et al. 2013, [IPCC 2014). These changes in the global climate could
trigger alterations in biological cycles, geographical patterns, and the ecological processes of the
species (Walther et al. 2002, Ackerly et al. 2010, Bellard et al. 2012, Roth et al. 2014). Changes
could be any or all of the following: 1) changes in the density of the species; 2) geographical
displacement in the distribution of the species, either in the direction of increased latitudes and / or
higher elevations; 3) changes in processes such as migration, laying dates; 4) modifications in
morphology, body size, and behavior; 5) modification of community through changes in interspe-
cific relationships; and 6) alterations in genetic frequencies (Walther et al. 2002, Root et al. 2003,
Ackerly et al. 2010, Walther 2010, Yang and Rudolf 2010).

To date there is evidence of some species that have already modified their latitudinal or
altitudinal geographical distribution patterns in response to temperature increases in recent
decades (e.g. Hughes 2000, Parmesan and Yohe 2003, Parmesan 2006, La Sorte and Jetz 2010,
Roth et al. 2014). It is predicted that in the future many species will undergo dramatic changes in
their distribution (Parmesan and Yohe 2003, Parmesan 2006, Lawler et al. 2009). However, the
responses to these variations will not be the same for all species and the patterns of change have not
been clearly identified. Some have suggested that species from low elevations or low latitudes will
benefit from expanding their distributions, while species from higher elevations or latitudes will
contract their range (Walther et al. 2002). Despite these findings corroborating these tendencies,
the patterns do not seem to be generalized, since some species from high latitudes in Antarctica
such as Gentoo Penguin Pygoscelis papua and some vascular plants, e.g. Deschampsia antarctica,
Colobanthus quitensis, have colonised new areas expanding their range (Parmesan 2006).

Under the assumption that populations of species from diverse groups will be able to follow their
climatic niches that could potentially change geographically in the face of future climate changes,
such populations could move from their original ranges to new places (Tingley et al. 2009, Feeley
et al. 2012). This process will be further exacerbated by landscape transformation which will
further modify the characteristics of potentially available habitat (Brown and Maurer 1989,
Walther et al. 2002, Ricciardi 2007).

Changes in geographical distributions suggest that some species will have to interact with species
that were previously geographically separated, thus modifying the configuration of pre-existing
communities (Walther et al. 2002, Walther 2010). These modifications of geographical ranges
could alter the dynamics of biotic interactions such as competition, which could lead either to the
exclusion of one of the species or to coexistence between them (Sommer and Worm 2002). When an
expanding species occupies the area of a species with similar diets and habits, and that species has
evolved in the absence of the other species, it may result in the competitive exclusion of the least
competitive species (Carrete et al. 2010). Environmental changes generated by anthropogenic
action generally cause a reduction of the area of distribution, a decrease in population sizes and
an increase in the probability of extinction (Schneider et al. 2007). On the other hand, species that
respond positively to these transformations increase colonization into new areas (McKinney and
Lockwood 1999).

There is strong evidence that the Black Vulture Coragyps atratus is favoured by anthropogenic
intervention, since it frequently seeks food in garbage dumps and consumes cattle carrion (del
Hoyo et al. 1994, Carrete et al. 2010, Barbar et al. 2015). Previously this species was limited to
highly productive tropical environments, but it has expanded its distribution in North America and
throughout South America (del Hoyo et al. 1994, Carrete et al. 2010). In recent years, its
population size has increased to the point of being currently considered the world’s most abundant
avian scavenger (Carrete et al. 2010, Valéry et al. 2013). As a result of this expansion its geo-
graphical distribution has overlapped partially with similar species such as the Andean Condor
Vultur gryphus (Carrete et al. 2010).
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For South American avian scavengers, the hierarchy between sympatric species is governed by
body size. The Andean Condor dominates the smaller scavenger species such as the Black Vulture
(Wallace and Temple 1987). However, in habitats where the Black Vulture is more abundant, itis a
strong competitor to female and juvenile Andean Condors (Carrete et al. 2010). Wallace and
Temple (1987) suggested that the Black Vulture is dominant over other species when it is found
in large groups (> 50 individuals). This new interaction with the Black Vulture can affect the
conservation of the Andean Condor, whose females have a higher mortality rate than males
(Lambertucdi et al. 2012).

The coexistence of ecologically similar species depends in part on the evolution of a differential
use of resources, mediated by mechanisms such as the partition of resources, niche segregation, or
by facilitative processes between species (Sommer and Worm 2002). These processes are possible
when evolutionary histories are shared over long periods of time (Mundy et al. 1992, Rice and
Pfennig 2008, Carrete et al. 2010). Based on historical records, the distribution of the Black Vulture
and the Andean Condor did not overlap until less than 100 years ago (Houston 1985, Tonni and
Noriega 1998). This is a very short period for the evolution of behaviours that facilitate their
coexistence. Recent research conducted in Argentina’s Patagonia (Ballejo et al. 2017), suggests that
the trophic niches of the Black Vulture and the Andean Condor overlap to a significant degree,
especially in rural environments. Since they have a similar diet based on domestic and introduced
species, this could put populations of Andean Condor at risk in those environments where the Black
Vulture increases in numbers.

Carrion is an ephemeral resource irregularly distributed both spatially and temporally (Carbone
et al. 2011, Shepard and Lambertucci 2013), so an increase in sympatry between these two species
can increase interspecific competition. Predicting the possible effects of global environmental
changes and anthropogenic transformations of the landscape on the geographical distributions
of these two species would allow an evaluation of the potential increase in interspecific competition
and a prognosis for the future conservation of the Andean Condor.

In this study, we aimed to evaluate, through the modelling of ecological niches (MNE), the
hypothesis that distributions of the Black Vulture and the Andean Condor will be modified by the
effect of future climate changes in the Andean Region. Such changes might include an increase in
the areas of sympatry between the two species. Additionally, we expected that the coexistence of
the Andean Condor in the northern Andes will be compromised in favor of the Black Vulture,
taking into account the current trends of land use and human expansion. We evaluated this
hypothesis through the projection of the current anthropogenic impacts on the environment to
future scenarios using Geographic Information System (GIS) techniques.

Methods
Study species

The Andean Condor is one of the largest flying birds in the world with a 3 m wingspan and weight
varying between 7.5 and 15 kg (Ferguson-Lees and Christie 2001). They are monogamous and have
alow reproductive rate (Ferguson-Lees and Christie 2001, Lambertucci 2007) with a single egg laid
every two or three years (Wallace and Temple 1987). The Andean Condor feeds on the carrion of
large- and medium-sized vertebrates, both wild and domesticated (Ferguson-Lees and Christie
2001). They secure this food by searching through long flights that can reach up to 340 km per day
(Lambertucdi et al. 2014).

The Andean Condor is currently distributed along the Andes Cordillera from Venezuela to
Tierra del Fuego (del Hoyo et al. 1994, Ferguson-Lees and Christie 2001, Lambertucci 2007). The
bird can reach 5,200 m in altitude, and occasionally it is observed below 3,000 m in Ecuador and
Colombia and at sea level in some localities of Peru, Chile, and Argentina (Ferguson-Lees and
Christie 2001). The species is considered globally ‘Near Threatened’ (NT) on the IUCN Red List
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(BirdLife International 2017). However, its conservation status is critical in the northern Andes
(Venezuela, Colombia, Ecuador and Pert) (Lambertucci 2007).

The Black Vulture has a very wide distribution in America. It is abundant locally and is associated
with open and urban areas such as garbage dumps, slaughterhouses, fishing ports and roads
(Ferguson-Lees and Christie 2001). The bird is distributed from sea level to 2,700 m and rarely
exceeds 3,000 m, mainly north of the Andes in Colombia and Peru (Ferguson-Lees and Christie
2001, Marquez et al. 2005). It is a highly gregarious and aggressive species, particularly when near
carrion where at times more than 200 individuals concentrate (Wallace and Temple 1987, Carrete
etal. 2010). It lays 13 eggs a year and feeds on carrion of variable size but can also hunt small prey
such as birds, insects or reptiles. Its weight varies between 1.18 and 2 kg and its wingspan reaches
1.5 m (Ferguson-Lees and Christie 2001, Campbell 2016).

Spatial and statistical analysis

Two modelling algorithms that have demonstrated excellent performance and do not require
absence data (Tsoar et al. 2007) were used to predict the effect of global environmental change
on the distributions of these two species: MaxEnt (Phillips et al. 2006) and the Genetic Algorithm
for Rule-set Production (GARP) (Stockwell and Noble 1992).

The MaxEnt algorithm estimates the species’ distribution from presence and background data to
find the distribution of maximum entropy (Phillips et al. 2006). The resulting model reveals the
relative probability of the distribution of the species over all the pixels of a grid in a defined
geographical space (Phillips et al. 2006). Although to date alternative parametrization processes
exist (e.g. Muscarella et al. 2014), we used the default parameters based on an extensive empirical
tuning study (Phillips and Dudik 2008). The models were generated using a random sample of 80 %
of the presence data as training data and the remaining 20% were used to evaluate the model, and
the logistic output was used to obtain suitability values. To obtain binary presence / absence maps,
the threshold defined by the value "10 percentile training presence" was used (Phillips et al. 2006).

As an alternative approach we used GARP, a learning algorithm that combines environmental
data with the localities of occurrence of the species to produce a model of their requirements in
these environmental dimensions (Stockwell and Noble 1992). For the elaboration of the models
with GARP, the process suggested by Anderson et al. (2003) was followed using a sample of 80% of
the data as training data and 20% as validation data, using 1,000 iterations with a convergence limit
of 0.001. The 10 best models were selected (best subsets) with a specific error of omission of 10%
and one of commission of 50%. These 10 models were then summed in ArcMap Ver. 10.2 (ESRI
2010) generating a consensus map.

To calculate the changes in the distributions in the future scenarios (losses, gains and areas that
remain stable) the function BIOMOD_RangeSize of the R software package biomod2 was used
(Thuiller et al. 2015). Finally, the areas of overlap in the distribution of the two species were
established using ArcGis 10.2.

In order to identify the regions with greater or lesser loss of geographic distribution or overlap,
the Andes Cordillera was divided into three regions: Northern Andes (Venezuela, Colombia and
Ecuador), Central Andes (Perd and Bolivia) and Southern Andes (Chile and Argentina). The
political boundaries of these countries were used to establish the distribution and overlap in each
of the regions.

Environmental and species presence data

Presence data of both species were obtained from: 1) Global Biodiversity Information Facility
database from 2000 to 2018; 2) records compiled in the literature (e.g. McGahan 1972, Heredia and
Piedrabuena 2010, Lambertucci 2010, Gargiulo, 2014); 3) data provided by researchers (R. Morales
pers. comm.) and 4) georeferenced field records, obtained by the first author for Colombia between
the years 2002 and 2014. Data from all the Andean countries were used, including confirmed
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records of nesting and roosting sites. Duplicate or doubtful records were excluded. In total,
85 records were collected for the Andean Condor and 329 for the Black Vulture (Figure St in
the online supplementary material).

To develop the predictive models, we used 19 climatic variables obtained from the WorldClim
project database (Hijmans et al. 2005) and the slope percentage obtained from the CGIAR go-m
digital elevation model (Jarvis et al. 2008). Variables like wind and livestock distribution were not
included in the analysis due to the lack of projections of those variables for future scenarios.

For future scenarios (2050-2070), the global climate models of three laboratories: ACCESS1-0
(Commonwealth Scientific and Industrial Research Organization and Bureau of Meteorology),
HadGEM2-AO (Met Office Hadley Centre) and MIROCs5 (Model for Interdisciplinary Research
on Climate), and three representative routes of concentration of emissions were used: RCP2.6 (low
emissions), RCP4.5 (medium emissions) and RCP8.5 (high emissions). The models were down-
loaded from WorldClim (www.worldclim.org) as digital layers based on the same bioclimatic
variables used to generate the distributional models of the current scenario. All the layers (current
and future scenarios) were converted to raster format and homogenized to a cell size of 2.5 minutes
(~4.5 km) with the help of ArcMap Ver. 10.2 (ESRI 2010) (Table S1).

We reduced co-linearity by excluding pairs of variables with Pearson’s correlation. The variables
included in the final distribution models were selected using a MaxEnt jackknife test according to
the percent contribution and permutation importance value of each variable. To evaluate the
accuracy of the models partial ROC curves were used (Peterson et al. 2008).

The variables used for the final models of the Andean Condor were mean daytime range (bioz),
isothermality (bio3), maximum temperature of the warmest month (bios), mean temperature of
driest quarter (biog), precipitation of driest month (bio14), precipitation seasonality (bio1s),
precipitation of coldest quarter (bio19) and the slope, among which the most important were mean
temperature of driest quarter, slope percentage and precipitation seasonality (Table 1). For Black
Vulture, the variables used in the final models were mean daytime range (bio2), seasonality of
temperature (bio4), maximum temperature of the warmest month (bios), mean temperature of
driest quarter (biog), precipitation seasonality (bio1s), precipitation of warmest quarter (bio18),

Table 1. Percentage contribution of each variable to the current distribution models of V. gryphus and C.
atratus obtained with the Maxent algorithm. Percentage contribution: measures the increase in likelihood
associated with modelling rules based on each environmental variable and then divides this by the total gain
in likelihood to calculate the percent of the total gain associated with each variable (Phillips 2017).
Permutation importance: randomizes the values for each environmental variable between the presences and
background points in order to make that variable uninformative and then measures the resulting drop in area
under the curve AUC. Values are normalized to give percentages (Phillips 2017).

V. gryphus C. atratus
Percentage Permutation Percent Permutation
Variable contribution importance contribution importance
Mean Diurnal Range 2.8 5.2 18.2 10.5
Temperature
Isothermlity 3.1 1.1 o o
Temperature Seasonality o o 25.2 23.4
Max. Temp. Warmest 6.9 10 16.6 19.4
Month
Mean Temp. Driest 29.9 48.2 24.4 31.2
Quarter
Precip. Driest Month 5.1 o o o
Precipitation Seasonality — 16.1 16.6 6.2 9.7
Precip. Warmest Quarter o o 2.5 0.9
Precip. Coldest Quarter 6.9 7.3 5.8 2.9
Slope Percentage 29.2 11.7 1.2 1.9
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precipitation of coldest quarter (bio19) and the slope. The variables that showed a greater influence
in the Jackknife test were temperature seasonality, mean temperature of driest quarter and mean
diurnal range (Table 1).

Measurement of niche overlap

To compare the ecological niches of the two species we used a modification of the niche equivalency
and similarity tests (Warren et al. 2008). These statistics allow the identification of differences in
environmental preferences, considering the use and availability of environments for both species
(Broennimann et al. 2012, Petipierre et al. 2012). The availability of environments is quantified
directly on all available environments for each species; that is, all environments within the areas of
potential distribution of each species. Thus the comparison between two niches can be used to
calculate niche overlap using the D metric (Schoener 1970, reviewed in Warren et al. 2008).

Thus, we evaluated the niche equivalency and niche similarity hypotheses of Warren et al.
(2008) with this method using null models. For the niche equivalency hypothesis, the identity of
the occurrences is first randomised among the observed occurrences of the two species using
iterations and then the difference in niche preference is quantified. If the niches of the two lineages
are identical, the observed value should not be different from the null model expectation. Next,
differences in niche preferences are quantified per iteration and the observed difference is com-
pared to the distribution of the simulated differences. The latter evaluates if the observed difference
is higher or lower than what would be expected by the null model (Warren et al. 2008, Glor and
Warren 2010).

Finally, to perform Warren’s tests modified by Broennimann et al. (2012), we used the same set
of occurrences and environmental variables as in the niche models and performed a Principal
Component Analysis on all the available environments (using standardized values of the variables)
for the Andean Condor and the Black Vulture. We used the Ecospat package in R (Di Cola et al.
2017) to estimate the density of occurrences and to quantify niche similarity between the two
species in environmental space. Significance was evaluated by the position of the observed value in
relation to the distribution of simulated values under the null models of each hypothesis.

Analysis of human influence

The effect of human influence on the distributions of both species was evaluated by the Global
Human Influence Index generated by Wildlife Conservation Society (WCS) and Columbia Uni-
versity Center for International Earth Science Information Network (CIESIN). This is a raster
format coverage of 30 seconds of resolution (~1 km?®), created from nine global data layers
(population density, buildings, nighttime lights, land use, land cover, coastal lines, roads, railways
and navigable rivers) (Wildlife Conservation Society and Center for International Earth Science
Information Network - CIESIN - Columbia University 2005).

To establish the possible effects of human influence, a current interval of variation of the Human
Influence Index (HII) for South America was established, which varies between o and 67 (United
Nations 2014). To generate projections of this index in the two future scenarios (2050 and 2070)
and two different human influence scenarios (moderate and accelerated), the average annual
urbanization rate estimated by the United Nations for South America (United Nations 2014),
corresponding to 0.3% (moderate scenario) and the urbanization rate of Bolivia (0.6%), that
corresponds to the highest rate of urbanization among the South American countries for 2014
(accelerated scenario), were used as a proxy of the future change in the human influence. With the
GIS the cells of the original HII raster file were reclassified into five categories to facilitate the
projections (Table S2).

Taking into account that the percentage of change for each cell will not be the same, the cells with
different coefficients were modified under two assumptions: 1) the percentage of change would be
greater in the cells with higher influence indices, and would decrease in the cells of lower current
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influence index; 2) the change rate would remain constant over time. The entire percentage rate
was added (0.3% for moderate scenario and 0.6% for accelerated scenario) to the cells of the high
influence category, 75 % of the rate to cells of moderate influence, 50% to the cells of low influence
and 25% to cells of very low influence. Each percentage was added to each year from 2014 until
2050 or 2070 according to the future scenario. No modification was made to the cells of the very
high influence category since they correspond to the areas that have been highly urbanized
(Table S2).

For each climate change scenario obtained by the ecological niche analysis, the layers of human
influence were clipped with the areas of overlap between the Andean Condor and the Black Vulture.
Finally, the proportion of each of the human influence categories was established to determine the
possible effect of urbanization on the distribution of species in future scenarios.

Results
Effect of climate change on the distribution areas of the species

According to the GARP algorithm, the area of distribution of the Andean Condor for the current
scenario corresponded to 2,560,000 km?* (approximation based on the number of pixels generated
by the model). A reduction of the current distribution of 18-22% (2050) and 24-32% (2070) is
predicted (Table 2). In all cases, the model predicted that there would be a reduction in geographical
distribution over time, particularly with the scenarios of higher greenhouse gas emissions (Table 2).
The main areas of reduction of the distribution of the Andean Condor will be from the northern
region of the Andes (Venezuela, Colombia and Ecuador) and in the south-eastern Andes in
Argentina. There were increases in the Andes of northern Chile, as well as in Patagonia in
Argentina (Figure 1).

The area of distribution of the Black Vulture for the current scenario corresponded to
3,390,000 km?. For future scenarios a reduction of 31-52% (2050) and 15-60% (2070) is predicted
(Table 2). The main areas of reduction of Back Vulture distribution would correspond to low areas
such as the Colombian and Peruvian Amazon. A displacement of the area of distribution towards
large parts of the Andes cordillera is predicted, especially in the projected scenarios for 2070
(Figure 1).

According to the MaxEnt algorithm, the area of distribution of the Andean Condor for the
current scenario corresponded to 1,800,000 km* (29.5% less with respect to the GARP algorithm)
and decreasing between 14% and 37% (2050) and between 21% and 35% (2070) (Table 2).

For the Black Vulture, the area of distribution in the current scenario was 2,700,000 km* (20%
less compared to the GARP algorithm). The projected reduction for 2050 varies between 19% and
53% and for 2070 between 17% and 51%. In all cases, the reduction increases in RCP 4.5 and 8.5.

Owerlap of the areas of distribution

According to the GARP algorithm for the current scenario, the model predicts an overlap of
260,000 km* (10% of the distribution of the Andean Condor) located mostly in the northern
Andes (Ecuador, Colombia), in some sectors of the Bolivian Andes and on the Chilean coast (Table 3,
Figure 2). In all models obtained for the future scenarios, a reduction is predicted in the area of
overlap, varying between 44 % and 70% for 2050 and 30% and 53 % for 2070 with respect to the
area of overlap of the current scenario. The greatest reductions in the overlap are seen when using
the MIROC 5 models (Figure S2). The models obtained for the future scenarios suggest a dis-
placement of the areas of overlap towards higher elevations that vary between 250 and 1,500 m on
the altitudinal gradient. This displacement is higher in the scenario of higher emissions (RCP 8.5)
in 2070 (Figure S3).

According to the MaxEnt algorithm, the area of overlap predicted for the current scenario was
approximately 400,000 km? (22 % of Andean Condor distribution for the current scenario and 36 %
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Table 2. Shifts of the geographic range areas of V. gryphus and C. atratus for each model with the percentage
of area lost and compared to the current scenario. ACCESS 1.0: Australian Community Climate and Earth
System Simulator, HadGEM2-AQO: Hadley Global Environment Model 2 (Atmosphere-Ocean), MIROC s:
Model for Interdisciplinary Research On Climate version 5.

GARP MaxEnt
MODELED SCENARIO  Area (Km®)  Partial AUC ~ % loss  Area (Km®)  Partial AUC % loss
CURRENT
V. gryphus 2,564,426 0.804 o 1,807,709 0.934 o
C. atratus 3,394,134 0.740 o 2,716,817 0.894 o
ACCESS 1.0
Species / RCP / Year
V. gryphus 4.5 2050 1,990,183 0.807 22.39 1,549,148 0.945 14.30
V. gryphus 8.5 2050 2,009,640 0.809 21.63 1,416,032 0.943 21.67
V. gryphus 4.5 2070 1,933,438 0.826 24.61 1,425,705 0.922 21.13
V. gryphus 8.5 2070 1,809,629 0.813 29.43 1,161,055 0.920 35.77
C. atratus 4.5 2050 1,991,430 0.721 41.33 2,126,301 0.901 21.74
C. atratus 8.5 2050 1,653,841 0.701 51.27 1,807,974 0.905 33.45
C. atratus 4.5 2070 1,816,134 0.716 46.49 1,812,461 0.903 33.29
C. atratus 8.5 2070 1,390,236 0.708 59.04 1,323,224 0.911 51.30
HadGEM2-AO
Species / RCP / Year
V. gryphus 2.6 2050 2,098,224 0.817 18.18 1,487,066 0.945 17.74
V. gryphus 4.5 2050 2,047,611 0.804 20.15 1,367,571 0.926 24.35
V. gryphus 8.5 2050 1,980,081 0.802 22.79 1,324,141 0.944 26.75
V. gryphus 2.6 2070 2,014,713 0.821 21.44 1,549,775 0.929 14.27
V. gryphus 4.5 2070 1,933,994 0.818 24.58 1,297,937 0.927 28.20
V. gryphus 8.5 2070 1,751,505 0.815 31.70 1,132,530 0.928 37.35
C. atratus 2.6 2050 2,231,333 0.710 34.26 2,193,319 0.902 19.27
C. atratus 4.5 2050 2,055,018 0.720 39.45 2,062,600 0.901 24.08
C. atratus 8.5 2050 1,612,637 0.695 52.49 1,665,041 0.901 38.71
C. atratus 2.6 2070 2,627,208 0.713 22.60 2,195,458 0.903 19.19
C. atratus 4.5 2070 1,705,115 0.718 49.76 1,717,021 0.905 36.80
C. atratus 8.5 2070 1,341,900 0.707 60.46 1,259,453 0.909 53.64
MIROC 5
Species / RCP / Year
V. gryphus 2.6 2050 2,081,960 0.820 18.81 1,556,502 0.951 13.90
V. gryphus 4.5 2050 2,022,514 0.824 21.13 1,476,356 0.928 18.33
V. gryphus 8.5 2050 1,957,182 0.805 23.68 1,363,237 0.946 24.59
V. gryphus 2.6 2070 1,993,580 0.846 22.26 1,590,677 0.945 12.01
V. gryphus 4.5 2070 1,962,068 0.830 23.49 1,423,053 0.950 21.28
V. gryphus 8.5 2070 1,839,006 0.817 28.29 1,313,700 0.944 27.33
C. atratus 2.6 2050 2,316,190 0.686 31.76 2,236,375 0.900 17.68
C. atratus 4.5 2050 2,404,590 0.712 29.15 2,134,323 0.901 21.44
C. atratus 8.5 2050 2,036,253 0.703 40.01 1,961,455 0.901 27.80
C. atratus 2.6 2070 2,859,231 0.703 15.76 2,312,839 0.897 14.87
C. atratus 4.5 2070 2,330,410 0.696 31.34 2,104,029 0.900 22.56
C. atratus 8.5 2070 1,640,390 0.720 51.67 1,722,560 0.895 36.60

greater than the area predicted by GARP). All models obtained using MaxEnt suggest a reduction
in the areas of overlap of the two species in future scenarios. However, most models show greater
reductions in the 2070 scenarios. The reductions in overlap vary between 7% and 27% by 2050 and
between g and 28 % by 2070 with respect to the current scenario. Although some scenarios predict a
shift to higher areas of overlap in the future (e.g. HadGEM2-AOQ), this trend is not as evident as that
found with the GARP algorithm (Figure S3).
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Figure 1. Shifts of the geographic range of V. gryphus (a, b) and C. atratus (c, d) in two scenarios:
Current distribution (a, c) and 2070 distribution with RCP 8.5 (b, d). Grey areas in b and d show the
regions where there is no shift in the distribution between future scenarios and current scenario
(stable); red areas correspond to the portions where the current distribution reduces in the 2070
scenario (loss) and green where the distribution increases (gain). Models were performed with GARP.
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Table 3. Shifts in overlap areas between V. gryphus and C. atratus in different climatic change scenarios and
regions (Northern Andes, Central Andes and Austral Andes). Models performed with GARP for ACCES 1.0
scenarios. Areas in square kilometers.

Area of overlap

ACCESS 1.0 V. gryphus geographic with
Region (RCP/YEAR) range C. atratus %
Northern Current 176,912 97,519 55%
Andes 4.5/2050 112,783 43,445 39%
8.5/2050 104,765 38,204 36%
4.5/2070 76,662 52,796 69%
8.5/2070 55,748 42,057 75%
Central Andes Current 786,743 106,226 14%
4.5/2050 657,376 48,883 7%
8.5/2050 657,823 41,365 6%
4.5/2070 559,713 58,862 11%
8.5/2070 517,815 53,044 10%
Austral Andes Current 1,527,379 57,162 4%
4.5/2050 1,165,590 49:375 4%
8.5/2050 1,190,780 34,584 3%
4.5/2070 1,253,932 61,690 5%
8.5/2070 1,199,393 53,284 4%
Whole Andes Current 2,564,426 260,907 10%
4.5/2050 1,990,183 141,703 7%
8.5/2050 2,009,640 114,153 6%
4.5/2070 1,933,438 173,348 9%
8.5/2070 1,809,629 148,385 8%

When considering all the countries that make up the Andes, we predict that the overlap between
species tends to be reduced in future. When performing analysis by region the trend remains,
however the Northern Andes shows higher percentages of overlap in all scenarios (39-75%),
especially in the model obtained for the year 2070 with RCP 8.5 (Table 3). The central and austral
Andes showed overlap areas of less than 15% (Table 3).

Measurement of niche overlap

The niche equivalency and similarity tests suggest that the ecological niches of the Andean
Condor and the Black Vulture are more different than the expected by the null model (Figure 3).
The PCA also showed that 67% of the environmental variation is explained by the first two
components (Figure 3). The presence density surfaces suggest that the two species are distributed
mainly in the environmental gradient of the first component; the Andean Condor prefers
environments with low temperatures and low precipitation as well as more homogeneous sea-
sonality in precipitation and the Black Vulture is found in more variable precipitation and
temperature environments (Figure 3).

Effect of human influence on the distribution areas of the species

The analysis of change of human influence in the areas of overlap of the species did not show a clear
trend between the evaluated scenarios. When considering the categories of greatest influence
(moderate, high and very high), human influence in the areas of overlap will be greater for the
northern Andes (< 15%), with intermediate influences in the southern Andes (< 12%) and low
influence in the central Andes (< 5%) (Figure S4).
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Figure 2. Overlapping potential areas obtained with GARP between V. gryphus and C. atratus in
Northern Andes under a current scenario (a) and under 2070 scenario (ACCES 1.0, RCP 8.5) (b).
Red colour represents overlapping areas and grey represents the geographic range areas of
V. gryphus for each scenario. Bars to the right show the geographic range and areas of overlap
in approximate square kilometers for each scenario.

Discussion

Through dispersal, species can follow favourable climatic conditions (both latitudinally or altitud-
inally) as an adaptive response to climate change (Bellard et al. 2012). There have been changes in
the latitudinal or altitudinal ranges in more than 1,000 species, especially in those with high
dispersion capacities (Parmesan 2006). However, it should be considered that these displacements
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Figure 3. Measurement of niche overlap between the two species in environmental space. Principal
Component Analysis (top right) and the representation of the ecological niches in the first two axes
using a smoothed kernel density function of observed occurrences of the Black Vulture (top centre)
and Andean Condor (top left). The grey-to-black shading represents the grid cell density of the
species’ occurrences (black being the highest density) while a white background color indicates the
environmental conditions in which the species were not recorded. The first dashed line represents
the 50% of the available environment and the solid line represents the 100% (top). In the bottom
(left) is the histogram showing the results of equivalency test; and the niche similarity test between
the Black Vulture vs. the Andean Condor (center) and the Andean Condor vs. the Black Vulture
(right).

could also imply a reduction in populations and an increase in the risk of extinction. This is
particularly important for the Andean Condor which has more specific ecological requirements,
compared to the Black Vulture. In addition, it has been proposed that species of large body size and
with low reproductive rates (as in the case of the Andean Condor) will be more prone to extinction
(Pimm et al. 2006, Dirzo et al. 2014).

Our analyses showed that the Black Vulture uses diverse environments, from tropical to
temperate, in comparison with the Andean Condor that is restricted to colder environments. In
addition, the results suggest changes in the distributions and in the altitudinal ranges of both the
Andean Condor and the Black Vulture as a consequence of possible future climate changes. These
changes also suggest the increase in the percentage of overlap between the two species in the
Northern Andes under some climate change scenarios, which in conjunction with human
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intervention may exacerbate the impact that these changes can have on species and their interac-
tions (Travis 2003).

The geographic displacement of the climatic niches results in either the species moving towards
regions that meet those conditions or that they are extirpated locally, since the possibility of
adaptation (due to temporary restrictions in the modification of their physiology and other life
history traits) is unlikely in such short periods (Bellard et al. 2012, Jezkova and Wiens 2016). Using
the models obtained, displacements in the areas of distribution of the two species are predicted
under all scenarios, whereby the Andean Condor tends to move towards areas of lower elevation
and the Black Vulture tends to move towards higher elevations. It has been shown that some
species, including 361 bird species in Great Britain, Finland and North America (Chen et al. 2011),
have already moved latitudinally at an average rate of 16.9 km per decade poleward and altitudin-
ally they have moved upwards at an average rate of 11 m per decade. These trends increase with
higher levels of warming.

Inall models, there is a tendency towards a reduction in the area of distribution of both species. In
the case of the Andean Condor this loss is marked both in areas where wild populations of condors
are currently found as well as in areas where reintroductions have been carried out, such as the
central mountains of Argentina and the Patagonian steppes (eastern Argentina), the Illescas
peninsula in Peru, and the Sierra Nevada de Santa Marta and the eastern mountain ranges of
Colombia. In the case of the Black Vulture, all the models suggest a range in the Amazonian region
and in the foothills of the eastern slope of the central Andes between Peru and Bolivia.

The models also predict important displacements in the distribution of the Black Vulture from
flat areas towards the Andes cordillera that could reach more than 1,000 km for the scenarios with
the highest emissions in 2070 (Figure 1). This trend is related to the low climatic variability that
occurs in flat and low areas compared to the mountainous areas where the climatic variation is more
pronounced (Hijmans et al. 2005). Although the Black Vulture is more abundant in flat and low
areas, it also uses mountain environments. It has been recorded in high areas of Peru, Bolivia and
Colombia, feeding at landfills at more than 4,000 m (Mdrquez et al. 2005, Carrete et al. 2010). In
contrast the Andean Condor, due to its size, needs steep areas and deep canyons to be able to fly, and
these are less frequent conditions in areas of lower elevation (Ferguson-Lees and Christie 2001,
Lambertucci 2007, Shepard et al. 2013).

All climate change scenarios predict a decrease in the areas of overlap between both species in the
future. However, the projected decrease in the range of the Andean Condor could generate greater
percentages of overlap in the region of the Northern Andes where the species is at greater risk of
extinction (Lambertucci 2007, Renjifo et al. 2016). Particularly in the northern Andes, an increase
in human influence is expected in future scenarios (United Nations 2014). The combined effect of
climate change with ecosystem transformation could generate greater changes in the distribution
and ecological interactions between both species, further threatening this synergistic effect on the
Andean Condor, whose ecological requirements are very specific (Travis 2003, Brook et al. 2008).

The changes in the area of distribution of the Andean Condor, together with an increase in the
amount of overlap with the Black Vulture in the northern Andes, could increase the probability of
local disappearance of the Andean Condor and in the long term could result in the species” total
extinction as a result of competition. Nevertheless, the real effect of competition needs further
research, as in this study we prove only a possible increase in geographic overlap.

The displacement of the Andean Condor could increase the probability of conflict with humans
in areas of lower elevation, where there are more human settlements. Temperature increases could
facilitate the expansion of human activities towards higher zones, increasing conflicts with the
Andean Condor, which according to our results will be more striking in the northern Andes.

It has been suggested that most of the variations in the distribution of tropical bird species will
occur in mountainous regions of Central America and in the Andes region where mountain-
dwelling species are more vulnerable to the effects of climatic change, increasing the risk of
extinction (Sekercioglu et al. 2008, 2012). Although it is predicted that the Andean Condor will
have a wider altitudinal range (expansion towards lower areas of the Andes: 1,000~2,000 m in the
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Northern Andes and 0-1,000 m in some sectors of the Southern and Central Andes), it should be
considered that it is precisely in the lower regions where there is greater transformation and human
presence, and this would increase the risk of extinction for the Andean Condor due to conflicts with
humans.

Particularly in the northern Andes, the most transformed areas are between 1,500 and 3,000 m
(Martinez et al. 2009) and this would increase the possibility of contact between human commu-
nities and Andean Condor according to our results for future scenarios. At this elevation, the
models predict greater overlap between the two species (Figure S3). In this scenario, the Black
Vulture is expected to be more successful, considering that it is favoured by the presence of humans
(del Hoyo et al. 1994, Carrete et al. 2010, Barbar et al. 2015), in contrast to the Andean Condor
whose main threats are related to anthropogenic intervention (poisoning, hunting and collision
with power lines) (Lambertucci 2007, Lambertucci et al. 2009, 2010, 2011). Additionally, the
northern region of the Andes, where the models predict a greater variation in distribution,
coincides with the areas where the highest growth rates of the human population are found and
where the economy is based on the use of natural resources (Dirzo et al. 2014, Beaudrot et al. 2016)
a situation that increases the risk for a species like the Andean Condor.

When considering the presence density surfaces for the two species, the Andean Condor is
restricted to low temperature environments, while the Black Vulture is found in a greater variety of
environments. In a scenario of increased temperature, the environments available for the Andean
Condor would be more restricted and certainly at higher elevations compared to today.

It has been documented in Africa that in the absence of vultures, the average decay rates of
carcasses and the presence of mammals consuming carrion (rats and feral dogs) increases the risk of
disease transmission among mammals (Ogada et al. 2012). Similar situations could occur in South
America with the extinction of the Andean Condor and a reduction in the range of other smaller
scavenger species such as Black Vulture, as suggested by the results found in this study.

The probable reduction of the geographic range of a widely distributed scavenger like the Black
Vulture could have other ecological and economic implications related to the ecosystem services
that scavengers provide to human communities (Moledn et al. 2014). It has been estimated that the
Spanish vulture populations could remove more than 200 tons of bones and more than 8,000 tons of
meat each year, representing an economic saving of natural carrion removal of 907,679-1,488,719
EUR (Margalida and Colomer 2012). Through an ecosystem-based approach, Markandya et al.
(2008) assessed the economic impacts of vulture declines on human health and the relation to an
increase in feral dogs and rabies transmission with an estimated $34 billion EUR in healthcare costs
between 1993 and 2006. The absence of a currently abundant species like the Black Vulture over
large areas as projected in future scenarios, could have similar effects on the human well-being of
South American communities as those estimated for Spain and India.

Although the results suggest little similarity between the environments occupied by the two
species, the ecologically shared areas are more widely represented in geographical space than the
non-shared ones, specifically in some regions such as the northern Andes. This ecological and
geographical duality or relationship (Hutchinson duality; Hutchinson 1957, Colwell and Rangel
2009), suggests a potential increase in sympatry. We must also consider that ecological niche
similarity analyses only consider climatic variables, so that their geographical representation of
the area actually occupied by the species can vary when taking into account other variables such as
biotic interactions and human intervention.

Despite the scarcity of information, climate change was recently included in extinction risk
assessments (Maclean and Wilson 2011). However, more evidence is showing that in the long-
term, climate change will be one of the main threats to biodiversity and human well-being (Bellard
etal. 2012, Pecl et al. 2017). Although these model predictions may have a high level of uncertainty,
they highlight the importance of the possible effects of future anthropogenic intervention and
climate change on threatened species such as the Andean Condor. The effect on common and widely
distributed species such as the Black Vulture is also evident. Considering the trends observed in the
models that we constructed, it is pertinent to consider the possible effects of climate change on the
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conservation of the Andean Condor. Human intervention should be considered as an important
factor in the modeling of future scenarios. In this way, information and arguments will be available
to propose and improve strategies for mitigation, adaptation and control of threats to the Andean
Condor and other endangered species.

Supplementary Materials

To view supplementary material for this article, please visit http://dx.doi.org/10.1017/
50959270920000271.
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