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Human encroachment into wildlife habitat threatens the persistence of large carnivore pop
ulations because it shrinks their distribution and promotes conflicts related to agricultural and
livestock damage. Andean bears (Tremarctos ornatus) have experienced one of the greatest range
contractions among large carnivores. Habitat loss and damages to crops and livestock are among
the main threats to the conservation of the species. Here, we analyzed the occurrence of the
Andean bear and the risk of conflict with humans at different spatial scales in southeastern Peru
using Generalized Linear Models. First, we modeled the species distribution at two spatial scales
(4 × 4 km and 1 × 1 km) and then, the risk of conflict within the predicted bear occurrence at the
fine scale (1 × 1 km), taking damage records as a proxy of conflicts. The species distribution
models at both scales identified altitude as the most important predictor of bear presence, with
high altitudinal habitats having the highest probability of bear occurrence. Steep slopes (at coarse
scale) and areas close to forest (at fine scale) were also associated with high probability of bear
occurrence. The predicted occurrence spanned mostly grasslands and montane forests. The con
flict risk model indicated a high probability of bear damage associated with places far from forest
patches and with low vegetation cover, where bears can encounter unprotected livestock and
crops. The spatial projection of our models showed that only 43% of the predicted bear occur
rence had some level of legal protection and 45% is under human-bear conflict risk, including
parts of the protected areas. Moreover, our models suggested that the potential distribution of
Andean bears in the area has contracted around 50% in relation to the historical range. We
encourage local and national authorities and policymakers to enlarge protected areas to reduce
the impact of human activities on Andean bear occurrence and to improve the management of
human-bear conflicts. This is of special importance under climate change, which will increase the
vulnerability of high altitude habitats, crucial for Andean bears, to land-use changes.

1. Introduction
Worldwide, large carnivores have experienced large population declines and geographic range contractions due to fragmentation
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of habitat, prey depletion and human persecution (Wolf and Ripple, 2017). This situation is worrying because large carnivores are
essential to maintain the functioning and structure of entire ecosystems (Estes et al., 2011; Ripple et al., 2014). One of the main drivers
of habitat degradation and range contraction in large carnivores is human encroachment into wildlife habitat, which is mainly
associated with the increase of rural population densities and/or the expansion of rural activities (e.g., agriculture and livestock) into
nature (Wolf and Ripple, 2017). Large carnivores are particularly vulnerable to extinction also because of their large food and spatial
requirements, which often bring them into conflict with humans (Ripple et al., 2014). Human-wildlife conflicts are defined as any
situation where wildlife use or damage human property or harm people; or where people perceive wildlife to be a direct threat to
human life, economy and/or sociocultural aspects (Krofel et al., 2020; Human-Bear Conflicts Expert Team of the IUCN SSC Bear
Specialist Group, 2019). As a result, human directly persecute wildlife either preemptively or in retaliation, potentially shrinking more
their habitats around human-dominant areas (Lamb et al., 2020).
Ecological modeling emerged decades ago as a fundamental tool to support conservation strategies and wildlife management
decisions that tackle habitat loss and degradation (e.g., Araújo et al., 2019; Guisan et al., 2002). Numerous studies have used ecological
modeling to identify which environmental conditions are associated with the occurrence of large carnivores (habitat suitability
models; e.g., Fernández et al., 2012) and which factors (i.e., natural and/or human-related) may promote human-wildlife conflicts
(risk maps; e.g., Bautista et al., 2021; Miller, 2015). The association between different data types for a given species (e.g., presence,
reproduction, mortality or damage events) and the environmental features of data locations is influenced by the spatial scale; i.e., the
resolution of sampling (grain) and the size of the study area (extent; Fortin and Dale, 2005). For example, studies at coarse grain may
miss patterns at finer scales, whereas a reduced scale may not capture the species’ response to the broad landscape context and restrict
inference about resource selection by animals (Lipsey et al., 2017). Furthermore, wildlife responses to habitat characteristics are
scale-dependent, meaning that inference at one scale can fail to capture resource use at another scale, which can compromise model
predictions. Accordingly, many ecologists use multiscale approaches to model the distribution and the habitat requirements of wildlife
and their interactions with humans (e.g., Bautista et al., 2021; Fernández et al., 2012; Grilo et al., 2019; Malpeli et al., 2020; Zar
zo-Arias et al., 2020).
In this paper, we use ecological modeling to assess the habitat requirements of the Andean bear (Tremarctos ornatus) and the risk of
human-bear conflicts at different spatial scales. The Andean bear has experienced one of the largest range contractions among large
carnivore species in the world (i.e., 75.2%; Wolf and Ripple, 2017), and is one of the most endangered and elusive large mammals of
South America. The Andean bear is a generalist and omnivorous species, which occupies habitats with highly varied environmental
conditions ranging from the tropical dry forests to mountain grasslands across the Andes (García-Rangel, 2012; Peyton, 1999;
Vélez-Liendo and García-Rangel, 2017). Access to forest and water, rugged topography, and especially human presence seem to
modulate Andean bear habitat use (Cuesta et al., 2003; García-Rangel, 2012; Morrell et al., 2021). Land-use changes, such as the
expansion of the agriculture frontier and human activities, together with bear poaching triggered by conflicts (mostly related to crop
damage and livestock predation; Figueroa, 2015; García-Rangel, 2012; Goldstein et al., 2006; Paisley, 2001; Peyton, 1980;
Vélez-Liendo and García-Rangel, 2017), represent serious threats for Andean bear conservation and the long-term viability of its
populations (Can et al., 2014), currently estimated at 2,500–10,000 mature individual and classified as Vulnerable by the IUCN
(Vélez-Liendo and García-Rangel, 2017).
Ecological modeling techniques have also been used to assess and/or predict Andean bear presence, abundance, population density
and even den sites. For instance, some studies have used species distribution models to estimate and map its geographical range
(Falconi, 2021; García-Rangel, 2011; Vélez-Liendo, 2012) and locate potential ecological corridors (Figueroa et al., 2016), as well as to
predict present and future potential distribution (Meza Mori et al., 2020). Other studies have focused on capture-recapture models to
assess factors that potentially affect the Andean bear abundance and density (Morrell et al., 2021), whereas others have used regression
models to investigate the effect of livestock activities on bear habitat use (Aurich, 2020), to estimate poaching risk (Sánchez-Mercado
et al., 2008) or to characterize natal-den sites (Van Horn et al., 2021). Despite the multi-scale nature of the factors limiting species
distribution and resource selection (Johnson, 1980), all Andean bear studies have focused on single spatial scales and, to the best of our
knowledge, none has explored the environmental characteristics which may be associated with the occurrence of human-bear con
flicts, neither on a local scale nor over its entire range of distribution.
Here, we investigate the habitat requirements of Andean bears in southeastern Peru, a highly diverse area which covers a wide
altitudinal range and variety of ecosystems. The area is of high conservation value for the species as it holds an important bear
population (Peyton, 1999; Wallace et al., 2014). Specifically, we aimed at (1) assessing which environmental factors influence the
distribution of the Andean bear and are associated with the occurrence of conflicts with humans, (2) predicting both the probability of
Andean bear presence and conflict occurrence, and (3) identifying the areas of high risk of human-bear conflicts. To accomplish our
goals, we first built species distribution models at two nested spatial scales: a coarse scale (4 × 4 km) and a fine scale (1 × 1 km). We
then predicted bear occurrence across the study area. We also modeled the risk of human-bear conflict within the predicted bear
occurrence area at the fine scale. Finally, we assessed the predicted areas of bear occurrence that are legally protected and at high risk
of conflict.
2. Material and methods
2.1. Study area
The study area, located in southeastern Peru, is part of the historic and the current Andean bear distribution range, as well as an
important conservation unit for the species (Peyton, 1999; Wallace et al., 2014). It includes part of Cusco and Madre de Dios
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departments with an extension of 52,676 km2 and altitudes ranging from 198 to 5,505 m a.s.l., encompassing both Andean and
Amazon landscapes and bordered by large rivers (e.g., Urubamba, Madre de Dios, Inambari) and mountain ridges (Fig. 1). It is
characterized by a wide diversity of natural ecosystems, including glaciers, mountain grasslands, shrublands, montane forests and
Amazon tropical rainforest. Human-modified landscapes are predominantly countryside, represented by secondary artificial vegeta
tion (i.e., permanent pastures and agricultural fields) and artificial areas (i.e., artisanal mining and settlements) (MINAM, 2019).
Agriculture (principally maize and potato production) and livestock farming, as well as tourism and mining, are the main livelihood
resources (INEI, 2018; MINAM, 2019). At the same time, these human activities are the main source of habitat degradation; for
instance, 2,356 km2 have been deforested between 2001 and 2019 in Cusco and Madre de Dios departments due to the expansion of
these activities (MINAM, 2020). The roads present are mainly secondary, i.e., unpaved road of a single lane with very low traffic, while
the only main road in our study area is located in the Southeast (Ministry of Transport and Communications; https://portal.mtc.gob.
pe/). However, the spread of human pressure is somewhat restrained by the presence of Natural Protected Areas managed by the
Peruvian Government (i.e., Manu National Park, Amarakaeri Communal Reserve, Megantoni National Sanctuary and Ashaninka
Communal Reserve); and Private Conservation Areas (i.e., Japu-Ukumari Llaqta, Wayqecha, Pilco Grande and Matoriato). These
protected areas are all included in the study area. Human-bear conflicts, usually related to damage to maize crops and livestock, have
also been reported in these protected areas and their buffer zones (Figueroa, 2015; Rojas-VeraPinto et al., 2019; Vargas, 2016; Vicente,
2020).
2.2. Andean bear data
We compiled two datasets: one with Andean bear occurrence records and another with human-bear conflict records. The bear
occurrences were collected between 2000 and 2019 and included 243 GPS locations of direct observations and indirect signs (i.e.,

Fig. 1. Map of the study area (southeastern Peru) showing Andean bear occurrence records (red points) and bear damage records (yellow triangles
and black crosses indicate damages to maize crops and livestock predation, respectively). The green and brown border polygons represent the limits
of public and private protected areas, respectively. (For interpretation of the references to color in this figure legend, the reader is referred to the
web version of this article.)
3
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nests, feeding marks, scats, footprints, tree marks; Fig. 1, Table S1). Data were compiled from several sources: (a) interviews with
national park rangers and researchers, (b) field surveys and camera-trap data collected in Manu National Park with the support of the
Frankfurt Zoological Society, (c) Manu National Park data from wildlife monitoring protocols, (d) literature review (Falconi, 2020;
Figueroa and Stucchi, 2013; Quispe, 2016; Van Horn and Swaisgood, 2011; Vargas, 2016; Vicente, 2020), and (e) Global Biodiversity
Information Facility (GBIF) database on the Andean bear (Falconi, 2019).
The human-bear conflict dataset included bear damage records (i.e., confirmed and probable events of livestock predation and
maize crop damage by bears) as they are a good proxy for conflicts (Bautista et al., 2017). These records of probable damage events
were included as they may indicate negative perceptions linked to human-bear conflicts and risky areas for bears (Albarracín and
Aliaga-Rossel, 2018; Figueroa, 2015; Goldstein et al., 2006). As there is no compensation system for wildlife damage in Peru, some bear
damages stay unreported (Rojas-VeraPinto et al., 2019). We compiled 84 bear damage records from 2011 to 2018 (Fig. 1, Table S1),
which had GPS locations or spatial references with a spatial error < 1 km. We obtained these damage data from several sources: (a)
interviews with Manu National Park and Megantoni National Sanctuary staff, (b) field data collection in Manu National Park and its
buffer zone with the support of the Frankfurt Zoological Society, and (c) literature review (Figueroa, 2015; Rojas-VeraPinto et al.,
2019; Rojas-VeraPinto and Cruz, 2017; Vargas, 2016; Vicente, 2020). Both datasets were projected to the same reference system
(WGS-84/UTM 19S).
We transferred the occurrence dataset to two grids: coarse-scale (4 × 4 km grid), which represents the known average female
Andean bear home range (i.e., ~15 km2; Castellanos, 2011), and fine-scale (1 × 1 km grid), which reflects preferences and
individual-level selection of resources within the home range. We transferred the conflict dataset only to the fine spatial scale
(1 × 1 km) as we were interested in the landscape characteristics that could be managed to a certain extent in order to decrease
damage risk (e.g., distance to forest or households, see Bautista et al., 2021). We defined the spatial extension of the modeling areas by
restricting the prediction to accessible areas for the species (M component; Merow et al., 2013) in order to avoid overprediction
problems (i.e., commission errors; Mendes et al., 2020). For this purpose we relied on published information about the species’s
ecology, our own field experience, and local knowledge (see Supplementary Methods). We then applied a spatial filter (thinning or
spatial rarefy) to both the occurrence and conflict datasets at fine scale (2.22 km and 1 km, respectively, while for the occurrence
model at coarse scale we converted the multiple occurrences to one central location by creating a central point in that particular cell;
see Supplementary Methods) to reduce the effects associated with potential sampling bias on the models’ fitness (Boria et al., 2014). As
a result, from the Andean bear occurrence dataset, we retained 85 and 79 records (out of 243 compiled) for the coarse-scale and
fine-scale models, respectively; whereas for the conflict dataset we retained 42 records (out of 84). We then randomly generated
pseudoabsences in equal numbers to that of presences for each dataset (bear occurrences at the 4 × 4 and 1 × 1 km grids and bear
damage records at the 1 × 1 km grid). Finally, we transferred the pseudoabsences to their respective grid and classified all cells with
binary values, with 0 and 1 for pseudoabsences and presences, respectively. All procedures were developed in ArcGIS 10.5 (ESRI,
2016) and R (R Core Development Team, 2018).

Table 1
Environmental variables considered for the Andean bear occurrence and human-bear conflict models. Model scale refers to fine (F, 1 × 1 km), and
coarse (C, 4 × 4 km). Model type refers to occurrence models (O) and conflict models (C). In the case of meanNDVI and medianNDVI, we created those
environmental variables for two periods: 2000–2019 for occurrence models and 2011–2018 for conflict models, according to the time period of the
datasets.
Predictors
Topography
altitude
slope
Hydrography
dist_riv

Definition

Spatial
scale

Model

Source

Original
resolution/ scale

Average elevation in meters above sea level
Average slope in percentage

F, C
C

O, C
O

Jarvis et al., 2008 http://srtm.csi.
cgiar.org

90 x 90 m

Average Euclidean distance to river in meters

F

O

Geographic National Institute
https://www.gob.pe/ign

1:100,000

F, C
F, C
F
C

O, C
O, C
O, C
O

MODIS monthly L3 Global
https://earthexplorer.usgs.gov/
Hansen et al., 2013
https://glad.umd.edu

1 × 1 km

C

O

1:100,000

F, C

O

Ecosystem map of Peru (MINAM,
2019)

F

C

F

C

Presence model at fine scale

1 × 1 km

Vegetation
medianNDVI
Median and mean normalized difference vegetation
meanNDVI
index (NDVI; +1.0 to − 1.0)
dist_forest
Average Euclidean distance to forest in meters
per_forest
Percentage forest cover per grid cell
Human disturbance
per_artif
Percentage of artificial area cover (settlements and
illegal mining) per grid cell
per_agro
Percentage of permanent secondary vegetation
(agriculture and livestock) per grid cell
dist_agro
Average Euclidean distance to secondary vegetation in
meters
Bear presence
bear_presence
Percentage Andean bear presence probability
obtained from presence model
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2.3. Environmental variables
Based on the available literature, we hypothesized that Andean bear occurrence would be high in areas with high accessibility of
resources (areas with high vegetation productivity, water accessibility and high altitude) and that provide refuge for bears (high
slopes, altitude, forest cover and low human disturbance) (Cuesta et al., 2003; Figueroa and Stucchi, 2013; García-Rangel, 2012;
Paisley, 2001; Peyton, 1980; Yerena and Torres, 1994). We calculated the predictors that could influence the occurrence of bears and
damages according to the spatial scale. For the coarse-scale occurrence model, we calculated the average elevation (m a.s.l.) (altitude)
and the average slope (slope) obtained from a 30 × 30 m digital elevation model (Jarvis et al., 2008) (Table 1). Vegetation productivity
was characterized by the median and mean Normalized Difference Vegetation Index variables (medianNDVI and meanNDVI, respec
tively) obtained from the MODIS 1 × 1 km Terra Vegetation Indices (https://earthexplorer.usgs.gov/) in the period corresponding to
the occurrence data collection (i.e., 2000–2019). We included the variable forest cover percentage per pixel (per_forest) from the forest
areas up to 70% of coverage obtained from 30 x 30 m Global 2010 Canopy Cover (Hansen et al., 2013). Finally, we added the per
centage of agriculture areas (per_agro) and percentage of artificial areas (per_artif; settlements >2 km long and artisanal mines) per each
cell obtained from the ecosystem map of Peru (MINAM, 2019; Table 1). For the fine-scale occurrence model, we used the same data
sources for the coarse-scale model to obtain altitude, medianNDVI, meanNDVI and per_agro at the corresponding resolution. Addi
tionally, we calculated the Euclidean distances to forest patches (dist_forest) and the nearest rivers (dist_riv) obtained from the Global
2010 Canopy Cover and the Peruvian Geographic National Institute, respectively (Table 1).
We hypothesized that the presence of agriculture and livestock, as well as the presence of forest cover within suitable bear habitats,
would increase the occurrence of conflicts (Figueroa, 2015; Goldstein et al., 2006; Laguna, 2018; Morales, 2003; Paisley, 2001;
Ríos-Uzeda et al., 2006 ). For the conflict model, we included the altitude and distance to forest (dist_forest), calculated from the
fine-scale occurrence model. We also included the medianNDVI and meanNDVI for the period 2011–2018, when damage reports
occurred. Distance to agriculture areas (dist_agro) was calculated from the ecosystem map of Peru (MINAM, 2019). Finally, we included
the predicted probability of Andean bear occurrence (bear_presence) obtained from the fine-scale occurrence model. Some potential
predictors were excluded from the models because showed a spatial bias that affect model performance. Especially, roads were not
considered because they may influence the spatial location of Andean bear records and affect the performance of models. During
explanatory analysis we found that the estimated probability of bear occurrence increases in areas with higher road density and closer
to roads (Table S2), showing that the inclusion of road variables would bias our estimation of Andean bear distribution. Calculation,
transformation and projection (WGS-84 UTM 19S) of potential variables were done using ArcGIS 10.5. Those variables were classified
into five categories: (1) topography, (2) hydrography, (3) vegetation, (4) human disturbance, and (5) Andean bear presence (Table 1).
2.4. Andean bear presence and conflict models
We analyzed the Andean bear occurrence and the risk of conflict using Generalized Linear Models (GLMs) with a binomial dis
tribution and logit link function from the stats package in R program. We fitted a global model for each response variable: (1) bear
occurrence at the coarse scale, (2) bear occurrence at the fine scale; and (3) risk of conflict at the fine scale. For each global model, we
generated a set of candidate models encompassing all possible combinations of predictor variables plus a model including only the
intercept with the “dredge” function in the MuMin package (version 1.43.17, Bartoń, 2020). We used small sample unbiased Akaike’s
information criterion values (AICc) and their differences (ΔAICc) and weights (AICcw) to identify the best-fitting models (Burnham and
Anderson, 1998). When several candidate models met the ΔAICc < 4 cut-off criterion for best-fit models (Burnham and Anderson,
1998), we averaged their coefficients with the MuMin package. We then predicted the probabilities of occurrence and the risk of
conflict based on the coefficients of the best-fitting models. We performed this procedure for each global model separately. Prior to
fitting the global models, we (1) removed strongly correlated predictors (>0.7, Pearson coefficient; Figs. S1–3), retaining the one that
best fitted the data based on AICc (Mazerolle, 2020); and (2) randomly selected 70% of the records from each dataset to run the models,
and used the remaining data for model evaluation. We calculated spline correlograms for each global model (sensu Bartoń, 2020) to
assess the spatial autocorrelation in the residuals of the models using Ncf package (Bjornstad, 2019).
We evaluated the results in two ways: a threshold-independent measure with the AUC (area under receiver characteristics curve)
and a threshold-dependent measure with Kappa indices (Zurell et al., 2020). For both evaluations, we used ROCR (version 1.0–11, Sing
et al., 2005) and caret (version 6.0–86, Kuhn, 2019) packages. Finally, we reclassified the probabilities of bear occurrence and the
probability of conflict (risk map) into binary values (presence/absence) and projected them across the entire study area. We used the
maximized sum of sensitivity and specificity threshold rule for the presence/absence reclassifications (MaxSSS; Liu et al., 2005). For
the risk map, we established three equal-interval classes of conflict risk by dividing into thirds the range of values above the threshold.
All procedures were conducted in ArcGIS10.5 and R program.
3. Results
3.1. Correlates and spatial patterns of Andean bear occurrence
The records of Andean bear presence (Fig. 1) covered an altitudinal range from 380 to 4,181 m a.s.l., with a median of 3,350 m for
the coarse-scale resolution and 2,750 m for the fine-scale resolution (Fig. S4). The majority of occurrences were located at high al
titudes in the limits of Manu National Park, between 1,560 and 3,850 m whereas the few records collected at lower altitudes (~5%)
were mostly located between 380 and 756 m a.s.l. in Amarakaeri Communal Reserve.
5
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Few predictors - altitude, meanNDVI, medianNDVI and per_forest - were highly correlated for the coarse-scale model and altitude,
meanNDVI and medianNDVI for the fine-scale model. We retained altitude for the occurrence model at the coarse and fine scales and
meanNDVI for the conflict model since they were the predictors that best fit the data based on values of AICc.
For both spatial scales, altitude was the most important predictor for the bear occurrence models (predictor importance >0.98 in
both cases; see Table 2). At the coarse scale, the best-fitting occurrence models included the variables altitude, slope, per_agro and
per_artif (Tables 2, S3). Results from model averaging showed that the probability of bear presence increased with increasing values of
altitude, slope and per_agro (in order of importance), and decreased with high values of per_artif (settlements and artisanal mines;
Fig. S5). At the fine scale, the best-fitting models included the variables altitude and per_agro, as in the coarse scale, and also dist_riv and
dist_forest (Tables 2, S4). The probability of bear presence at fine scale, mostly determined by altitude and dist_forest, increased with
increasing values of altitude and per_agro, and decreased with increasing values of dist_riv and dist_forest (Fig. S6). Results from the spline
correlograms showed no spatial autocorrelation in the residuals of these models. Model evaluations showed an acceptable performance
for the models at both scales. The AUC test and Kappa values for the coarse-scale model were 0.69 and 0.42, respectively (MaxSSS
threshold value of 0.50). Values slightly increased for the fine-scale model as AUC test had 0.75 and Kappa scores 0.58 (with MaxSSS
threshold had a value of 0.60, Table 2).
The map projection of the occurrence models at the two scales showed similar patterns. The potential distribution of the Andean
bear forms an extensive band in the high altitude zones (i.e., mountains ridges and valleys), with a division between Ashaninka
Communal Reserve and Megantoni National Sanctuary protected areas (Fig. 2). The extension predicted as potential bear distribution
was slightly smaller for the map projection at the fine scale. The coarse-scale model projection identified 17,504 km2 (33% of the study
area) as potential distribution and habitat, which included periglacial ecosystems (>4,000 m a.s.l.) and some remnants of premontane
forest in the south of the Amarakaeri Communal Reserve. At the fine scale, the potential Andean bear distribution covered 12,838 km2
(24% of the study area), excluding the majority of periglacial ecosystems and limiting the predicted area at lower altitudes inside
Amarakaeri Communal Reserve (Fig. 2). Nonetheless, despite the difference in extension (ca 4,666 km2), the largest patches with
Andean bear presence spanned mostly mountain grasslands and montane forest ecosystems in both models. Nearly half of the areas
with predicted Andean bear presence, especially at the fine scale (43%), had some level of protection (Fig. 2). Furthermore, we found
that at the fine scale 959 km2 of potential bear distribution (7.47% of predicted occurrence areas) overlapped with areas of human
activities (i.e., permanent agriculture and livestock, urban settlements and mining), particularly in valleys (Fig. S7).
3.2. Correlates and spatial patterns of human-Andean bear conflicts
The bear damage records were located mostly along valleys in the limits of Manu National Park, Megantoni National Sanctuary and
Japu Private Conservation Area (Fig. 1). From 84 records, 18 were confirmed events (i.e., in situ inspections by trained personnel;
Table S1).
The best-fitting models included the following variables in decreasing order of importance: dist_agro, meanNDVI, dist_forest and
bear_presence (Tables 2 and S5). The altitude, meanNDVI and medianNDVI were highly correlated and we selected meanNDVI as it was
the predictor that best improved the fit of the global model based on AICc. Results from model averaging showed that the most
important variable was dist_agro, which was significantly and negatively associated with the risk of conflict, i.e., the probability of bear
damage increased closer to agriculture and livestock areas. The same negative response was observed for meanNDVI; high meanNDVI
Table 2
Summary statistics of the Generalized Linear Models of Andean bear occurrence at coarse (4 × 4 km) and fine scale (1 ×1 km), and conflicts with
humans at fine scale (1 × 1 km). The table shows averaged parameters (and standard errors –SE–) resulting from weighted model averaging across a
set of best candidate models (ΔAICc <4). To obtain a measure of the relative importance of a given predictor, we summed the AICc weights of all
averaged models that included a given predictor (Predictor importance). The Area Under the Curve using training data (AUC train) and test data (AUC
test) and Kappa values are shown.
Predictor

Estimate (±SE)

Occurrence model at the coarse scale
Intercept
-0.03 (± 6.85)
altitude (m asl)
0.77 (± 0.23)
slope (%)
0.29 (± 0.24)
per_agro (%)
0.08 (± 0.21)
per_artif (%)
-1.36 (± 133.98)
Occurrence model at the fine scale
Intercept
-0.01 (± 0.21)
altitude (m asl)
1.06 (± 0.28)
dist_forest (m)
-0.90 (± 0.37)
per_agro (%)
0.31 (± 0.23)
dist_riv (m)
-0.10 (± 0.21)
Conflict model at the fine scale
Intercept
-0.11 (± 0.30)
dist_agro (m)
-1.08 (± 0.48)
meanNDVI
-0.49 (± 0.32)
bear_presence (%)
0.10 (± 0.34)
dist_forest (m)
0.22 (± 0.33)

Predictor importance

0.981
0.429
0.271
0.369
0.998
0.978
0.358
0.272
0.943
0.505
0.266
0.305
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AUC test

AUC train

MaxSSS threshold

Kappa

0.69

0.74

0.50

0.42

0.75

0.74

0.60

0.58

0.84

0.70

0.61

0.66
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Fig. 2. Predicted Andean bear occurrence at coarse scale (4 × 4 km, brown color) and fine scale (1 × 1 km, mustard color). The areas not colored in
brown or mustard indicate pixels with values below the MaxSSS threshold rule. The green and brown border polygons represent the limits of public
and private protected areas, respectively. (For interpretation of the references to color in this figure legend, the reader is referred to the web version
of this article.)

values were related to low risk of conflict. In contrast, dist_forest and bear_presence presented a positive association with the risk of
conflict, indicating that locations far away from forests and with a high probability of bear presence were more prone to bear damage
(Table 2, Fig. S8). The spline correlograms did not show spatial autocorrelation in the model residuals. The model performance result
showed an AUC test value of 0.84 and a Kappa of 0.66 (from a MaxSSS threshold rule of 0.61).
The human-bear conflict risk model identified ~45% (5,740 km2) of the predicted area of bear distribution (at the fine scale) to be
at some risk of conflict (low, medium or high) and included locations in the limits or the south of Megantoni, Manu and Japu con
servation areas (Fig. 3). Approximately 9% of the surface predicted to be at some level of risk included protected areas (521.96 km2),
covering principally Manu National Park (377.44 km2) and Megantoni National Sanctuary (52.55 km2). Although the proportion of
land predicted to be at risk of damage in National Parks was overall low (up to 2.5% of the protected land), the portions predicted to be
at some level of risk in private conservation areas reached up to 92.8% of the total protected land (see, for instance, Pilco Grande in
Fig. 3). The areas with the highest risk of conflict were predicted at high altitudes of Mapacho valley, the limits of Megantoni and Manu
protected areas, as well as some localities between Manu National Park and Japu (Fig. 3).
4. Discussion
We provide a comprehensive assessment of the landscape characteristics that shape the distribution of the Andean bear across
different ecosystem types in southeast Peru, covering a wide altitudinal range in a highly diverse area, and at different spatial scales.
Previous assessments were either constrained to one single scale and/or to few ecosystems (e.g., Figueroa et al., 2016; García-Rangel,
2011; Meza Mori et al., 2020; Vélez-Liendo et al., 2013). Our study is the first habitat assessment for Andean bears that also identifies
the landscape features that make some areas of the bear distribution more vulnerable to conflicts related to livestock predation and
crop damage. Combining these assessments is of paramount importance to obtain a better understanding of the species’s habitat
7
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Fig. 3. Predicted human-bear conflict risk (red shaded areas) in relation to the predicted Andean bear occurrence (delimited by a black border) at a
1 × 1 km scale. The intensity of red color corresponds to different probabilities of bear damage (low, medium, high). The areas not colored in
mustard or brown indicate pixels predicted as absences of conflict (pixels with values below the MaxSSS threshold). The green and brown border
polygons represent the limits of public and private protected areas, respectively. (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)

requirements as well as a more integrative vision of the actions needed to conserve endangered species such as the Andean bear and its
habitat.
We identified that altitude as the most important predictor of Andean bear occurrence in southeastern Peru. Indeed, other studies
have also revealed altitude as a good predictor of the species’ occurrence in other parts of its distribution (e.g., García-Rangel, 2011;
Vélez-Liendo et al., 2013). Our study also found that high slopes (second most important variable) favored Andean bear presence, thus
supporting the idea that areas with a limited human access (high and rugged) are more suitable and provide refuge for bears. The
positive relation of altitude and bear occurrence can also be explained by the availability of resources (frugivorous and folivorous diets
are principally registered in cloud mountain forests, which range from 2,000 to 3,500 m in southern Peru; Figueroa, 2012; Peyton,
1980; Peyton, 1999).
The importance of altitude in shaping the distribution range of other wild species in mountain ecosystems has been related to its
strong association with climatic conditions and limited access from humans (e.g., Albrecht et al., 2017; Lurgi et al., 2012). Previous
studies have shown that elevation had a negative effect on the extinction rate of brown bear Ursus arctos populations in Europe during
the last 12,000 years, which mostly survived in mountains refuges (Albrecht et al., 2017). Although the effect of elevation on extinction
rate was direct, i.e., not mediated by humans, the study also found that increasing winter temperatures facilitated human land use and
indirectly increased the extinction probability of bear populations. Since high elevation habitats seem to have a crucial importance for
the survival of the Andean bear in our study area, a similar situation to that of brown bears could occur with the expansion of humans
into high altitudes, facilitated by climate change. Nonetheless, it is likely that Andean bear range contraction would occur first in
habitats located at lower altitudes and with better accessibility and that high altitude habitats would act as a refuge. Unlike in per
iglacial ecosystems, the lower altitude of tropical rainforests facilitates human accessibility, thus limiting food availability and refuge
for bears (Figueroa, 2012).
The projected distribution of the Andean bear in the study area indicates that the species range has considerably shrunk compared
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to the historic distribution (Fig. S9). In comparison to the pre-Hispanic period (AD 1500; Peyton, 1999), the area inhabited by the
Andean bear in our study area has been reduced between 56% and 41% (i.e., 16,934 km2 and 12,608 km2 at the fine and coarse scale,
respectively). When comparing the projected current distribution with the estimated distribution 100 years ago (Wallace et al., 2014),
the area currently occupied by bears has been reduced between 64% and 51%, depending on the scale. Taking as a reference the
Andean bear pre-Hispanic distribution map from Peyton (1999), the range contraction principally affected the tropical rainforest
ecosystems (Fig. S9), especially in Manu National Park and Amarakaeri Communal Reserve. This range contraction at low elevations
can be explained by the major accessibility of these areas which has allowed in the last decades the development of human settlements
at low altitudes. In contrast, high altitude ecosystems have been the ones that have remained as important areas for Andean bears.
Nonetheless, the preservation of this important bear refuge is not guaranteed in the future. The predicted effects of climate change on
the Andes indicate an upward displacement of high-altitude ecosystems (glaciers, paramo, mountain grassland and evergreen montane
forest; Tovar et al., 2013), which might alter the vegetation structure and the dynamics of consumer communities (Schleuning et al.,
2020). Furthermore, these alterations can facilitate land use change by humans, which in turn may further enhance ecosystem
degradation and eventually foster the occurrence of human-bear interactions and potential conflicts (Vélez-Liendo and García-Rangel,
2017).
The human-bear conflict model showed that the distance to agricultural lands and pastures was the main predictor of conflict risk;
the closer to the agriculture fields and livestock areas, the higher the risk of conflict. Moreover, a high risk of conflict was predicted in
areas with low vegetation cover (pastures; lower NDVI values) located far away from the forest. Nonetheless, it is necessary to take into
account that the distance from the forest to bear damage records was short (less than 2,000 m from the forest edges) in all cases, which
is not a constrain for a species that can walk ~19 km in one or two days (Castellanos, 2010). This supports previous findings that
Andean bears need to have a close refuge when accessing croplands and pastures to feed or attack livestock (e.g., Albarracín and
Aliaga-Rossel, 2018; Laguna, 2018; Morales, 2003; Rojas-VeraPinto and Cruz, 2017; Rodríguez et al., 2019). Moreover, open areas are
included in the predicted areas of bear occurrence and represent a space where livestock and bears interact. In the case of maize crops,
the forest patches could be far, but still reachable by bear movements. In both cases (i.e., livestock and maize production; dist_agro),
there is a high probability of bear damage. The most recurrent suggestions to reduce the vulnerability of livestock to Andean bears is to
move livestock away from suitable bear habitats, and to control the use of forests by farmers by implementing land use planning
(Castellanos et al., 2011; Laguna, 2018). In our case, the increase of bear damage close to agricultural areas is not necessarily related to
the low availability of food resources (indicated by low values of NDVI), but rather to the high probability of bear occurrence in open
areas.
In different parts of the species’ distribution across South America, Andean bears seem to be attracted to agricultural landscapes (e.
g., Escobar-Lasso et al., 2020; Figueroa, 2015; Morales, 2003; Paisley, 2001; Peyton, 1980; Rojas-VeraPinto et al., 2019), where they
are at risk of human-bear encounters and, consequently, poaching. Indeed, the conflicts arising from crop damage and livestock
predation are among the main causes of illegal killings for the Andean bear and other bear species (Can et al., 2014). Our models
revealed that the higher the agricultural cover, the higher the probability of bear occurrence at both scales. In this sense, agricultural
landscapes can act as ecological traps for Andean bears (see Sánchez-Mercado et al., 2008). Ecological traps, which attract bears to
areas of high mortality, may decrease bear population size and even lead to local extinctions (Lamb et al., 2020; Penteriani et al.,
2018). For instance, some studies have found that grizzly bears are attracted to private lands where livestock is raised (Northrup, 2012)
or to areas of high fruiting of berries close to human settlements (Lamb et al., 2016). Both locations are associated with high-traffic
road infrastructure affecting females with dependent offspring and impacting demography negatively (Boulanger and Stenhouse,
2014). Further studies are needed to identify the location of potential ecological traps to spatially prioritize efforts to conserve Andean
bears.

Fig. 4. Relative distribution of the portions predicted as presences and absences of Andean bear and of conflicts in protected areas of southeastern
Peru. Gray bars represent the total extension of the protected areas (also given in brackets). Priv refers to private conservation areas and Pub to
national protected areas managed by the Peruvian Government. Categories of predictions as follows: Bear conflict risk (Bear risk) indicates predicted
occurrence of bears and of conflicts; Bear safe indicates predicted occurrence of bears and absence of conflicts; No bear refers to predicted absences
of bears and conflicts.
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We found that about half of the studied area predicted as Andean bear distribution (~45%) is at some level of conflict, even though
only 7% of the predicted bear occurrence overlapped with human activities (agricultural landscapes, settlements and mines) (Fig. S7).
This predicted risk of conflict beyond areas with permanent agriculture and livestock indicates some temporary human use (such as
temporal livestock raising), as we could confirm during fieldwork. Indeed, the overlap between livestock raising areas and Andean
bear distribution inside protected areas is already documented as an important conservation issue (e.g., Aurich, 2020; Figueroa, 2015;
Morrell et al., 2021; Rojas-VeraPinto et al., 2019; Vicente, 2020; Zug, 2009), as the presence of livestock seem to alter the use of
resources by Andean bear across space and time (e.g., Aurich, 2020). In our case, natural protected areas managed by the Peruvian
government had a very reduced area of conflict risk (i.e., ~2% of Manu and Megantoni National Parks each one), whereas large
portions of private conservation areas were predicted to be at risk of conflict (i.e., ~93% of Pilco Grande, 23% of Wayqecha and ~43%
in Japu; Fig. 4). Although these percentages could be affected by the different size of the protected areas (i.e., Manu 17,163 km2,
Megantoni 2,149 km2 vs. Pilco 2.42 km2, Wayqecha 5.94 km2 and Japu 186.96 km2; Fig. 4), it still suggests differential threats in areas
with different management strategies, and that tackling bear damage in small private conservation areas should become a priority in
the conservation agenda.
Almost half of the area of predicted bear occurrence is threatened by the expansion of farming activities, also within the limits of
protected areas. First, we propose that protected areas should be enlarged to avoid the expansion of agricultural landscapes and to help
reduce the creation of ecological traps for Andean bears (Sánchez-Mercado et al., 2008). Examples include the Q’eros-Kosñipata
Regional Conservation Area, created in 2021 by the region of Cusco with an extension of 553.19 km2 (Supreme Decreto No.
015-2021-MINAM). Special regulations in private conservation areas must be implemented, such as the limitation of livestock in open
areas at high altitude, to reduce livestock interactions with bears and other wildlife. For instance, the area between Manu National Park
and Japu private conservation area should be considered a protected area as it covers a large extension of Andean bear potential
occurrence and at high risk of conflict (see Fig. 3). Second, the management of wildlife damage should be seriously considered, and
special attention should be put to train wildlife managers to have an adequate and early response when damages are reported and to
help to implement preventive measures (Rojas-VeraPinto et al., 2019), particularly in the areas identified at high risk of conflict. For
these purposes, the experiences from Colombia and Ecuador could be helpful, where wildlife specialists received special training and a
registration of conflict events exist (Laguna, 2018; Rodríguez et al., 2019). A systematic collection of damage reports is needed to
monitor conflict trends, identify hotspots areas and prioritize conservation actions. Finally, there is an urgent need to foster research on
Andean bear ecology and to improve conservation actions in high altitude ecosystems, which are currently at high risk due to global
warming and associated land use changes by humans. Livestock and crop management should be improved (e.g., technical assistance
for livestock management, limiting the use by livestock and agriculture of forest and mountain grassland and proper livestock guarding
from keepers; Castellanos et al., 2011) to promote the coexistence between humans and wildlife. Tackling the damage caused by
Andean bears and the loss of its habitat, particularly at high altitudes, is pivotal for the conservation and persistence of the species in
the future.
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S., Peterson, A.T., Rapacciuolo, G., Schmatz, D.R., Schröder, B., Serra-Diaz, J.M., Thuiller, W., Yates, K.L., Zimmermann, N.E., Merow, C., 2020. A standard
protocol for reporting species distribution models. Ecography 43, 1–17. https://doi.org/10.1111/ecog.04960.

13

