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Abstract  The European hare Lepus europaeus 
has been widely distributed throughout the South-
ern Cone of South America. This geographical area 
contains extreme climatic environments, which are 
part of the South American Arid Diagonal. One is 
the Atacama Desert, known for its extreme aridity, 
and the other is the Altiplano Plateau, which rises 
3700  m.a.s.l. These environments impose serious 
restrictions on the biota. After intensive sampling in 
these environments, we concluded that the invasion 
of this leporid is in a process of geographical expan-
sion. On a macro scale, the presence of hares was cor-
related with the elevation, mean annual temperature, 
precipitation in the driest quarter of the year and tem-
perature seasonality. On a local scale, their presence 
was associated positively with a topographic diversity 
index and agricultural zones (presence of irrigation 
canals). High-altitude environments have served as a 
propagation route for the hare, which has used valleys 
that descend the western Andean slope to the Pacific 
Ocean to invade areas in the Atacama Desert, both in 
Chile and Peru.
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Introduction

In Chile, the Atacama Desert spreads over 1000 km 
of latitude and represents the southernmost portion 
of the Pacific coastal desert of South America (Chile 
and Peru). The desert extends from 5° to 27° S lati-
tude (Arroyo et al. 1988). At altitudes above 2500 m, 
the Precordillera dominates, a mountainous land-
scape characterized by scrubland or “tolares”, and 
at 3700  m.a.s.l. gives way to the Altiplano Plateau, 
which extends from 15° to 28° S (Gregory-Wodzicki 
2000). The Altiplano is shared by Peru, Bolivia, 
Argentina, and Chile.

Arid conditions have prevailed in this territory 
since the late Quaternary (Arroyo et al. 1988). From 
a biotic point of view, the lowest lands (< 2500  m) 
are dependent on the summer precipitation that falls 
in the highest sectors of the Andes (South American 
Summer Monsoon), where a tropical bioclimate pre-
vails with rainfall that reaches up to 300 mm/year at 
5000  m.a.s.l., dropping to less than 20  mm/year at 
2300 m.a.s.l., and at lower altitudes it can be less than 
1 mm/year (Houston and Hartley 2003).

The dry conditions in the Atacama Desert impose 
important restrictions on living beings (adaptations) 
and have favored the development of endemism 
(Arroyo et  al. 1988). Hence, invading species can 
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have a significant impact on these fragile ecosystems. 
This has been the case of the rapid expansion of the 
rainbow trout Oncorhynchus mykiss (Pallas, 1778) in 
much of this territory (Lobos et al. 2020), which, for 
example, threatens fish and amphibians endemic to 
the area (Vila et al. 2013; Méndez and Correa 2008).

The European hare Lepus europaeus (Pallas, 1778) 
is a lagomorph native to Europe and Eastern Asia, 
which currently has non-native populations in new 
areas of Europe, the Australian Continent, and North 
and South America (Bock 2020). In South America, 
the hare was introduced in central Argentina (Cañada 
de Gómez in 1888, Tandil in 1897) and later in the 
province of Ultima Esperanza in Patagonian Chile 
(1896 or 1907) (Grigera and Rapoport 1983; Jak-
sic 2023). In South America, the hare has expanded 
to a large part of Argentina and Chile and has been 
recorded in Bolivia, Brazil, Paraguay, Peru, and Uru-
guay (Bonino et al. 2010). For Chile, until 2008, the 
Copiapó River was reported as the northern limit of 
this invasion, which represents a geographical sepa-
ration between the arid Mediterranean environments 
and those of the Atacama Desert (Grigera and Rapo-
port 1983). However, Iriarte (2008) asserts that it 
would have been present in the high-altitude environ-
ments of northern Chile from the 1990s onwards (it 
is not indicated if there were samplings or it was by 
interviews), information subsequently used for more 
regional analyses (Bonino et al. 2010; Jaksic 2023).

Considering the paucity of knowledge regarding 
the hare invasion in the Atacama Desert and sur-
rounding high-altitude environments, we elaborated 
an update on the geographical expansion of this inva-
sion and analyzing the environmental factors that may 
explain the expansion of this leporid in these extreme 
environments of southern South America.

Methods

Study area

From 2001 to 2023, we conducted opportunistic sam-
pling in northern Chile between the administrative 
regions of Arica-Parinacota and Atacama, from sea 
level to 4560  m.a.s.l (260,324 km2). For this study, 
we considered the locations at ≤ 2,500  m.a.s.l. as 
desert and above that limit as high-altitude environ-
ments (Precordillera and Altiplano Plateau). We also 

considered some locations immediately south of the 
Copiapó River (periarid Mediterranean biome, the 
physiognomy of which corresponds to a bush desert) 
to provide a better geographical context of the inva-
sion area. We survey 134 locations, of which 6.5% 
corresponds to the region of Arica-Parinacota (nine 
sampling locations), 16.2% to Tarapacá (21 loca-
tions), 48.4% to Antofagasta (54 locations) and 28.9% 
to Atacama (50 locations) (Appendix 1).

Distribution

To obtain records, randomly distributed walks were 
carried out, which covered variable survey ranges and 
replicates (transects of 500 to 2,000 m long); with the 
participation of two specialists (Appendix  1). Hare 
sightings were obtained from feces, the presence of 
roadkill and direct observations. Additionally, we 
recorded the presence of Lagidium viscacia (Molina, 
1782), a native rodent (0.9 to 1.6  k) that lives in 
rocky places, and of the European rabbit Oryctola-
gus cuniculus (0.9 to 1.8 k) (Linnaeus, 1758) (Fig. 1). 
The comparison of feces between hares and rabbits 
shows that the feces of the former are larger, both 
in length (13.1 ± 1.2  mm, n = 30 vs. 8.8 ± 0.6  mm, 
n = 30; T = − 11.4, p < 0.01), width (11.9 ± 1.1 vs. 
7.7 ± 0.7; T = − 18.1, p < 0.01), and height (8.6 ± 0.8 
vs 6.1 ± 0.5; T = − 14.1, p < 0.01). Hares consistently 
have light brown feces; rabbits have dark green feces. 
Hares have feces with thicker fibers; rabbits have 
feces associated with latrines and holes in the ground 
(the hare does not make these holes). In terms of 
shape, hare feces are consistently oval, while in rab-
bits, they tend to be more rounded.

For a regional context, we performed a search 
for georeferenced information at https://​esa.​journ​
als.​onlin​elibr​ary.​wiley.​com/​doi/​full/https://​doi.​org/​
10.​1002/​ecy.​3155, which provides access to a data-
base with distribution records of invading mammals 
present in South America, for countries with which 
Chile shares the Atacama Desert and high altitude 
environments.

Environmental factors related to the presence of hares

First, we performed a niche modeling, including 
records obtained in our study area (62 records) and 
a general background review for the two biomes (96 
bibliographic records spaced by at least “1000” m 

https://esa.journals.onlinelibrary.wiley.com/doi/full/
https://esa.journals.onlinelibrary.wiley.com/doi/full/
https://doi.org/10.1002/ecy.3155
https://doi.org/10.1002/ecy.3155
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between them to reduce spatial autocorrelation). 
We used 19 environmental predictor variables and 
an elevation layer (Giovanelli et al. 2008), all with 
a 30 arc-second resolution (available at http://​www.​
world​clim.​org). Additionally, we incorporated a 
layer based on the NDVI normalized difference 
vegetation index (use for quantifying the health and 
density of vegetation) and a human impact index 
(Sanderson et  al. 2002), which were aligned and 
transformed to the previously indicated resolution. 
To select the most representative variables, we used 
a principal component analysis (PCA), where the 
first two axes quantified 97% of the variability, and 
then we reduced the redundancy between two vari-
ables by eliminating those that were highly corre-
lated (Pearson correlation > 0.6). We used the ver-
sion MAXENT 3.4.3 to model the ecological niche 
of the species (Phillips et al. 2006). To develop the 
model, we randomly selected 75% of the occur-
rence points and used the remaining 25% to validate 
the model. We evaluated the model performance 
using the Receiver Operating Characteristics Curve 
(ROC), which results by plotting the sensitivity 
values (the fraction of the true positives, against 
1 minus the fraction of false positives, or specific-
ity) for all the thresholds of the model. Herein, we 
applied the minimum training presence threshold; 
areas above this value are considered suitable. The 
area under the curve (AUC) of the ROC measures 
the ability of a model to discriminate between sites 

where a given species is present and sites where it 
is absent. Values of the AUC equal to or less than 
0.5 account for models with predictive discrimina-
tion abilities no better than random, equivalent to 1 
account for models with perfect predictive power. 
Then, we used MAXENT models to identify the 
importance of each independent variable in explain-
ing species distribution through a jackknife analysis 
(Phillips et al. 2006).

Second, to determine the factors explaining the 
presence/absence of the species at a local scale, we 
defined buffer areas of 500, 1000 and 5000 m around 
each location (n = 134); these spatial scales have been 
shown to be sensitive to explored land cover variables 
in hares, according to what was proposed by Cara-
vaggi et al. (2015). We measure 8 topographical, eco-
logical, and anthropic variables (Lobos et  al. 2013; 
see Table  1); where an exploratory data analysis 
using Pearson ´s correlation coefficients did not detect 
high correlations between the covariates (> 0.6). To 
explore which variables were correlated with the 
presence of L. europaeus, we constructed generalized 
linear models with a binomial distribution (multiple 
logistic regressions). The presence/absence data for 
the species was utilized as a response variable of the 
topographic, ecological, and anthropic variables. We 
used a stepwise backward selection approach to find 
the best model and applied Akaike’s Information Cri-
terion for model selection. To develop the model, we 
used the R package.

Fig. 1   Differentiation of 
feces of micromammals 
present in the study area. A 
Vizcacha Lagidium viscacia 
native rodent, B European 
rabbit Oryctolagus cunicu-
lus, and C European hare 
lepus europaeus. In D, a 
record of a roadkill hare in 
Surire, Altiplano in Arica-
Parinacota

http://www.worldclim.org
http://www.worldclim.org
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Results

Distribution

The hare was recorded in 62 locations of a total of 
134 (46.3%); with 43 records through feces, 15 from 
direct sighting and four from roadkill (Appendix 1). 
From south to north (Fig. 2), the region of Atacama 
contained the greatest level of invasion with 42 loca-
tions with presence (84%), in the region of Antofa-
gasta 10 sites showed the presence of hares (18.5%), 
the region of Tarapacá had four locations with pres-
ence (19%) and in the region of Arica- Parinacota 
there was a record of hare in six locations (66.7%). 
In the desert biome, there were records of hares in 
46.9% of the locations, while in high-altitude envi-
ronments it was 45.7%. With respect to high-altitude 
environments, the records at the highest altitude were 
in Caspiche (site 96, 4560  m.a.s.l.) and Maricunga 
(S95, 4546 m.a.s.l.). The review for the countries bor-
dering Chile (Fig. 2) shows little georeferenced infor-
mation reported in scientific publications; however, 
the presence of the hare in all the countries that share 
these environments is noted. The desert and high-alti-
tude environments in southern Peru shows an impor-
tant occurrence of the hare.

On the other hand, associated with the presence 
of the hare, we had records of the rabbit O. cunicu-
lus, but only in the Atacama region, at sites mainly 

associated with the periarid Mediterranean region 
between 0 to 863 m.a.s.l. The presence of the native 
rodent L. viscacia was associated with the presence 
of hares at 24 locations, most over 2800 m.a.s.l.

Environmental factors related to the presence of the 
hare

For niche modeling, we considered 6 minimally 
correlated variables (Table 2). The jackknife analy-
sis shows that the main variables contributing to the 
model were altitude, mean annual temperature, pre-
cipitation in the driest quarter of the year, and tem-
perature seasonality. The model performed properly 
well (AUC = 0.96). To discriminate between sus-
tainable and unsustainable areas, we use the lowest 
prediction for a place in the presence of the spe-
cies as the minimum threshold of presence. In this 
sense, some invaded locations have a low predictive 
value of 0.075 (Fig. 3).

On a local scale, the logistic regression models 
show that the presence/absence of hares was influ-
enced significantly and positively by the topogra-
phy diversity index at all scales and by density of 
irrigation canals in the model with a 5  km buffer 
(Tables 3 and 4). There were no significant effects 
of the rest of the variables and R2 were < 0.3.

Table 1   Topographic, ecological, and anthropic variables used in this study

Variables Attributes

Topographic
Elevation (ELE) Central coordinates of each site, expressed in m.a.s.l., recorded in the field with GPS
Density of watercourses (DWC) Sum of the length of watercourses (m) within each site, divided by the area of its polygon 

(km2). Maps are available at http:// www.​ide.​cl
Topography diversity index (TDI) Variety of topo-climate niches. Available at http://​devel​opers.​google.​com/​earth-​engine/​datas​ets/​

catal​og/​CSP_​ERGo_1_​0_​Global_​SRTM_​topoD​ivers​ity
Ecological
NDVI Based on the normalized difference vegetation index (NDVI). Maps are available at http:// 

www.​ide.​cl
Anthropic
Road density (RD) Sum of the length of roads (m) within each site divided by the area of the polygon (km2). Maps 

available at http:// www.​ide.​cl
Density of irrigation canals (DIC) Length of canals (m) at a site divided by the area of the polygon (km2). Maps available at http:// 

www.​ide.​cl
Distance to a populated area (DPA) Distance (m) to the closest populated area. Maps available at http:// www.​ide.​cl
Human impact index (HII) Mean value of human influence index by Sanderson et al. (2002) for each site

http://www.ide.cl
http://developers.google.com/earth-engine/datasets/catalog/CSP_ERGo_1_0_Global_SRTM_topoDiversity
http://developers.google.com/earth-engine/datasets/catalog/CSP_ERGo_1_0_Global_SRTM_topoDiversity
http://www.ide.cl
http://www.ide.cl
http://www.ide.cl
http://www.ide.cl
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Discussion

Until the 2000s, the presence of the hare in high-
altitude environments and the Atacama Desert had 
not been reported formally in the scientific lit-
erature, although its presence was reported in the 
Chilean Altiplano by 1990 (Iriarte 2008) and in 
the coastal and high-altitude environments of Peru 

between 1995 and 1998 (Zeballos et  al. 2012). In 
the latter country, it is considered to have spread 
from the department of Tarija in Bolivia, on the 
border with Argentina (Cossíos 2004); however, 
it has also been suggested that it could have been 
from the Chilean coast, which would explain the 
early records in Tacna (Zeballos et  al. 2012). Sub-
sequent regional reviews (Bonino et  al. 2010; Jak-
sic 2023) have suggested a continuous distribution 
in the Southern Cone. In this study, we observed 
that the high-altitude environments associated with 
the South American Arid Diagonal (with low rain-
fall, open environments, and the presence of scrub 
and grasslands) that extend in a NW–SE direction 
(Abraham et  al. 2020) have been widely occupied 
by hares, favoring their dispersion towards the north 
of the continent and semiarid areas of central-east-
ern South American (Chaco and Cerrado domains) 
(Fig.  3). In the case of the Atacama Desert, its 
extreme aridity has hindered the establishment of 
the hare, so it is restricted to some oases, valleys 

Fig. 2   Distribution of Lepus europaeus in the Atacama Desert and the Andean highlands of the Southern Cone of South America

Table 2   Variables that contained the most useful information 
according to the jackknife test for niche model of Lepus euro-
paeus habitat suitability

Variables Percentage contri-
bution of variables

Elevation 33.7
Annual mean temperature 30.4
Precipitation of Driest Quarter 14.8
Temperature Seasonality 10.9
Precipitation of Warmest Quarter 7.7
Human Index Impact 2.6
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with vegetation, and in the surroundings of cities 
such as Arica in Chile and Tacna in Peru, where 
agriculture is developed. The invasion of the 
Andean highlands has enabled dispersion flows 
through valleys that extend in an E-W direction, 
which have watercourses (vegetation) that drain 
towards the Pacific, in the Atacama Desert, like 
the valleys of the Copiapó River (Atacama region), 
Loa River (Antofagasta), Tana River (Tarapacá), 
and Lluta—Camarones (Arica and Parinacota). In 
these geographical regions, the hare is in an expan-
sion process, thus, for example, in locations in the 
basin of the Loa River in the Antofagasta region 
(San Pedro River 1 S67, San Pedro River 2 S58, 
Chiu Chiu S60, Lasana S41, Yalquincha S59, Loa 

River in South Coya S75), their presence was not 
recorded until at least 2020, a situation that changed 
by 2023, with a clear expansion from Bolivia.

When considering the area invaded by this species, 
niche modeling shows that the main factor related to 
its presence corresponds to the elevation (associated 
with the presence of scrub and grasslands). Second, 
there is the average annual temperature, which is low 
(11.9 ± 7 °C). Third, there is the precipitation of the 
driest quarter of the year (mean = 49.6  mm; mini-
mum = 0 maximum = 353 mm); in this biogeographi-
cal region, rains are concentrated in summer season 
associated with the South American Monsoon, a pre-
cipitation event highly variable between years and 
locations (Houston and Hartley 2003). In its natural 

Fig. 3   Niche model for the invasion of Lepus europaeus is 
based on records from the Atacama Desert and the Andean 
highlands of the Southern Cone of South America. Red and 
blue colors represent suitable and unsuitable areas, based 

on the minimum threshold of presence value (probability of 
occurrence ≥ 0.075). Diagonal arid according to Abraham et al. 
2020)
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distribution range, mountainous environments usually 
are addressed as non-favorable for the hare, probably 
due the climatic conditions that are less benign to it, 
unlike the lowlands (Naldi et  al. 2020). We believe 
that it is still premature to establish the geographi-
cal area that the hare will occupy, given that it is still 
in a process of expansion; nevertheless, the projec-
tion of the model reinforces that the South American 
Arid Diagonal (Andes Mountain range) has been a 
suitable environment for the species. Zeballos et  al. 
(2012) indicate that the species should reach up to the 
northern limit of Perú; in our case, with records from 
a larger area, there is a probability that it will extend 
even further north following the Andes mountain 
range (Ecuador, Colombia, Venezuela) and that its 
presence will be consolidated throughout the south-
ern Altiplano and other arid environments in South 
America.

At a more local level, hare (presence/absence) was 
positively associated with spatial heterogeneity (ter-
rain slopes, undulations and humidity), which is a 
proxy for habitat quality and a comprehensive reflec-
tion of ecological suitability within a geographic 
region at all spatial scales (topographic diversity 
index). Instead, hare had a positive association with 
the density of irrigation canals (associated with agri-
cultural development in this arid geographical area) 
only at the landscape (i.e. 5  km) scale. Other varia-
bles were not significant in our analysis, although the 
presence of valleys with river-related vegetation has 
facilitated their dissemination to the lowest areas of 
the western slope of the Pacific (Cossíos 2004).

In its natural habitat, the hare is considered a 
species that prefers open environments and where 
the anthropic transformation of the landscape 
would favor its dispersion. The same pattern (fields, 

Table 3   Comparison of generalized linear models for the 
evaluation of the determining factors of the presence/absence 
of Lepus europaeus in Chile’s area of invasion. 

The models with the lowest Akaike information criterion 
(AIC) were chosen as the best and are shown in bold. R2 coef-
ficient of determination. Abbreviations in Table 1

Models with buffer of 0.5 km

Variables AIC R2

TDI + ELE 123.7 0.17
DPA + TDI + ELE 125.0 0.18
DPA + TDI + ELE + NDVI 126.1 0.19
DPA + DWC + TDI + ELE + NDVI 127.6 0.19
DPA + DWC + RD + TDI + ELE + NDVI 129.6 0.19
DPA + DWC + RD + HII + TDI + ELE + NDVI 131.6 0.19
DPA + DIC + DWC + RD + HII + TDI + ELE + 

NDVI
133.6 0.19

Models with buffer of 1 km
Variables AIC R2

TDI + DIC 161.4 0.16
TDI + DIC + RD 162.3 0.17
TDI + DIC + RD + ELE 163.0 0.17
DPA + TDI + DIC + RD + ELE 163.8 0.15
DPA + TDI + DIC + DWC + RD + ELE 164.7 0.19
DPA + TDI + DIC + DWC + RD + ELE + NDVI 166.6 0.19
DPA + HII + TDI + DIC + DWC + RD + ELE + 

NDVI
168.2 0.19

Models with buffer of 5 km
Variables AIC R2

DIC + TDI + ELE 139.6 0.27
DIC + RD + TDI + ELE 140.0 0.28
DIC + TDI 141.3 0.25
DPA + DIC + RD + TDI + ELE 141.9 0.28
DPA + DIC + RD + TDI + ELE + NDVI 143.8 0.28
DPA + DIC + DWC + RD + TDI + ELE + NDVI 145.8 0.28
DPA + DIC + DWC + RD + HII + TDI + ELE + 

NDVI
147.6 0.28

Table 4   The best models determining factors of the presence/absence of Lepus europaeus in Chile’s area of invasion at 0.5, 1 and 
5 km buffer.

B is the coefficient of multiple regression, Z is the Z-test value, and p is the probability under the null hypothesis. Values in bold 
indicate significance

Model to 0.5 km Model to 1 km Model to 5 km

Variables B Z p B Z p B Z p

Intercept − 0.85 − 1.5 0.13 − 1.8 − 4.6  < 0.01 − 20.9 − 3.6  < 0.01
Topographic diversity index 34.06 4.3  < 0.01 3.13 4.5  < 0.01 39.1 4.6  < 0.01
Elevation − 0.01 − 1.8 0.08 − 0.01 − 0.7 0.49
Density of irrigation canals 0.01 1.8 0.06 0.02 2.8  < 0.01
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sugarcane plantations, and managed forests) that 
has been reported in its rapid expansion towards the 
southeast of Brazil (Pasqualotto et  al. 2020). The 
presence of the hare in these extreme environments 
of South America is remarkable, considering that 
other invasive mammal species, such as rodents of 
the genera Mus and Rattus, have been unsuccessful 
in these settings (Lobos et  al. 2005), always being 
recorded in association with a human presence. 
On the other hand, a second invasive leporid, the 
European rabbit O. cuniculus, has thus far failed 
to expand into these environments, only managing 
to invade as far as the Copiapó river basin, which 
separates the arid Mediterranean environments from 
the desert (Di Castri 1968). Although the feces of 
both species have similarities, it is possible to dis-
criminate them according to morphological (size, 
shape, color, fiber thickness) and behavioral aspects 
(rabbits have feces associated with latrines and 
holes in the ground, and forms large social groups); 
this is reinforced by direct observations of these 
animals in the geographic areas of this study.

In terms of conservation, the expansion of the 
hare could be detrimental to the flora (interfer-
ing with the structure and composition of the veg-
etation) and create competition with native her-
bivores (Jaksic 2023 for a review). In this second 
case, we can mention the Vizcacha, a native rodent 
that lives in the rocky areas (inland cliff, mountain 
peak) of most of our study area between 700 and 
5100 m.a.s.l. (Bernal 2016) and the Chinchilla chin-
chilla (Lichtenstein, 1829), an endangered species 
distributed between 3,000 and 6,000  m.a.s.l., with 
populations showing a serious decline (Roach and 
Kennerley 2016). The rapid advance of the hare in 

this geographical area should be a matter of concern 
due to the high levels of endemism and threat of the 
biota that inhabit these extreme environments.
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Appendix 1

Locations (sites) surveyed in this study. Regions: 
1= Tarapacá, 2= Antofagasta, 3= Atacama; 15 
Arica-Parinacota. Coordinates in UTM and Datum 
WGS 84. Records: 0= absence, 1= presence. No 
records (nr).
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