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Abstract
The Pudu deer (Pudu puda) is endemic to the temperate rainforest of Chile and Argentina and currently 
faces serious conservation problems related to habitat loss. However, studies undertaken on this species are 
not sufficient to identify suitable areas for conservation purposes across its distribution range. In order to 
estimate the current and future distribution of the Pudu deer in southern Chile, we modelled the potential 
distribution of this species, based on occurrence points taken from seven contiguous provinces of this area 
using the Maxent modelling method. The Pudu deer distribution covered an estimated area of 17,912 km2 
(24.1% of the area analysed), using a probability of occurrence above 0.529, according to the threshold 
that maximises the sum of sensitivity and specificity. In contrast to the Andes mountain range, areas with 
higher probabilities of occurrence were distributed mainly on the eastern and western slopes of the Coastal 
Mountain Range, where extensive coverage of native forest persists, as occurs in the provinces of Ranco, 
Osorno and Llanquihue. Projections to 2070, with global warming scenarios of 2.6 and 8.5 rcp, revealed 
that large areas will conserve their habitability, especially in the Coastal mountain range. Our results reveal 
that the Coastal mountain range has a high current and future habitability condition for the Pudu deer, a 
fact which may have conservation implications for this species.
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Introduction

The Pudu deer, Pudu puda (Molina, 1782), is a cervid endemic to southern South 
America, characterised by being one of the smallest deer in the world due to its short 
shoulder height (30–40 cm) and lower body weight (< 15 kg) (Jiménez 2010). This spe-
cies is distributed in Chile and Argentina from 35°10'S to 46°45'S (Jiménez 2010) and 
from 39°23' to 42°58'S (Meier and Merino 2007), respectively, occupying an area of 
128,278 km2 according to the International Union for Conservation of Nature (IUCN), 
mainly located in Chile. The Pudu deer characteristically inhabits the pristine temperate 
rainforest, particularly in areas of dense understorey growth and native bamboo thickets 
(Eldridge et al. 1987; Meier and Merino 2007), but can also be found in disturbed and 
secondary forest habitats (Jiménez 2010). Current conservation status of the Pudu deer 
is Near Threatened according to the IUCN or Vulnerable, based on the threatened spe-
cies list of the Chilean Ministry of Environment. This conservation status is related to 
different threats that appear to have affected the viability of the species. Amongst these, 
local threats have been identified linked to the expansion of human activities, such as 
forest loss and fragmentation, predation by domestic dogs, competition with exotic spe-
cies and poaching activities (Miller et al. 1973; Wemmer et al. 1998; Silva-Rodríguez et 
al. 2010; Silva-Rodríguez and Sieving 2012; Jiménez and Ramilo 2013). Global warm-
ing, as a result of the concentration of greenhouse gases, may constitute another threat 
that could reduce the future survival prospects of the Pudu deer. It is expected that this 
factor may affect the habitability conditions of current distribution areas of the species 
as a consequence of climate change and, therefore, affect its future geographic distribu-
tion. This is not an unlikely scenario, since global climate models predict precipitation 
pattern changes and increased frequency and severity of droughts by the end of the 
21st century (IPCC 2014), a process that is expected to impact ecosystem structure 
and function. In fact, modelling studies have predicted that levels of species loss of all 
currently-known species will range from 0 to 54%, including an overall extinction risk 
of 7.9%, as a result of future climate change (Urban 2015).

Although the Pudu deer is under threat, few studies have been carried out on this spe-
cies and available information is insufficient to clarify its density or identify suitable areas 
for conservation plans. With regard to density data, available estimations suggest that the 
Pudu deer population may be fewer than 10,000 individuals across its distribution range 
(Miller et al. 1973; Wemmer et al. 1998; Jiménez and Ramilo 2013). Another estimation 
from the IUCN suggests, however, that the Pudu deer population is likely to exceed this 
figure, based on the assumption of 10% occupancy by this species in the native rainforest. 
Nonetheless, it should be noted that, to date, no extensive field data-based estimation has 
been performed to support this. Recent studies on this issue have been performed mostly 
in small areas of southern Chile, particularly in natural reserves or areas with relatively 
well-preserved native forests (Delibes-Mateos et al. 2014; Sanino et al. 2016; Zúñiga and 
Jiménez 2018). Despite this sampling limitation, these studies have contributed important 
evidence that supports a reduced relative abundance of this species in these areas, since the 
number of detection events per 100 camera-trap days has been relatively low (0.16‒3.4).
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Osorno Province (40°13'‒41°00'S) is a geographic area located in the northern-
most part of the Los Lagos Region. Around 15 native terrestrial mammals have been 
described in this Province, with the Pudu deer being the only one native deer currently 
distributed in this area (Iriarte 2010). Large areas of pristine Valdivian temperate rain-
forest can be found in Osorno Province, mainly in the Coastal and Andes mountain 
ranges (Miranda et al. 2017). Although previous (Vanoli 1967) and recent (Pavez-Fox 
and Estay 2016) records support the presence of the Pudu deer in this geographic area, 
its current distribution and abundance are still unknown, particularly in areas with 
densely-vegetated forests or associated with different land uses. Since the Pudu deer is 
characterised by evasive behaviour, cryptic colour, considerable nocturnal activity and 
also because it inhabits dense forest habitats (Zúñiga and Jiménez 2018), the process 
of recording field data for the species is a complex task. Reliable data are important 
for the conservation of the species, for example, to define or potentiate new protected 
areas, such as national reserves, amongst others. This objective should be addressed as 
matter of priority, given that, in Chile’s current system of protected areas, the most 
suitable habitat for the Pudu deer is under-represented (about 6%) (Pavez-Fox and 
Estay 2016), in addition to the increasing degradation of its habitat as a result of na-
tive forest loss (Miranda et al. 2017). Another conservation approach that could be 
implemented in Chile is to maintain viable populations within small areas, as has been 
suggested by some authors (Shaffer 1987; Simonetti and Mella 1997), given that the 
Pudu deer presents a restricted home range.

The conservation of the Pudu deer in Chile requires combined efforts in several 
research areas, such as ecology, genetic structuring of populations and determination 
of the relative effect of different threats affecting the species in its natural environment. 
Amongst these issues, a top priority is to determine the current status of populations 
distributed in areas affected by significant loss or fragmentation of native forest or 
where it has been replaced by grasslands for agricultural purposes or by exotic forest 
plantations (Silva-Rodriguez et al. 2011). In the case of Osorno Province, this is a mat-
ter of particular concern, given that, between 2006 and 2013, the area planted with 
exotic tree species increased significantly (+20.6%), a large part of this growth being 
at the expense of native forest (CONAF-UACh 2014). Given that the habitat of the 
Pudu deer is closely linked to the native forest, it is important to establish the viability 
or distribution of populations in those areas of Osorno Province, where original char-
acteristics have been altered due to change of land use as a result of human activity.

Mathematical modelling of species distributions based on maximum entropy 
(Phillips et al. 2006) is an interesting tool with several applications in species conservation, 
especially when information about current and potential habitats is absent (Phillips et 
al. 2004; Papeş and Gaubert 2007). This method uses the environmental characteristics 
of areas a species is known to inhabit to estimate the environmental suitability of 
regions that currently lack record (Anderson et al. 2002). Thus, a predictive model is 
constructed showing the potential distribution map of the species. Based on this map, 
it is possible to assess the suitability of sites for conservation purposes (Chefaoui et al. 
2005), to predict of geographic ranges of a species (Raxworthy et al. 2003; Anderson 
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and Martínez-Meyer 2004) and identify priority areas for conservation efforts (Peterson 
et al. 2000), amongst others. Pavez-Fox and Estay (2016) have applied this analysis to 
model the Pudu deer distribution range in Chile aimed at evaluating the effectiveness 
of the Chilean National System of Protected Areas to protect the habitat of this deer. 
Although these authors used several Pudu deer points of occurrence across Chile to 
model the distribution of this species (in total 73), data density in some geographic 
areas was low, as was the case for Osorno Province (n < 5). With the exception of 
the Andes mountain range, this analysis indicated that most areas of the Province 
presented low suitability for the species, based on the result of a suitability map. Thus, 
the predicted distribution of the Pudu deer for the Province of Osorno merits further 
analysis by using a larger dataset in order to confirm the previous modelling.

The objective of this paper was to determine the distribution of the Pudu deer in 
seven Provinces from southern Chile, including the Osorno Province, by using model-
ling of species distribution, based on several recent occurrence data. We also modelled 
the future distribution of the species in the climate change scenario to determine how 
this phenomenon could affect its potential geographical distribution in the study area. 
This analysis may provide important clues as to how the species could respond to cli-
mate change, for example, in terms of variations in geographic range.

Methods

Study area

The area used for modelling the Pudu deer geographical distribution corresponded to the 
terrestrial environments between 39° and 44° South latitude of Chile. This geographic 
area comprises 74,295.5 km2 and includes, from north to south, the Provinces of Cautín 
(8,207.6 km2), Valdivia (9,146.8 km2), Ranco (9,053.1 km2), Osorno (9,246.6 km2), 
Llanquihue (14,706.8 km2), Chiloé (8,982.8 km2) and Palena (14,952 km2). This 
region contains a significant remnant of native temperate rainforest that covers a large 
proportion of each Province, as occurs in Osorno (42.9%), Llanquihue (54.5%), Chiloé 
(68.3%) and Palena (65.7%) (CONAF-UACh 2014), mostly distributed in the Coastal 
and Andes mountain ranges (Miranda et al. 2017). Climate in this region is warm-
temperate and rainy with a Mediterranean influence and mean annual precipitation 
and temperature of 2,490 mm and 12.0  °C, respectively (Errazuriz et al. 2000). The 
Coastal Mountain range located in this area is characterised by an average height of 500 
m a.s.l., which tends to gradually decrease towards the south (Ramírez and San Martín 
2005; Villagrán and Armesto 2005). Meanwhile, the Andes Mountains present a higher 
altitude, averaging 1500 m a.s.l., with some elevations above 3000 m a.s.l (Garreaud 
2009). Both mountain ranges present a predominance of vegetational formations 
comprising temperate laurifoliar rainforest, that include the Valdivian, North Patagonian 
and Subantarctic types (Villagrán and Hinojosa 2005). The temperate rainforest of Chile 
encompasses the Valdivian Rainforest Ecoregion, which has been listed amongst the most 
endangered ecoregions of the world and has a critical conservation status (Dinerstein et 
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al. 1995; Olson and Dinerstein 1998; Miranda et al. 2017). In addition, the Valdivian 
Rainforest Ecosystem is considered a biodiversity hotspot and, therefore, a region of high 
conservation priority (Ormazabal 1993; Myers et al. 2000; Smith-Ramírez 2004).

Occurrence data

Occurrence records of the Pudu deer were retrieved from several sources, including 
national park records (Puyehue National Park), incidents of individuals found (alive or 
injured) in rural areas of the province and reported in the local newspaper supported by 
photographs (El Diario Austral of Osorno), from records of native fauna rescue operations 
compiled by the Agricultural and Livestock Inspection Service (Servicio Agrícola y 
Ganadero (SAG)) Osorno, from direct observation of free-ranging individuals detected 
by using a camera trap and the naked eye and from indirect signs of the species revealed 
by footprints (Fig. 1). In total, we considered 88 occurrence points, spanning the period 
between 2000 and 2019, almost all from the Osorno, Llanquihue, Chiloé and Palena 
Provinces (Región de Los Lagos) (Fig. 2). This data set also included occurrence points 
previously reported by Delibes-Mateos et al. (2014) (n = 1) and Pavez-Fox and Estay 

Figure 1. Records of occurrence of the Pudu deer in the geographic area studied. Free-ranging individu-
als registered by using a camera trap at Los Riscos (Coastal mountain range, Purranque district) (A), near 
Hueyusca village (Coastal mountain range, Purranque district) (B), injured juvenile individual found in a 
rural area at Choroy (Coastal mountain range, San Juan de la Costa district) and reported in the local news-
paper (C) and footprints registered in Puyehue National Park (Andes mountains, Puyehue district) (D).
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Figure 2. Georeferenced occurrence data of the Pudu deer used for model fitting in southern Chile. 
Black points indicate occurrence data. Names of each Province are indicated. The polygons with red lines 
indicate the location of the Coastal mountain range.

(2016) (n = 21), located either within this geographic area or in the nearby northern 
Provinces of Cautín and Valdivia. Further points located in the adjacent southern 
Province of Aysén, registered by Sanino et al. (2016) (n = 3), were also included. 
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Occurrences were georeferenced according to standard procedures whereby coordinates 
were assigned using Google Earth based on locality names. Details of the occurrence 
points recorded in this study (n = 63), including locality, coordinates, date, type of 
evidence and source, can be found in Suppl. material 1: Table S1; while, occurrence 
points from previous studies (n = 25) are provided in Suppl. material 2: Table S2. The 
occurrence points covered most of the Pudu’s geographical distribution in this area, 
therefore, capturing almost the full niche of the species to calibrate the model. This 
aspect is important when modelling the potential future distribution of a species under 
climate change (Barbet-Massin et al. 2010). In addition, Moran’s I index was also 
calculated to measure the overall spatial autocorrelation of the dataset, based on the 
estimation of observation independence within a dataset (Moran 1950).

Environmental data

To evaluate the potential geographical distribution of the Pudu deer in the study area and 
to identify suitable habitats currently occupied by the species, a set of bioclimatic variables 
from the WorldClim database (http://www.worldclim.org/) were used (Fick and Hijmans 
2017). Initially, 19 bioclimatic variables of the Community Climate System Mode 
(CCSM) climate model (Gent et al. 2011) were considered. To reduce the multicollinearity 
effect, correlation coefficients were calculated between each pair of variables using the 
SDM toolbox extension implemented in ARCGIS 10.3 (Brown 2014). In those pairs 
with a high Pearson correlation value (r ≥ 0.7), one of the variables was eliminated 
from the model. Thus, the following bioclimatic variables were selected for analysis: 
Isothermality (Bio3), Maximum Temperature of Warmest Month (Bio5), Minimum 
Temperature of Coldest Month (Bio6), Annual Temperature Range (Bio7), Precipitation 
of Wettest Month (Bio13), Precipitation Seasonality (Coefficient of Variation) (Bio15) 
and Precipitation of Warmest Quarter (Bio18). All the aforementioned environmental 
layers have a spatial resolution of 30 seconds of arc (approx.1 km). In addition, land 
cover and altitude variables obtained from the Diva-Gis database (http://www.diva-gis.
org) were included (Hijmans et al. 2001), totalling nine variables for current distribution 
modelling. Land cover comprises different classes, such as tree cover evergreen and 
deciduous with broadleaved or mixed leaf type, shrub deciduous cover, herbaceous cover, 
sparse herbaceous or sparse shrub cover and cultivated and managed areas. Bio5, Bio6, 
Bio15 and Bio18 variables have previously been used in modelling distribution studies of 
the Pudu deer (Pavez-Fox and Estay 2016) and other deer species (Pease et al. 2009), since 
they provide important information that aids accurate determination of deer presence. 
The graphic results were compared with current land use reported in 2016 for southern 
Chile by the National Forestry Corporation (CONAF), available in Infraestructura de 
Datos Geoespaciales (IDE) database of the Ministerio de Bienes Nacionales, Gobierno de 
Chile (http://www.ide.cl/index.php/flora-y-fauna/item/1513-catastros-de-uso-de-suelo-
y-vegetacion). On the other hand, to evaluate how future climate change may affect the 
potential geographic distribution of the species, the seven bioclimatic variables described 
above were used, but projected for 2.6 and 8.5 rcp (representative concentration pathways) 

http://www.worldclim.org/
http://www.diva-gis.org
http://www.diva-gis.org
http://www.ide.cl/index.php/flora-y-fauna/item/1513-catastros-de-uso-de-suelo-y-vegetacion
http://www.ide.cl/index.php/flora-y-fauna/item/1513-catastros-de-uso-de-suelo-y-vegetacion
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until the year 2070. These values indicate the increase in heat absorbed by the planet as 
a result of the concentration of greenhouse gases in each path, measured in Watts per 
square metre. In this case, 2.6 rcp represents the most optimistic scenario or least climate 
change (mean temperature rise of 1.0 °C) and 8.5 rcp is the most pessimistic and warmer 
scenario (mean temperature rise of 2.0 °C) (IPCC 2013; Taylor et al. 2011). Processing of 
the environmental layers was performed in QGIS 3.22 (QGIS Development Team 2018) 
and GRASS7 (GRASS Development Team 2016).

Modelling and statistical methods

To build geographical distribution models of the species under current and future envi-
ronmental conditions, we used the MAXENT v.3.2.0 programme (Phillips 2017). The 
model was adjusted using 10,000 iterations, variable response curves, logistic output, gen-
eration of replicas with the bootstrap method and a regularisation multiplier value equal to 
2. However, to maximise model fitting, we undertook tests under a range of regularisation 
coefficient values to choose the optimal value of this parameter, aimed at reducing over-
fitting (Merow et al. 2013). During this modelling process, the best model was evaluated 
by cross-validation using the Area Under Curve of test data, prior to splitting presence 
locations into training and test data. The logistic model output gives an estimate between 
0 and 1 of probability of presence (Pearson et al. 2007). The relative importance of each 
variable to the model was estimated using the contribution percentage and the jackknife 
method. Each model (current, rcp 2.6 and rcp 8.5) was replicated 10 times, using a data 
ratio of 20% for training and 80% for evaluation, using a bootstrap framework (Hijmans 
2012). Maxent models were evaluated using the Area Under Curve (AUC). The AUC 
measures the ability (probability) of the Maxent model to discriminate between presence 
sites and background sites (Phillips et al. 2006), thus, this parameter is useful to evaluate 
the geographical distribution of the species. Values of AUC range between 0 and 1.0, with 
values greater than 0.9 considered as an optimal threshold for species area predictions (Pe-
terson et al. 2011). Pearson product-moment linear correlations were carried out to assess 
the relationship between the most important bioclimatic variables in the model and the 
probabilities of occurrence of the Pudu deer in the study area.

Post-processing

The fitted model, trained in the study area, was later projected to the terrestrial en-
vironments of provinces from southern Chile included between 39° and 44° south 
latitude, to estimate distribution of the species. The original map was converted to a 
binary map (0 = not suitable, 1 = suitable), applying a threshold, based on maximising 
the sum of sensitivity and specificity (SSS) (Liu et al. 2013). This method is recom-
mended for threshold selection when only presence data are available, since it performs 
better than other threshold criteria (Liu et al. 2013).
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Results

Current geographical distribution

Our dataset does not show significant (P > 0.05) spatial autocorrelation according 
to Moran’s I index, either at the longitudinal (I = 0.7790, P = 0.0845) or latitudinal 
(I = 0.0465, P = 0.8978) geographic coordinates. Therefore, this result indicates that, 
in both cases, the occurrence points are randomly distributed. The best fitting model 
has a gain in AUC training of 0.910, an AUC of 0.908 and a standard deviation of 
0.037. The evaluation value of AUC above 0.9 indicates that the model has a high 
ability to discriminate between sites with species presence versus sites where species 
is absent (background sites). Based on the seven WorldClim bioclimatic variables, in 
addition to the variables of land cover and altitude, the Maxent model predicts that 
the Pudu deer probabilities of occurrence in the study area varied between 0.0 and 
0.9 (Table  1) and are shown in red scale in Fig. 3A. The Pudu deer distribution 
predicted by Maxent modelling covered an estimated area of 17,912 km2 (24.1% of 
the area analysed), based on a probability of occurrence above 0.529, according to 
the threshold that maximises SSS (Table 1). These areas are highlighted in grey in 
the binary map (Fig. 3C). It can be observed that these areas are distributed mainly 
in the western sector of the Provinces of Valdivia, Ranco, Osorno and Llanquihue, 
on the eastern and western slopes of the Coastal mountain range, overlapping with 
sectors that currently contain extensive areas of native forest (Fig. 3B). There is also a 
high degree of overlap with extensive areas of either exotic tree plantations or mixed 
forest coverage (native and exotic). Furthermore, Ranco, Osorno and Llanquihue 
Provinces have areas with higher occurrence probability in the western slope of the 
Andes Mountain range. In the case of Chiloé and Palena Provinces, these higher oc-
currence areas are located in the northern part of the Province and in coastal areas, 
respectively. In addition, the SSS threshold value indicates that Osorno, Chiloé, Lla-
nquihue and Ranco Provinces contain a large percentage of its total area, with higher 
occurrence probability of the Pudu deer, with 58.3%, 39.1%, 26.3% and 23.4%, 
respectively (Fig. 4). The environmental variables that most affect the current geo-
graphical distribution of the Pudu deer are Bio13 (relative contribution of 40.9%), 
Bio15 (34.5%) and Bio6 (11.2%) (Table 2). On the contrary, land cover and alti-
tude variables combined contribute less than 4% of the model. A similar trend is ob-
served for Bio13, Bio15 and Bio6 variables after jackknife analysis for model train-
ing gain reach a total maximum gain of 1.41, with variables Bio13 and Bio6 alone 
showing highest gains. When these variables are omitted, training gains are lowest, 
thus, revealing its importance in the model, i.e. the other variables provide scarce in-
formation (Table 2). The correlation analysis of variables that most affect the current 
geographical distribution of the Pudu deer and the probabilities of occurrence of the 
species in the study area indicates a strong significant positive association for Bio13 
(r = 0.654, df = 332991, P < 0.0001), Bio15 (r = 0.377, df = 332991, P < 0.0001) 
and Bio6 (r = 0.606, df = 332991, P < 0.0001) variables.
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Future geographical distribution

Since no projection data were available for land cover and altitude variable provided a 
limited contribution to the model, we excluded these variables when estimating the fu-
ture geographical distribution of the Pudu deer. Thus, using the seven bioclimatic vari-
ables of WorldClim, Maxent predicts that the species currently develops over an area of 
34,124.4 km2 (SSS threshold value > 0.443), in environments whose habitat probabilities 

Table 1. Occurrence probabilities and projected area for the current distribution of the Pudu deer in 
southern Chile.

Occurrence probabilities Projected area (km2) Contribution (%)
0.0‒0.1 6,401.0 8.6
0.1‒0.2 5,438.3 7.3
0.2‒0.3 8,652.6 11.6
0.3‒0.4 13,628.9 18.3
0.4‒0.5 17,545.7 23.6
0.5‒0.6 13,676.0 18.4
0.6‒0.7 7,056.0 9.5
0.7‒0.8 17,14.4 2.3
0.8‒0.9 182.6 0.2
0.9‒1.0 0.0 0.0
Total 74,295.5 100
SSS threshold 17,912.0 24.1

Figure 3. Projection of the fitted geographical distribution model of the Pudu deer in southern Chile. 
Projection under the current conditions (A), land use in the study area (B) and overlapping of suitable ar-
eas (grey areas) according to the SSS threshold value (> 0.529 of occurrence probability) on land use (C). 
In (A), red variations represent the predicted probability of suitable habitat conditions for the species.
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of occurrence fluctuated between 0.0 and 0.9 (Table 3 and Fig. 5). For projections to 
2070 with global warming scenarios of 2.6 and 8.5 rcp, the geographical distribution area 
comprises 35,717.8 km2 (SSS threshold value > 0.435) and 20,056.3 km2 (SSS threshold 
value > 0.540), respectively. Thus, there is a slight increase of 4.7% for 2.6 rcp, but a 
strong reduction of 41.2% for 8.5 rcp, with respect to the prediction of the model for cur-
rent geographical distribution (Table 3). In addition, the predictions suggest that, in the 

Table 2. Estimates of relative contributions of the environmental variables to the Maxent model for the 
current geographical distribution of the Pudu deer in southern Chile.

Variable Relative Contribution 
(%)

Permutation 
importance (%)

Jackknife of regularised training gain
With only variable Without variable

Bio13 40.9 15.3 0.54 1.05
Bio15 34.5 11.0 0.37 1.00
Bio6 11.2 43.3 0.50 1.05
Bio18 4.0 14.2 0.51 1.08
Altitude 3.4 6.2 0.27 1.07
Bio3 2.8 7.4 0.18 1.03
Bio5 2.8 1.4 0.19 1.07
Land cover 0.5 1.3 0.02 1.08
Bio7 0 0 0.10 1.08

Figure 4. Bar chart representing the size of estimated current Pudu deer distribution areas in different 
Provinces of southern Chile. The estimated distribution area was determined as the areas with high prob-
ability of occurrence (> 0.529), based on the threshold that maximises the sum of sensitivity and specific-
ity. Total areas of each Province and size of estimated distribution areas (km2) are shown. Percentage of 
estimated distribution area with respect to total area of the Province is also indicated.
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future, areas with good habitability conditions will tend to increase. Thus, for example, 
under scenarios of 2.6 and 8.5 rcp and considering the highest probability of occurrence 
range from 0.8 to 0.9, there is an increase in area of 16.7% and 28.3% with respect to 
the 286.5 km2 obtained in a similar probability of occurrence range with the current 
geographic distribution (Table 3). In addition, in both scenarios and taking into account 
the SSS threshold value, good habitability conditions currently observed in the west of 
Ranco, Osorno and Llanquihue Provinces and in the northern sector of the Province of 
Chiloé, will be maintained in the future (Fig. 6). These areas also coincide with sectors 

Table 3. Probability ranges of occurrence of the Pudu deer in southern Chile for current conditions and 
projections for 2070 in two global warming scenarios.

Occurrence 
probabilities

Current potential 
distribution (km2)

2.6 rcp scenario 8.5 rcp scenario
km2 Reduction (%) km2 Reduction (%)

0.0‒0.1 6,900.7 6,346.1 -8.0 6,596.0 -4.4
0.1‒0.2 6,273.2 5,269.9 -16.0 5,921.6 -5.6
0.2‒0.3 9,043.1 8,351.5 -7.6 8,874.2 -1.9
0.3‒0.4 11,776.0 13,073.4 +11.0 13,227.3 +12.3
0.4‒0.5 15,874.9 16,063.0 +1.2 12,622.2 -20.5
0.5‒0.6 14,521.2 15,389.5 +6.0 16,397.3 +12.9
0.6‒0.7 7,271.4 7,076.3 -2.7 7,905.3 +8.7
0.7‒0.8 2,348.5 2,391.0 +1.8 2,384.0 +1.5
0.8‒0.9 286.5 334.4 +16.7 367.5 +28.3
0.9‒1.0 0.0 0.0 – 0.0 –
Total 74,295.4 74,295.0 0.0 74,295.4 0.0
SSS threshold 34,124,4 35,717.8 +4.7 20,056.3 -41.2

Figure 5. Future geographical distribution of the Pudu deer in southern Chile. Estimations for current 
conditions (A) and for projections to 2070 under 2.6 rcp (B) and 8.5 rcp (C). Red variations represent 
the predicted probability of suitable habitat conditions for the species.
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where native forest prevails. In contrast, towards the western sectors of the Andes moun-
tain range (i.e. east of the Provinces), habitats for this species will present a low prob-
ability of occurrence. In order of importance, the variables that contribute most to the 
geographic distribution model for a scenario of 2.6 rcp are Bio13 (relative contribution of 
50.5%), Bio15 (28.1%) and Bio6 (13.2%). The same variables contribute to the 8.5 rcp 
scenario as follows: Bio13 (47.5%), Bio15 (26.3%) and Bio6 (15.5%) (Table 4). The 

Figure 6. Binary maps showing future geographical distribution of the Pudu deer in southern Chile. Estima-
tions for current conditions (A) and for projections to 2070 under 2.6 rcp (B) and 8.5 rcp (C). Grey areas rep-
resent the predicted probability of suitable habitat conditions for the species based on the SSS threshold value. 
SSS threshold values were as follows: > 0.443 for current scenario, > 0.435 for 2.6 rcp and > 0.540 for 8.5 rcp.

Table 4. Relative contribution of the environmental variables used to model the future geographical 
distribution of the Pudu deer in southern Chile.

Variable Future 2070 with 2.6 rcp Future 2070 with 8.5 rcp
Relative 

Contribution 
(%)

Permutation 
importance 

(%)

Jackknife of regularised 
training gain

Relative 
Contribution 

(%)

Permutation 
importance 

(%)

Jackknife of regularised 
training gain

With only 
variable

Without 
variable

With only 
variable

Without 
variable

Bio13 50.5 48.9 0.59 1.02 47.5 24.6 0.54 1.03
Bio15 28.1 4.7 0.31 1.03 26.3 5.1 0.26 1.02
Bio6 13.2 25.1 0.51 1.02 15.5 42.8 0.53 1.01
Bio3 3.3 7.1 0.11 1.02 6.3 17.3 0.12 0.98
Bio5 2.9 4.6 0.12 1.02 3.8 8.5 0.12 0.99
Bio7 1.2 0.8 0.10 1.07 0 0 0.12 1.04
Bio18 0.9 8.8 0.51 1.04 0.6 1.7 0.47 1.04
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results of the jackknife analysis on the training gain of the model for these variables reach 
a total maximum value of 1.41 and 1.33 for the scenarios of 2.6 rcp and 8.5 rcp, respec-
tively. In both scenarios, the environmental variables with highest gains are Bio13 and 
Bio6, which therefore, appear to contribute the most useful information by themselves. 
When they are omitted, a great decrease in the total gain of the models occurs (Table 4).

Discussion

Our prediction of the current geographical distribution of the Pudu deer was consistent 
with the habitat hypothesis proposed for the species in southern Chile by Pavez-Fox 
and Estay (2016). However, our results differed in terms of habitability probabilities, 
given that these were higher in certain geographical areas compared to those reported by 
previous authors. For example, we observed that, between 40°00' and 41°30' South (ap-
prox.) (i.e. at the latitudinal section of Ranco, Osorno and Llanquihue Provinces), the 
eastern and western slopes of the Coastal mountain range show high habitability condi-
tions for the species (occurrence between 0.5 and 0.9). This high probability may be 
related to the fact that extensive native forest coverage still exists in this mountain range. 
In the same latitudinal section, but circumscribed to the Andes mountain range, we 
obtained areas mainly with low to medium-level probability of occurrence (from 0.2 to 
0.5), both in the precordilleran and higher altitude sectors. On the contrary, Pavez-Fox 
and Estay (2016) found low or medium habitability categories for the Pudu deer in 
similar areas of the Coastal mountain range, while the central valleys, along with the 
western and eastern slopes of the Andes mountain range, presented better environmen-
tal conditions for the species. We estimate that these discrepancies may be related to the 
inherent variables used in both studies, such as sampling effort, number of records of 
the species, amplitude of the geographical area analysed and selection of environmen-
tal variables. Regarding sampling effort, since data came from different sources, it is 
possible that observers’ bias may have occurred, affecting the occurrence points in the 
dataset. However, this effect is likely to have been minimal since records were obtained 
from public (e.g. Agricultural and Livestock Inspection Service) and private (e.g. Puye-
hue National Park) agencies with a wide experience in the conservation of native fauna. 
These institutions maintain reliable records of this type of fauna, both regarding species 
identification and the date and place where sighted. Moreover, to avoid species misi-
dentification from other sources (e.g. El Diario Austral of Osorno), occurrence records 
were only considered positive when photographs or videos of the species were available. 
Other records included in the dataset are very accurate, since they were compiled either 
directly by us, using camera-trap and footprints or from literature (Delibes-Mateos et 
al. 2014; Pavez-Fox and Estay 2016; Sanino et al. 2016). Future actions aimed at com-
piling Pudu deer occurrence points in an online public database, curated by experts, 
should benefit geographical distribution studies of this cervid in Chile.

The potential distribution model shows that the areas with the best habitability con-
ditions were located in the western Provinces of Ranco, Osorno and Llanquihue, over-
lapping with areas where the vegetation formations of the Valdivian Laurifolio Forest 
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and Evergreen Forest of the Coastal Range predominate (Luebert and Pliscoff 2006). 
These native forest formations have been of great interest in terms of conservation efforts 
due to their status as a biodiversity hotspot and high level of endemism (Myers et al. 
2000; Nahuelhual et al. 2007). However, despite their importance for the conservation 
of biodiversity in southern Chile, these forest formations have been exposed to a rapid 
rate of destruction and degradation due to anthropogenic causes (Myers et al. 2000; 
Echeverria et al. 2006, 2007). In fact, according to a study of historical reconstruction of 
vegetational cover and land use carried out by Lara et al. (2012), the loss of native forest, 
considering all vegetation formations registered in the regions of Los Ríos and Los Lagos, 
would be a consequence of its gradual replacement by grasslands and bushes (25% and 
27%, respectively). This phenomenon would be more accentuated in the central valleys, 
located between the Andean and Coastal mountain ranges (Miranda et al. 2017). How-
ever, given that the eastern and the western slopes of the Coastal mountain range exhibit 
a lower degree of anthropic intervention, even though it is adjacent to valleys where there 
is greater agricultural and forestry activity, this geographical area, as identified in this pa-
per, represents an ideal area for conservation of the Pudu deer. In fact, most of the records 
used in the modelling carried out in this study were taken from this area, which reflects 
its importance as an appropriate habitat for the survival of the species.

The AUC value above 0.9 suggests that our model describes the current potential 
of the Pudu deer distribution with a high degree of precision. Amongst the variables 
that mainly influenced probability of occurrence of the Pudu deer were precipitation 
of wettest month (Bio13), seasonality of precipitation (Bio15) and minimum tem-
perature of coldest month (Bio6), which together contributed to 86.6% of the model. 
In contrast, Pavez-Fox and Estay (2016) reported that the most important variables 
in their prediction were seasonality in temperature (Bio4) and range of daytime tem-
peratures (Bio7). This difference between the bioclimatic variables identified by both 
studies may be related to the size of the geographic area used in modelling. In our case, 
the area was smaller than that used by Pavez-Fox and Estay (2016), given that they 
analysed a geographic area spanning from 36° to 43° South latitude of Chile, including 
an adjacent area from Argentina and, therefore, lower environmental variability is to 
be expected. In addition, these authors used environmental variables obtained from 
modelling studies of other cervid species, whereas in our analysis, the environmental 
variables selected were those that presented low levels of collinearity in the study area. 
The considerable importance of the Bio13, Bio15 and Bio6 bioclimatic variables in 
our model could be related to some biological characteristics of the Pudu deer, such as 
habitat use and temperature tolerance. For example, wettest month precipitation could 
be related to vegetation availability throughout the year, since precipitation modulates 
the soil moisture and, therefore, the understorey growth in the temperate rainforest. 
Since this resource is used by the Pudu deer for feeding, cover and for escaping from 
threats (Jiménez 2010), the presence of temperate rainforest with a well-developed 
understorey throughout the year would enhance the Pudu deer abundance. In fact, 
Simonetti and Mella (1997) observed that stands with well-developed undergrowth in 
exotic plantations from central Chile, are important for Pudu deer abundance and that 
other medium-sized mammals. In the case of coldest month minimum temperature, 
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this variable indicates that low temperature is relevant to the probability of occurrence 
of the Pudu deer. In fact, a medium-high positive correlation was found amongst both 
variables. This result suggests that this cervid is better adapted to low, rather than high, 
temperatures. Pavez-Fox and Estay (2016) obtained a similar result, where mean diur-
nal temperate range was negatively related to habitat suitability, i.e. this species would 
be intolerant to sudden changes in temperature throughout the day. Moreover, this 
result also concurs with data on the Pudu deer activity pattern, since minimal activity 
occurred in the daytime, when temperatures are higher than other periods of the day, 
such as dawn, dusk and night (Eldridge et al. 1987, Zúñiga and Jiménez 2018).

The evaluated climate change scenarios suggest that, in the future, Pudu deer would 
be prone to maintain their presence in large areas where habitability conditions are cur-
rently appropriate. However, as has been reported in other studies (e.g. Ortíz-Yusty et 
al. 2014; Holloway et al. 2016; Bruneel et al. 2018), this trend should be considered 
with caution, because Maxent modelling only relates records of the species with envi-
ronmental variables, but not with other variables that may also have an impact on the 
distribution of species, such as geographical barriers, ecological interactions or particular 
requirements (Guisan and Zimmermann 2000; Soberon and Peterson 2005). Taking 
these restrictions into account, distribution models, projected for global warming in-
creases of 2.6 and 8.5 rcp, indicate that most habitability areas will be conserved to the 
west of Ranco, Osorno and Llanquihue Provinces and in the northern sector of the 
Chiloé Province, with probabilities of occurrence greater than 0.5. This scenario will be 
more evident in the Coastal mountain range. In contrast, by 2070, several areas in the 
western slopes of the Andes Mountain range, that currently represent suitable habitats 
for the species, are expected to decrease. This process would lead to loss native forest 
quality as a result of environmental homogenisation. This homogenisation could be the 
result of the increase in variables, such as minimum temperature of the coldest month 
(Bio 6) and the decrease in precipitation of the wettest month (Bio13). It should be 
noted that the negative effects of temperature increase in models of potential distribu-
tion have been reported for other cervids, such as the Himalayan Musk Deer (Moschus 
leucogaster) and the Alpine Musk Deer (Moschus chrysogaster) (Khadka and James 2017; 
Lamsal et al. 2018). This effect is considered to be due the fact that temperature increase 
can negatively influence the quality and productivity of vegetation that maintains equi-
librium in terrestrial ecosystems (Klein et al. 2007). In addition to the combined effect 
of these environmental variables on the future distribution of the Pudu deer, we must 
consider the process of native forest loss occurring in the southern-central Chile due to 
anthropogenic activities, given that this variable plays a key role in the conservation of 
the species (Silva-Rodríguez et al. 2011). It has been suggested that the net loss of native 
forest was lower in recent years compared to the 1970‒1990 period (Smith-Ramírez 
2004; Miranda et al. 2017). However, this process is likely to continue in the future due 
to the persistence of factors that are difficult to control, such as forest fires (González et 
al. 2011), continuous and unregulated felling of forests (Donoso et al. 2014), increase 
in the use of native trees as firewood for domestic and industrial heating (Gómez-Lobo 
2005; Marín et al. 2011) and land use change (Lara et al. 2012). In this sense, conser-
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vation of the Pudu deer depends largely on the adoption of stricter regulations than 
those currently in existence in order to avoid future native forest degradation (Miranda 
et al. 2017), especially in those areas where habitability conditions for the species are 
optimal. This issue is especially important in areas where future distribution of the Pudu 
deer is projected, as is the case in western sectors of the Ranco, Osorno and Llanquihue 
Provinces, that include the Coastal range and to the north of the Province of Chiloé. 
Unfortunately, forest fragmentation in this geographic area is expected to continue in 
the future, based on the extrapolation to 2020 of the current deforestation rate recorded 
from 1976 to 1999 (Echeverria et al. 2008). Thus, this forest fragmentation process may 
constitute a major concern and could have potentially detrimental consequences for 
Pudu deer conservation under global climate change.

Conclusions

In contrast to the Andes mountain range, Maxent modelling predicted high probabili-
ties of occurrence for the Pudu deer on the eastern and western slopes of the Coastal 
mountain range, located to the west of the Ranco, Osorno and Llanquihue Provinces, 
where extensive coverage of native forest persists, in addition to the northern sector part 
of the Province of Chiloé. In projections to 2070, with global warming scenarios of 
2.6 and 8.5 rcp, this geographic area could conserve its habitability conditions that are 
currently appropriate for the species. Our prediction of potential Pudu deer geographi-
cal distribution is similar to the habitat identified for this species in southern Chile in a 
previous study. Since the Pudu deer is classified as Vulnerable in Chile, with a declining 
population size due to several factors, the distribution study performed here provides 
important data to identify specific geographic areas to develop conservation plans for 
this species. This is an important goal for the long-term conservation of the species.

Acknowledgements

We would like to thank the following people for collaborating with occurrence records 
of the Pudu deer from different sites of the analysed provinces: Carlos Oyarzún, Mu-
seo de Historia Natural de Purranque; Carlos Hernández, Parque Nacional Puyehue, 
Osorno; Gloria Rantul, Departamento de Recursos Naturales Renovables, Servicio 
Agrícola y Ganadero, Osorno; Mario Prussing, Centro de Reproducción del Pudu, 
Osorno; Hugo Oyarzo, Sitio Paleontológico de Pilauco, Osorno; Soraya Sade, Labora-
torio de Ecología, Universidad de Los Lagos, Osorno; Javier Cabello, Centro de Reha-
bilitación de Fauna Silvestre, Universidad San Sebastián, Puerto Montt. The mapping 
support by Alicia Vásquez Parraguez is also appreciated. The English language editing 
of the manuscript was supported by the Dirección de Investigación of the Universidad 
de Los Lagos. This study was partially supported by grant R25-19 of the Dirección de 
Investigación of the Universidad de Los Lagos.



Nelson Colihueque et al.  /  Nature Conservation 41: 47–69 (2020)64

References

Anderson RP, Martínez-Meyer E (2004) Modeling species’ geographic distributions for 
preliminary conservation assessments: An implementation with the spiny pocket mice 
(Heteromys) of Ecuador. Biological Conservation 116: 167–179. https://doi.org/10.1016/
S0006-3207(03)00187-3

Anderson RP, Peterson AT, Gómez-Laverde M (2002) Using niche-based GIS modeling to test 
geographic predictions of competitive exclusion and competitive release in South Ameri-
can pocket mice. Oikos 98(1): 3–16. https://doi.org/10.1034/j.1600-0706.2002.t01-1-
980116.x

Barbet-Massin M, Thuiller W, Jiguet F (2010) How much do we overestimate future local ex-
tinction rates when restricting the range of occurrence data in climate suitability models? 
Ecography 33(5): 878–886. https://doi.org/10.1111/j.1600-0587.2010.06181.x

Brown JL (2014) SDMtoolbox: A python-based GIS toolkit for landscape genetic, biogeographic 
and species distribution model analyses. Methods in Ecology and Evolution 5(7): 694–700. 
https://doi.org/10.1111/2041-210X.12200

Bruneel S, Gobeyn S, Verhelst P, Reubens J, Moens T, Goethals P (2018) Implications of move-
ment for species distribution models-rethinking environmental data tools. The Science of 
the Total Environment 628: 893–905. https://doi.org/10.1016/j.scitotenv.2018.02.026

Chefaoui RM, Hortal J, Lobo JM (2005) Potential distribution modelling, niche characterization 
and conservation status assessment using GIS tools: A case study of Iberian Copris species. 
Biological Conservation 122(2): 327–338. https://doi.org/10.1016/j.biocon.2004.08.005

CONAF-UACh [Corporación Nacional Forestal-Universidad Austral de Chile] (2014) Moni-
toreo de cambios, corrección cartográfica y actualización del catastro de recursos vegeta-
cionales nativos de la Región de Los Lagos. Informe final. Laboratorio de Geomática, In-
stituto de Manejo de Bosques y Sociedad, Universidad Austral de Chile, Valdivia, 54 pp.

Delibes-Mateos M, Díaz-Ruiz F, Caro J, Ferreras P (2014) Caracterización de la comunidad de 
mamíferos de un área remota del sur de Chile mediante el uso combinado de metodologías. 
Galemys 75: 65–75. https://doi.org/10.7325/Galemys.2014.A7

Dinerstein E, Olson D, Graham D, Webster A, Primm S, Bookbinder M, Ledec G (1995) A con-
servation assessment of the terrestrial ecoregions of Latin America and the Caribbean. Report 
number 14996. The World Bank, Washington DC. https://doi.org/10.1596/0-8213-3295-3

Donoso P, Donoso C, Navarro C (2014) Manejo de ecosistemas forestales. In: Donoso C, 
González ME, Lara A (Eds) Ecología forestal: bases para el manejo sustentable y conservación 
de los bosques nativos de Chile. Ediciones Universidad Austral de Chile, Valdivia, 505–525.

Echeverria C, Coomes DA, Hall M, Newton AC (2008) Spatially explicit models to analyze 
forest loss and fragmentation between 1976 and 2020 in southern Chile. Ecological Mod-
elling 212: 439–449. https://doi.org/10.1016/j.ecolmodel.2007.10.045

Echeverria C, Coomes D, Salas J, Rey-Benayas JM, Lara A, Newton A (2006) Rapid defor-
estation and fragmentation of Chilean Temperate Forests. Biological Conservation 130(4): 
481–494. https://doi.org/10.1016/j.biocon.2006.01.017

Echeverria C, Newton AC, Lara A, Benayas JMR, Coomes DA (2007) Impacts of forest frag-
mentation on species composition and forest structure in the temperate landscape of south-

https://doi.org/10.1016/S0006-3207(03)00187-3
https://doi.org/10.1016/S0006-3207(03)00187-3
https://doi.org/10.1034/j.1600-0706.2002.t01-1-980116.x
https://doi.org/10.1034/j.1600-0706.2002.t01-1-980116.x
https://doi.org/10.1111/j.1600-0587.2010.06181.x
https://doi.org/10.1111/2041-210X.12200
https://doi.org/10.1016/j.scitotenv.2018.02.026
https://doi.org/10.1016/j.biocon.2004.08.005
https://doi.org/10.7325/Galemys.2014.A7
https://doi.org/10.1596/0-8213-3295-3
https://doi.org/10.1016/j.ecolmodel.2007.10.045
https://doi.org/10.1016/j.biocon.2006.01.017


Distribution of the Pudu deer in southern Chile 65

ern Chile. Global Ecology and Biogeography 16(4): 426–439. https://doi.org/10.1111/
j.1466-8238.2007.00311.x

Eldridge WD, MacNamara MM, Pacheco NV (1987) Activity patterns and habitat utilization 
of pudus (Pudu puda) in south-central Chile. In: Wemmer C (Ed.) Biology and manage-
ment of the Cervidae. Smithsonian Institution Press, Washington DC, 352–370.

Errazuriz A, Cereceda P, González J, González M, Henriquez M, Rioseco R (2000) Manual de 
Geografía de Chile (3rd ed.). Andrés Bello, Santiago de Chile, 443 pp.

Fick SE, Hijmans RJ (2017) WorldClim 2: New 1 km spatial resolution climate surfaces for 
global land areas. International Journal of Climatology 37(12): 4302–4315. https://doi.
org/10.1002/joc.5086

Garreaud R (2009) The Andes climate and weather. Advances in Geosciences 22: 3–11. https://
doi.org/10.5194/adgeo-22-3-2009

Gent PR, Danabasoglu G, Donner LJ, Holland MM, Hunke EC, Jayne SR, Lawrence DM, 
Neale RB, Rasch PJ, Vertenstein M, Worley PH, Yang Z-L, Zhang M (2011) The com-
munity climate system model version 4. Journal of Climate 24(19): 4973–4991. https://
doi.org/10.1175/2011JCLI4083.1

Gómez-Lobo A (2005) El consumo de leña en el sur de Chile: ¿Por qué nos debe preocupar 
y qué se puede hacer? Revista Ambiente y Desarrollo 21: 43–47. http://www.cipmachile.
com/web/200.75.6.169/RAD/2005/3_GOMEZLOBO.pdf

González ME, Lara A, Urrutia R, Bosnich J (2011) Cambio climático y su impacto potencial 
en la ocurrencia de incendios forestales en la zona centro-sur de Chile (33°‒42°S). Bosque 
(Valdivia) 32(3): 215–219. https://doi.org/10.4067/S0717-92002011000300002

GRASS Development Team (2016) Geographic resources analysis support system (GRASS) 
software. http://grass.osgeo.org [Accessed on 22 March 2019]

Guisan A, Zimmermann NE (2000) Predictive habitat distribution models in ecology. Ecologi-
cal Modelling 135(2–3): 147–186. https://doi.org/10.1016/S0304-3800(00)00354-9

Hijmans RJ (2012) Cross-validation of species distribution models: Removing spatial sorting bias 
and calibration with a null model. Ecology 93(3): 679–688. https://doi.org/10.1890/11-0826.1

Hijmans RJ, Guarino L, Cruz M, Rojas E (2001) Computer tools for spatial analysis of 
plant genetic resources data: 1. DIVA-GIS. Plant Genetic Resources Newsletter (Rome, 
Italy) 127: 15–19.

Holloway P, Miller JA, Gillings S (2016) Incorporating movement in species distribution mod-
els: How do simulations of dispersal affect the accuracy and uncertainty of projections? 
International Journal of Geographical Information Science 30: 2050–2074. https://doi.org
/10.1080/13658816.2016.1158823

IPCC (2013) Climate change 2013, Summary for policymakers. The physical science basis. 
Contribution of working group I to the fifth assessment report of the intergovernmental 
panel on climate change (IPCC). In: Stocker T, Qin D, Plattner G-K, Tignor M, Allen S, 
Boschung J, Nauels A, Xia Y, Bex V, Midgley P (Eds) Cambridge University Press, Cam-
bridge, United Kingdom and New York, 29 pp.

IPCC (2014) Climate change 2014 synthesis report. Contribution of working groups I, II and III 
to the fifth assessment report of the intergovernmental panel on climate change (IPCC). In: 
Pachauri R, Meyer L (Eds) Intergovernmental Panel on Climate Change, Geneva, 151 pp.

https://doi.org/10.1111/j.1466-8238.2007.00311.x
https://doi.org/10.1111/j.1466-8238.2007.00311.x
https://doi.org/10.1002/joc.5086
https://doi.org/10.1002/joc.5086
https://doi.org/10.5194/adgeo-22-3-2009
https://doi.org/10.5194/adgeo-22-3-2009
https://doi.org/10.1175/2011JCLI4083.1
https://doi.org/10.1175/2011JCLI4083.1
http://www.cipmachile.com/web/200.75.6.169/RAD/2005/3_GOMEZLOBO.pdf
http://www.cipmachile.com/web/200.75.6.169/RAD/2005/3_GOMEZLOBO.pdf
https://doi.org/10.4067/S0717-92002011000300002
http://grass.osgeo.org
https://doi.org/10.1016/S0304-3800(00)00354-9
https://doi.org/10.1890/11-0826.1
https://doi.org/10.1080/13658816.2016.1158823
https://doi.org/10.1080/13658816.2016.1158823


Nelson Colihueque et al.  /  Nature Conservation 41: 47–69 (2020)66

Iriarte A (2010) Field guide to the mammals of Chile. Flora y Fauna Chile Ltda., Santiago de 
Chile, 216 pp.

Jiménez J (2010) The southern pudu (Pudu puda). In: González S, Barbanti J (Eds) Neotropi-
cal cervidology: biology and medicine of Latin American deer. Funep/IUCN, Jaboticabal, 
Brazil, 140–150.

Jiménez J, Ramilo E (2013) Pudu puda. IUCN Red List of threatened species. International 
Union for Conservation of Nature (IUCN). https://www.iucn.org/resources/conservation-
tools/iucn-red-list-threatened-species [Accessed on 22 May 2019]

Khadka KK, James DA (2017) Modeling and mapping the current and future climatic-
niche of endangered Himalayan musk deer. Ecological Informatics 40: 1–7. https://doi.
org/10.1016/j.ecoinf.2017.04.009

Klein JA, Harte J, Zhao X-Q (2007) Experimental warming, not grazing, decreases range-
land quality on the Tibetan plateau. Ecological Applications 17(2): 541–557. https://doi.
org/10.1890/05-0685

Lamsal P, Kumar L, Aryal A, Atreya K (2018) Future climate and habitat distribution of Hima-
layan Musk Deer (Moschus chrysogaster). Ecological Informatics 44: 101–108. https://doi.
org/10.1016/j.ecoinf.2018.02.004

Lara A, Solari ME, Prieto MDR, Peña MP (2012) Reconstrucción de la cobertura de la veg-
etación y uso del suelo hacia 1550 y sus cambios a 2007 en la ecorregión de los bosques 
valdivianos lluviosos de Chile (35°–43°30'S). Bosque (Valdivia) 33: 13–23. https://doi.
org/10.4067/S0717-92002012000100002

Liu C, White M, Newell G (2013) Selecting thresholds for the prediction of species occur-
rence with presence-only data. Journal of Biogeography 40(4): 778–789. https://doi.
org/10.1111/jbi.12058

Luebert F, Pliscoff P (2006) Sinopsis bioclimática y vegetacional de Chile. Editorial Universi-
taria, Santiago de Chile.

Marín SL, Nahuelhual L, Echeverria C, Grant WE (2011) Projecting landscape changes in south-
ern Chile: Simulation of human and natural processes driving land transformation. Eco-
logical Modelling 222(15): 2841–2855. https://doi.org/10.1016/j.ecolmodel.2011.04.026

Meier D, Merino ML (2007) Distribution and habitat features of southern pudu (Pudu 
puda Molina, 1782) in Argentina. Mammalian Biology 72(4): 204–212. https://doi.
org/10.1016/j.mambio.2006.08.007

Merow C, Smith MJ, Silander Jr JA (2013) A practical guide to MaxEnt for modeling spe-
cies’ distributions: What it does, and why inputs and settings matter. Ecography 36(10): 
1058–1069. https://doi.org/10.1111/j.1600-0587.2013.07872.x

Miller S, Rotmann J, Taber RD (1973) Dwindling and endangered ungulates of Chile. Vicugna, 
Lama, Hippocamelus and Pudu. Reprinted from: Transactions of the thirty-eighth North 
American Wildlife and Natural Resources Conference, March 18, 19, 20, 21, 1973. Wash-
ington, Wildlife Management Institute, 55‒68.

Miranda A, Altamirano A, Cayuela L, Lara A, González M (2017) Native forest loss in the 
Chilean biodiversity hotspot: Revealing the evidence. Regional Environmental Change 
17(1): 285–297. https://doi.org/10.1007/s10113-016-1010-7

Moran P (1950) Notes on continuous stochastic phenomena. Biometrika 37(1–2): 17–23. 
https://doi.org/10.1093/biomet/37.1-2.17

https://www.iucn.org/resources/conservation-tools/iucn-red-list-threatened-species
https://www.iucn.org/resources/conservation-tools/iucn-red-list-threatened-species
https://doi.org/10.1016/j.ecoinf.2017.04.009
https://doi.org/10.1016/j.ecoinf.2017.04.009
https://doi.org/10.1890/05-0685
https://doi.org/10.1890/05-0685
https://doi.org/10.1016/j.ecoinf.2018.02.004
https://doi.org/10.1016/j.ecoinf.2018.02.004
https://doi.org/10.4067/S0717-92002012000100002
https://doi.org/10.4067/S0717-92002012000100002
https://doi.org/10.1111/jbi.12058
https://doi.org/10.1111/jbi.12058
https://doi.org/10.1016/j.ecolmodel.2011.04.026
https://doi.org/10.1016/j.mambio.2006.08.007
https://doi.org/10.1016/j.mambio.2006.08.007
https://doi.org/10.1111/j.1600-0587.2013.07872.x
https://doi.org/10.1007/s10113-016-1010-7
https://doi.org/10.1093/biomet/37.1-2.17


Distribution of the Pudu deer in southern Chile 67

Myers N, Mittermeier RA, Mittermeier CG, da Fonseca GAB, Kent J (2000) Biodiversity hotspots 
for conservation priorities. Nature 403(6772): 853–858. https://doi.org/10.1038/35002501

Nahuelhual L, Donoso P, Lara A, Nuñez D, Oyarzun C, Neira E (2007) Valuing ecosystem 
services of Chilean temperate rainforests. Environment, Development and Sustainability 
9(4): 481–499. https://doi.org/10.1007/s10668-006-9033-8

Olson DM, Dinerstein E (1998) The Global 200: A representation approach to conserving 
the Earth’s most biologically valuable ecoregions. Conservation Biology 12(3): 502–515. 
https://doi.org/10.1046/j.1523-1739.1998.012003502.x

Ormazabal C (1993) The conservation of biodiversity in Chile. Revista Chilena de Historia 
Natural 66: 383–402. http://rchn.biologiachile.cl/pdfs/1993/4/Ormazabal_1993.pdf

Ortíz-Yusty C, Restrepo A, Páez VP (2014) Distribución potencial de Podocnemis lewyana (Rep-
tilia: Podocnemididae) y su posible fluctuación bajo escenarios de cambio climático global. 
Acta Biologica Colombiana 19: 471–481. https://doi.org/10.15446/abc.v19n3.40909

Papeş M, Gaubert P (2007) Modelling ecological niches from low numbers of occurrences: 
Assessment of the conservation status of poorly known viverrids (Mammalia, Carnivora) 
across two continents. Diversity & Distributions 13(6): 890–902. https://doi.org/10.1111/
j.1472-4642.2007.00392.x

Pavez-Fox M, Estay SA (2016) Correspondence between the habitat of the threatened pudú 
(Cervidae) and the national protected-area system of Chile. BMC Ecology 16(1): 1–1. 
https://doi.org/10.1186/s12898-015-0055-7

Pearson RG, Raxworthy CJ, Nakamura M, Townsend Peterson A (2007) Predicting species distribu-
tions from small numbers of occurrence records: A test case using cryptic geckos in Madagascar. 
Journal of Biogeography 34(1): 102–117. https://doi.org/10.1111/j.1365-2699.2006.01594.x

Pease KM, Freedman AH, Pollinger JP, McCormack JE, Buermann W, Rodzen J, Banks 
J, Meredith E, Bleich VC, Schaefer RJ, Jones K, Wayne RK (2009) Landscape genet-
ics of California mule deer (Odocoileus hemionus): The roles of ecological and historical 
factors in generating differentiation. Molecular Ecology 18(9): 1848–1862. https://doi.
org/10.1111/j.1365-294X.2009.04112.x

Peterson AT, Egbert SL, Sánchez-Cordero V, Price KP (2000) Geographic analysis of conserva-
tion priority: Endemic birds and mammals in Veracruz, Mexico. Biological Conservation 
93(1): 85–94. https://doi.org/10.1016/S0006-3207(99)00074-9

Peterson A, Soberón J, Pearson R, Anderson R, Martinez-Meyer E, Nakamura M, Araujo M 
(2011) Ecological Niches and Geographic Distributions. Princeton University Press, Prince-
ton, New Jersey, 328 pp. https://doi.org/10.23943/princeton/9780691136868.003.0003

Phillips SJ (2017) A brief tutorial on maxent. http://biodiversityinformatics.amnh.org/open_
source/maxent/ [Accessed on 22 March 2019]

Phillips SJ, Anderson RP, Schapire RE (2006) Maximum entropy modeling of species geograph-
ic distributions. Ecological Modelling 190(3–4): 231–259. https://doi.org/10.1016/j.ecol-
model.2005.03.026

Phillips S, Dudik M, Schapire R (2004) A Maximum Entropy Approach to Species Distribu-
tion Modeling. Twenty-first international conference on machine learning. ACM Press, 
New York, 655–662. https://doi.org/10.1145/1015330.1015412

QGIS Development Team (2018) Geographic information system. https://qgis.org [Accessed 
on 22 March 2019]

https://doi.org/10.1038/35002501
https://doi.org/10.1007/s10668-006-9033-8
https://doi.org/10.1046/j.1523-1739.1998.012003502.x
http://rchn.biologiachile.cl/pdfs/1993/4/Ormazabal_1993.pdf
https://doi.org/10.15446/abc.v19n3.40909
https://doi.org/10.1111/j.1472-4642.2007.00392.x
https://doi.org/10.1111/j.1472-4642.2007.00392.x
https://doi.org/10.1186/s12898-015-0055-7
https://doi.org/10.1111/j.1365-2699.2006.01594.x
https://doi.org/10.1111/j.1365-294X.2009.04112.x
https://doi.org/10.1111/j.1365-294X.2009.04112.x
https://doi.org/10.1016/S0006-3207(99)00074-9
https://doi.org/10.23943/princeton/9780691136868.003.0003
http://biodiversityinformatics.amnh.org/open_source/maxent/
http://biodiversityinformatics.amnh.org/open_source/maxent/
https://doi.org/10.1016/j.ecolmodel.2005.03.026
https://doi.org/10.1016/j.ecolmodel.2005.03.026
https://doi.org/10.1145/1015330.1015412
https://qgis.org


Nelson Colihueque et al.  /  Nature Conservation 41: 47–69 (2020)68

Ramírez C, San Martín C (2005) Asociaciones vegetales de la Cordillera de la Costa de la región 
de Los Lagos. In: Smith Ramírez C, Armesto JJ, Valdovinos C (Eds) Historia, Biodiversidad y 
Ecología de los Bosques Costeros de Chile. Editorial Universitaria, Santiago de Chile, 206–224.

Raxworthy CJ, Martinez-Meyer E, Horning N, Nussbaum RA, Schneider GE, Ortega-Huerta 
MA, Townsend Peterson A (2003) Predicting distributions of known and unknown reptile 
species in Madagascar. Nature 426(6968): 837–841 https://doi.org/10.1038/nature02205.

Sanino GP, Pozo N, Heran T (2016) Presencia de macro y meso-mamíferos terrestres y semi-
acuáticos en la zona costera de Reserva Añihué, patagonia Chilena. Boletín del Museo Na-
cional de Historia Natural 65: 15–30. https://www.researchgate.net/publication/302930591

Shaffer M (1987) Minimum viable populations: doping with uncertainty. In: Soulé M (Ed.) 
Viable Populations for Conservation. Cambridge University Press, Cambridge, 69–86. 
https://doi.org/10.1017/CBO9780511623400.006

Silva-Rodríguez EA, Aleuy OA, Fuentes-Hurtado M, Vianna JA, Vidal F, Jiménez JE (2011) 
Priorities for the conservation of the pudu (Pudu puda) in southern South America. Animal 
Production Science 51(4): 375–377. https://doi.org/10.1071/AN10286

Silva-Rodríguez EA, Sieving KE (2012) Domestic dogs shape the landscape-scale distribution 
of a threatened forest ungulate. Biological Conservation 150(1): 103–110. https://doi.
org/10.1016/j.biocon.2012.03.008

Silva-Rodríguez EA, Verdugo C, Aleuy OA, Sanderson JG, Ortega-Solís GR, Osorio-Zúñiga 
F, González-Acuña D (2010) Evaluating mortality sources for the Vulnerable pudu Pudu 
puda in Chile: Implications for the conservation of a threatened deer. Oryx 44(01): 97–
103. https://doi.org/10.1017/S0030605309990445

Simonetti JA, Mella JE (1997) Park size and the conservation of Chilean mammals. Revista 
Chilena de Historia Natural 70: 213–220. http://rchn.biologiachile.cl/pdfs/1997/2/Si-
monetti_%26_Mella_1997.pdf

Smith-Ramírez C (2004) The Chilean coastal range: A vanishing center of biodiversity and 
endemism in South American temperate rainforests. Biodiversity and Conservation 13(2): 
373–393. https://doi.org/10.1023/B:BIOC.0000006505.67560.9f

Soberon J, Peterson AT (2005) Interpretation of models of fundamental ecological niches and 
species’ distributional areas. Biodiversity Informatics 2(0): 1–10. https://doi.org/10.17161/
bi.v2i0.4

Taylor KE, Stouffer RJ, Meehl GA (2011) An overview of CMIP5 and the experiment design. 
Bulletin of the American Meteorological Society 93(4): 485–498. https://doi.org/10.1175/
BAMS-D-11-00094.1

Urban MC (2015) Accelerating extinction risk from climate change. Science 348(6234): 571–
573. https://doi.org/10.1126/science.aaa4984

Vanoli T (1967) Beobachtungen an pudus, Mazama pudu (Molina, 1782). Säugetierkundliche 
Mitteilungen 15: 155–165.

Villagrán C, Armesto J (2005) Fitogeografía histórica de la Cordillera de la Costa de Chile. In: 
Smith Ramírez C, Armesto JJ, Valdovinos C (Eds) Historia, Biodiversidad y Ecología de 
los Bosques Costeros de Chile. Editorial Universitaria, Santiago de Chile, 99–116.

https://doi.org/10.1038/nature02205
https://www.researchgate.net/publication/302930591
https://doi.org/10.1017/CBO9780511623400.006
https://doi.org/10.1071/AN10286
https://doi.org/10.1016/j.biocon.2012.03.008
https://doi.org/10.1016/j.biocon.2012.03.008
https://doi.org/10.1017/S0030605309990445
http://rchn.biologiachile.cl/pdfs/1997/2/Simonetti_&_Mella_1997.pdf
http://rchn.biologiachile.cl/pdfs/1997/2/Simonetti_&_Mella_1997.pdf
https://doi.org/10.1023/B:BIOC.0000006505.67560.9f
https://doi.org/10.17161/bi.v2i0.4
https://doi.org/10.17161/bi.v2i0.4
https://doi.org/10.1175/BAMS-D-11-00094.1
https://doi.org/10.1175/BAMS-D-11-00094.1
https://doi.org/10.1126/science.aaa4984


Distribution of the Pudu deer in southern Chile 69

Villagrán C, Hinojosa L (2005) Esquema biogeográfico de Chile. In: Llorente J, Morrone J 
(Eds) Regionalización Biogeográfica en Iberoámeríca y tópicos afines. Ediciones de la Uni-
versidad Nacional Autónoma de México, Ciudad de México, 551–577.

Wemmer C, McCarthy A, Blouch R, Moore D (1998) Deer: Status Survey and Conservation 
Action Plan. IUCN/SSC Deer Specialist Group, Gland, Switzerland, 106 pp.

Zúñiga AH, Jiménez JE (2018) Activity patterns and habitat use of pudu deer (Pudu puda) in 
a mountain forest of south-central Chile. Journal of Natural History 52(31–32): 2047–
2054. https://doi.org/10.1080/00222933.2018.1510995

Supplementary material 1

Table S1
Authors: Nelson Colihueque, Aldo Arriagada, Andrea Fuentes
Data type: species data
Explanation note: Details of the occurrence points of the Pudu deer (Pudu puda) from 

southern Chile, including locality, coordinate, date, type of evidence and source.
Copyright notice: This dataset is made available under the Open Database License 

(http://opendatacommons.org/licenses/odbl/1.0/). The Open Database License 
(ODbL) is a license agreement intended to allow users to freely share, modify, and 
use this Dataset while maintaining this same freedom for others, provided that the 
original source and author(s) are credited.

Link: https://doi.org/10.3897/natureconservation.41.53748.suppl1

Supplementary material 2

Table S2
Authors: Nelson Colihueque, Aldo Arriagada, Andrea Fuentes
Data type: species data
Explanation note: Details of the occurrence points of the Pudu deer (Pudu puda) from 

southern Chile obtained from previous studies, including locality, coordinate, date 
and source.

Copyright notice: This dataset is made available under the Open Database License 
(http://opendatacommons.org/licenses/odbl/1.0/). The Open Database License 
(ODbL) is a license agreement intended to allow users to freely share, modify, and 
use this Dataset while maintaining this same freedom for others, provided that the 
original source and author(s) are credited.

Link: https://doi.org/10.3897/natureconservation.41.53748.suppl2

https://doi.org/10.1080/00222933.2018.1510995
http://opendatacommons.org/licenses/odbl/1.0/
https://doi.org/10.3897/natureconservation.41.53748.suppl1
http://opendatacommons.org/licenses/odbl/1.0/
https://doi.org/10.3897/natureconservation.41.53748.suppl2

	Distribution modelling of the Pudu deer (Pudu puda) in southern Chile
	Abstract
	Introduction
	Methods
	Study area
	Occurrence data
	Environmental data
	Modelling and statistical methods
	Post-processing

	Results
	Current geographical distribution
	Future geographical distribution

	Discussion
	Conclusions
	Acknowledgements
	References
	Supplementary material 1
	Table S1

	Supplementary material 2
	Table S2


