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Abstract Growth of wild ungulate populations within
protected areas can cause an expansion towards surrounding
non-protected areas and lead to conflicts with human activi-
ties. The spatial and demographic structure of colonizing pop-
ulations inform about their state and potential trends, since the
initial colonization by dispersing individuals precedes the es-
tablishment of a population with potential for further growth
and expansion. Once colonization has succeeded, the spatial
pattern of animal abundance is associated with intra- and in-
terspecific interactions and environmental factors (e.g., habitat
and food availability) and the population shows similar demo-
graphic features throughout the whole occupation area, which
has been called a diffusive dispersal pattern. Here, we analyze
the current status of colonization by a guanaco population of
ranches surrounding a protected area in Chilean Patagonia
with data gathered along three consecutive years. We thus
compared animal abundance and social structure between

the protected and unprotected areas and evaluated throughout
the whole area the effect of environmental factors on guanaco
abundance, proportion of family groups, and reproductive
success. Guanaco abundance significantly declined with in-
creasing distance from the center of the local distribution
and marginally with predation risk. Moreover, social structure
showed only minor differences between areas, pointing to a
diffusive dispersal pattern. These results suggest that the pop-
ulation is already well established and has the potential to
grow and continue its expansion. The case exemplifies a chal-
lenging outcome of successful animal conservation, and it
presents a useful approach to evaluate the state of wild ungu-
late populations colonizing new areas.

Keywords Population density . Abundance . Population
dynamics . Population structure . Mammal dispersal

Introduction

Animal conservation programs are successful in reversing
negative population trends once the pressures involved in
the decline of animal populations are removed. In this scenar-
io, protected areas play a vital role for the recovery of threat-
ened species (Fall and Jackson 2002; Hansen and DeFries
2007). In the case of species with large home ranges likemany
ungulates, the movement of animals towards surrounding
non-protected zones is the natural outcome when populations
increase within protected areas (Simonetti 1995; Gurd et al.
2001; Kowalczyk et al. 2013). Once unprotected areas have
been colonized, conflicts with human activities can arise and
some form of management of these buffer areas may be
needed.

The dispersal of individuals away from the occupation area
of a population is not a random event, and it can determine the
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spatial and demographic features of recently settled popula-
tions. The dispersal of large territorial ungulates frequently
shows an ideal-despotic distribution (Fretwell 1972) where
agonistic behavior among conspecifics is more intense at high
densities and in more favorable habitats (Coulson et al. 1997;
Pettorelli et al. 2003; Kjellander et al. 2004; McLoughlin et al.
2006). As a result, dominant individuals occupy territories of
high quality and force subordinates to disperse to unoccupied,
usually less-favorable areas (Fretwell 1972). Under this pro-
cess, in the early stages of dispersal, the areas of recent colo-
nization show (i) a higher proportion of juveniles, as they
comprise the first wave of dispersers (Greenwood 1980;
Sarno et al. 2003; Gaillard et al. 2008); and (ii) a lower density
of families than in the source areas, since these are the dom-
inant groups in several ungulate species (Greenwood 1980;
Dobson 1982; Clutton-Brock and Coulson 2002). In this case,
neither spatial patterns of animal density nor population social
structure are dependent on environmental factors, but they are
shaped by haphazard processes affecting individual dispersal
events. Later in the colonization process, when the population
is getting settled, the spreading adopts a diffusive pattern
(Darmon et al. 2007) in which (i) animals concentrate close
to the source of dispersers and their density diminishes with
distance to the source according to a normal distribution
(Skellam 1951); and (ii) demographic structure and age ratio
become similar throughout the whole occupation area. In this
situation, extrinsic factors like local resource availability, in-
terspecific competition, and predation, as well as intrinsic fac-
tors like intraspecific competition, shape the spatial and social
structure of populations (Coulson et al. 1997; Clutton-Brock
and Coulson 2002; Andersen et al. 2004; Darmon et al. 2007).

Therefore, in the case of wild ungulate populations
expanding from a protected area, the social and demographic
structures are expected to differ between the settled fraction of
the population and that occupying the expansion area. Under
an ideal-despotic scenario within the protected site, any in-
crease in the population density can trigger the rate of agonis-
tic interactions between territorial males and juveniles and
force the dispersal of the latter to the expanding edge of the
distribution range (Dobson 1982; Howard 1986; Clutton-
Brock and Coulson 2002; Sarno et al. 2003). As a result, a
higher proportion of juveniles, and a lower proportion of fam-
ilies should characterize the social structure in the expansion
area. The production of yearlings should thus be proportion-
ally lower in the dispersal area, and the reproductive rate can
be even lower if the area is more stressful or less productive
than the core of the distribution (Conradt et al. 1999). In ad-
dition to natural stressing factors, the settlement of a stable
population is finally dependent on the species’ ability to cope
with human-derived effects, like competition with livestock or
poaching. As a result of the dispersal and colonization pro-
cess, human-wildlife conflicts can emerge in the expansion
areas, especially with livestock farming, and they can trigger

negative pressures precluding wild population settlement
(Simonetti 1995; Mishra et al. 2004; du Toit 2010).

The guanaco (Lama guanicoe) is the largest South
American ungulate, a wild camelid with resource-defense po-
lygyny and a flexible social structure (Franklin 1983;
González et al. 2006). Juveniles are expulsed from natal
groups at the age of 1 year, and following expulsion, female
juveniles usually add to other family groups while males form
new or join other male groups (Franklin 1983). Thus, male
groups are good indicators of dispersal in the species.
Guanacos suffered a steep population decline after the
Spanish arrival to South America attributed to overhunting,
competition with domestic species and habitat degradation
(Puig 1995; Baldi et al. 2016). During the last decades, gua-
naco conservation and management programs sponsored by
governments have contributed to the recovery of the global
population (Baldi et al. 2016). Currently, the main populations
are located within protected areas of Patagonia and Tierra del
Fuego, both in Argentina and Chile. There, the increasing
pressure from private landowners of rangelands may result
in a threat to the remaining high-density guanaco populations
if management is not properly planned and implemented
(Baldi et al. 2016; Hernández et al. 2017; Lambertucci and
Speziale 2011). Of particular interest with these regards is the
guanaco population located in Torres del Paine National Park
(TdPNP) (Magallanes Region, Chile). The species was near
extinction in this region in the mid-1970s (Franklin 1982), but
guanaco protection policies since then allowed a large popu-
lation increase, from less than 100 individuals in 1975
(Franklin 1982) to around 4200 in 2010 (Fig. 1). It is currently
the second most important guanaco population in Chile after
that one in Tierra del Fuego. This within-TdPNP population
growth has occurred while causing an expansion outside of
the protected area, where the species was absent for many
decades (Franklin 1982; Iranzo et al. 2013). TdPNP is consid-
ered the main source of guanacos in the area (Franklin 1982;
local landowners pers. com.). The first record of this expan-
sion was described in 1995 (Sarno and Franklin 1999).

In this context, TdPNP and its surroundings offer a partic-
ular situation to analyze the spatial patterns and factors affect-
ing the dispersal and settlement of an ungulate species around
a protected area. Specifically, we first evaluate if guanaco
abundance, social structure, and reproductive success along
the whole area are associated to either (i) the distance from
the core of the animal distribution, (ii) resource availability
(primary productivity, availability of the most suitable habi-
tats), (iii) potential competition with livestock (sheep abun-
dance), or (iv) predation risk (relative abundance of the main
predator). As explained above, factors shaping the spatial pat-
terns of populations change from the dominance of (i) during
the earlier stages of colonization, to that of (ii, iii, and iv) at
later stages of the process or when already settled.
Additionally, we test if guanacos inhabiting ranches
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surrounding TdPNP show differences in their demographic
characteristics in comparison with those within the protected
area, paying special attention to male groups. In case animals
are already firmly settled in the surroundings, no differences
are expected throughout the occupation area in social and
demographic structure indicators like the proportion of juve-
niles or that of family groups. Finally, to give the full picture of
the guanaco population and its expansion process in the whole
region, densities within and outside the protected area are
compared and an updated estimation of population size is
provided. This knowledge of the current status of the popula-
tion (settled vs. in-expansion) and the ecological cues shaping
guanaco distribution can provide useful tools for its manage-
ment, and they exemplify the possible outcome of a wild
ungulate population protected within a reserve that recovers
from its initial low numbers.

Materials and methods

Study area

This study was conducted in Torres del Paine National Park
and its surroundings, Southern Chile (51° 30′ S 72° 55′ W;
Fig. 2). The study area covers approximately 1090 km2

(284 km2 within TdPNP and 806 km2 belonging to neighbor-
ing ranches). Climate is temperate cool without a pronounced
dry season. Annual rainfall varies between 300 and 1000 mm
while mean temperature averages 2 °C in winter and 10.8 °C
in summer (Vidal and Reif 2011). Vegetation in the study area
is dominated by steppe-like grasslands and shrublands (Pisano
1974); a detailed description of vegetation communities can
be found in Iranzo et al. (2013).

No livestock occurs within TdPNP. Oppositely, surround-
ing privately owned ranches are dedicated to extensive live-
stock farming, consistingmainly of sheep (see below). TdPNP
is delimited by a 1.2-m-high wire fence which restricts live-
stock movements but acts only as a semipermeable barrier to
wildlife movement (Rey et al. 2012).

Animal data collection

Two-person observer teams with binoculars conducted six
seasonal field surveys to estimate abundance and social struc-
ture of guanacos within and outside TdPNP during the austral
winter (July) and late spring-summer (December) of three
consecutive years (2009–2011). Observer teams surveyed si-
multaneously in each occasion all roads, tracks and footpaths
existing within (Ntransect = 15; total transect length = 114.8 km;
range, 3.1–26.2 km) and outside TdPNP (Ntransect = 17; total
transect length = 221.8 km; range, 0.7–17.3 km). Surveys took
place during daylight hours avoiding periods of poor visibility
at dawn and dusk. Surveys along roads were conducted by car
driven at a nearly constant speed of 15 km/h, while tracks and
paths (22.5 km only within TdPNP) were surveyed on foot.
Bothmethods are comparable since they do not disturb animal
behavior or habitat selection in the study area, where animals
show short flight distances (Malo et al. 2009; see also Iranzo
et al. 2013; Traba et al. 2017, for similar procedures). To avoid
double counts in adjacent transects, only groups contained
within a perpendicular boundary to the transect end were re-
corded (similar to a saw-tooth sampling design; Buckland
et al. 2001). From a conservative perspective, assuming a
400-m band width with complete detection on either side of
the road (Pedrana et al. 2009), the sampled area corresponds to
24.7% of the whole study area (Fig. 2).
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Fig. 1 Guanaco population
censused in Torres del Paine
National Park (TdPNP) between
1996 and 2010 (annual growth
rate r = 0.052)
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Following distance sampling protocols (Buckland et al.
2001), we recorded locations for every guanaco (solitary in-
dividuals and social groups) encountered using a GPS, mea-
sured the distance to the central point of groups using a laser
rangefinder (Leica 1200RF), and determined the appropriate
angle of our observations with a precision compass. In addi-
tion, we recorded group size, sex, and age class of all individ-
uals. Individuals were classified into three age classes: adults
(2 years and older), yearlings or juveniles (between 1 and
2 years) and chulengos (calves up to 1 year old) (Franklin
1983). According to Franklin (1982), we assigned observa-
tions of guanacos to one of the following social groups when
all the individuals within a group were accurately identify
(otherwise, they were assigned as undetermined groups): (i)
family groups formed by a territorial male with females and

their offspring, (ii) solitary territorial males, (iii) groups of
juveniles and mature non-territorial males. Some juvenile fe-
males may also join the so-called male groups (pers. obs.),
though they are still mostly males, and (iv) female groups
consisting of adult females with or without chulengos or year-
ling females without an adult male. Out of the breeding sea-
son, guanacos tend to form large mixed herds composed of
adults of both sexes, yearlings, and chulengos (Franklin 1982;
González et al. 2006), although all four social units mentioned
above may still be encountered. In our study area we recorded
solitary males, male groups, female groups, and mixed groups
during winter.

The guanaco is a sexually monomorphic ungulate (Sarno
and Franklin 1999) and sexual assignments are thus depen-
dent on the corroboration of the presence of testicles and by
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reproductive behavior, as tail rising (Franklin 1983; Ortega
and Franklin 1995). Thus, despite guanaco groups can be seen
and accurately located at long distance (more than 1200 m,
own data), sexual (and age) correct assignments are subject to
high uncertainty above 400 m (Pedrana et al. 2009).
Consequently, all observations above this threshold were used
for density estimations but removed for social structure
analyses.

Environmental data

In order to estimate the effect of both density-related (intra-
and interspecific competition), and environmental factors (re-
source availability, predation risk and distance to the core of
the local distribution) on guanaco abundance, proportion of
family groups and reproductive success (chulengo/adult ra-
tio), we recorded data on (i) primary productivity, (ii) habitat
suitability, (iii) puma (Puma concolor) relative abundance
(predation pressure), and (iv) livestock abundance (proxy of
anthropic perturbations and interspecific competition).
Previously, we divided the study area into 15 different sectors,
attending to topographic and physiognomic similarity. Each
sector included 1 to 4 of the above-mentioned transects (see
Fig. 2; Table S1). Each sector was large enough to harbor a
good representation of the different habitats present in the
study area and to have a large enough number of animals to
adequately test the hypotheses (see Traba et al. 2017).

To account for the potential effect of primary productivity
on guanaco abundance and distribution we used the
Normalized Difference Vegetation Index (NDVI) value.
NDVI values were obtained using MODIS-Terra images
(MOD13Q1/Terra Vegetation Index 16Day L3 Global 250m
SINGrid V005) acquired during a 16-day period in December
2012 and July 2013 for summer and winter data, respectively.
The persistent cloud cover prevented from using the same
period as that for field sampling. However, it should have no
effect on our results since the analysis is focused to inter-
sector differences.

Grasslands (both natural and artificial) and vegas
(meadows in the proximity of shallow wetlands) are consid-
ered the most suitable habitats for guanaco in the study area
(Iranzo et al. 2013) due to their productivity and good visibil-
ity to detect predators (Bank et al. 2003). To estimate the cover
of suitable habitat we located two control sampling points
every 1000 m of each transect alternately right/left at 250
and 100 m distance from it (N = 194 sampling points in
TdPNP, N = 394 sampling points in non-protected area in
winter;N = 222 sampling points in TdPNP, andN = 366 points
in non-protected area in summer). At each sampling point, we
described the proportion (percentage of cover) of the above-
mentioned suitable habitats in a plot of 50m radius (see Iranzo
et al. 2013 for further details).

Puma surveys were conducted using footprints on snow
during the winters of 2011 and 2012 along the whole are
covered with guanaco surveys. A 200 × 5-m line was walked
every 5000 m of each of the above-mentioned guanaco sur-
veys transects, and all marks of puma presence were recorded
to build an index of kilometric abundance (KAI; Vincent et al.
1991) of puma per sector. Puma home ranges in the study area
are small (19.0–84.5 km2) and tend to remain spatially con-
stant throughout the year (Barrera et al. 2010), thus allowing
the use of winter data as a proxy of puma relative abundance
also in summer, when footprint surveys are unfeasible. In
addition, roads are regularly used by pumas in this area
(own unpublished data), and therefore useful as sampling
method (Van Dyke et al. 1986; Van Sickle and Lindzey 1992).

Livestock abundance was recorded in parallel to guanaco
surveys. Location and group size of livestock herds were used
to calculate the KAI of livestock per transect, year and season.
Similarly, we used guanaco sightings to calculate the KAI of
guanaco per transect, year and season.

Statistical analyses

Factors influencing guanaco abundance, proportion of family
groups and reproductive success.

Factors influencing guanaco abundance, proportion of fam-
ily groups, and reproductive success among the 15 sectors
were analyzed through General Linear Models (GLM) fitted
for the following response variables: abundance of guanacos
in each season and, only for summer data, proportion of fam-
ily groups and chulengo/adult ratio of families (Table 1).
Abundance of guanacos and sheep per sector were estimated
by averaging transect and year KAIs to estimate meanKAI for
each sector and season. In a similar way, the average percent-
age of family groups and chulengo/adult ratio of family
groups were estimated for each sector only in summer. We
also computed the average NDVI for each sector and season
in a 400-m buffer around each transect. This was the same area
used to estimate guanaco and sheep KAIs. A similar proce-
dure was used to estimate intensity of use by puma, although
in this case, we only have one estimate for both seasons.
Habitat suitability was estimated as the mean proportion of
grasslands and vegas per sector, averaging data from control
points within each sector and season (Table 1).

In order to evaluate the effect of the distance of each ob-
servation to the core of animal distribution, we first estimated
the geographical centroid of all animal observations weighted
by group size for each season. We then calculated the distance
from each observation to this seasonal centroid, using ArcGis
9.3 (ESRI 2007) for both calculations. Finally, to obtain a
unique value per sector we averaged all the distances per sec-
tor and season (Table 1).

We obtained models for each response variable (guanaco
abundance in summer and winter, and chulengo/adult ratio
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and proportion of family groups only in summer) by
performing GLM forward-backward stepwise regression on
all the predictors that were included in each predictor-set mod-
el (Márquez et al. 2011). For each response variable, the full
model included the distance to the centroid of animal distri-
bution, NDVI, proportion of suitable habitats, abundance of
livestock and intensity of use by puma. Proportion of suitable
habitats showed significant Pearson correlation with several
variables, so we decided to exclude it from the analyses.
Inclusion of variables in the stepwise selection of predictor-
set and combined models was based on significance testing.
Additionally, the stepwise approach has recently been sug-
gested as one of the best methods to describe species distribu-
tions based on different sets of predictors (Barnagaud et al.
2012). All variables were transformed to meet normality as-
sumptions and standardized. Proportion variables were arc-sin
transformed, count variables were square root transformed
and continuous variables were log-transformed. We used the
free software R version 3.2.1 (R Core Team 2014) and lme4
package (Bates et al. 2015) to conduct GLMs.

Social structure

Groups including individuals with unknown sex or age (un-
determined groups, hereinafter) were excluded from the

analyses; they accounted for 23% of the observed groups in
winter (corresponding to 16% of all animals) and 11% in
summer (12% of all animals). These proportions are similar
to those provided by Pedrana et al. (2009) for large-scale road
surveys.

We first describe typical group size since this metric com-
plements mean group size and provides more information
about grouping trends (White et al. 2012). Then, we tested
for basic differences in social structure. We used factorial
ANOVA and a posteriori Tukey test to evaluate differences
in group size for each social group among years, seasons, and
zones (within/outside TdPNP). In addition, we tested for dif-
ferences in guanaco reproductive success (chulengo/adult ra-
tio of family groups) among years and zones by factorial
ANOVA and a posteriori Tukey test, only with summer data.
All data were transformed to meet test assumptions, but un-
transformed data are shown in the text to facilitate
interpretation.

We used GLM with a binomial distribution to test for dif-
ferences in social structure (i.e., proportion of each type of
social unit) among years, seasons and zones. We built four
different response variables: (i) family groups vs. all other
groups, (ii) solitary males vs. all other groups, (iii) male
groups vs. all other groups, and (iv) female groups vs. all other
groups. We included three different explanatory factors: year

Table 1 Raw values for the response and environmental explanatory variables per sector for the factors influencing guanaco abundance and
reproductive success analyses

Sector Zone Length
(km)

Family
group

C/A
ratio

NDVI
winter

NDVI
summer

Suitable
habitat
(%)

Dist
centr.
winter
(km)

Dist
centr.
summer
(km)

Guanaco
winter

Guanaco
summer

Sheep
winter

Sheep
summer

Puma

1 TdPNP 22.2 0 0 0.312 0.424 26.58 36.6 31.9 0 0 0 0 1.5

2 TdPNP 20.4 1.00 0.39 0.520 0.640 5.13 30.9 24.9 0.1 0.8 0 0 1.1

3 TdPNP 17.0 0.19 0.24 0.227 0.424 8.36 26.2 18.8 11.9 1.8 0 0 6.3

4 TdPNP 25.7 0.26 0.26 0.306 0.391 21.56 18.5 10.5 26.5 26.9 0 0 2.1

5 TdPNP 7.5 0 0 0.345 0.405 58.47 20.0 8.7 22.9 0.3 0 0 5.0

6 TdPNP 22.0 0.17 0.21 0.313 0.481 33.29 17.1 4.4 48.2 31.2 0 0 1.6

7 Outside 18.4 0.34 0.35 0.352 0.540 29.57 12.6 2.9 10.4 50.8 4.3 0 0.6

8 Outside 23.8 0.20 0.10 0.377 0.614 26.61 4.5 8.8 34.5 8.8 89.8 3.9 0.6

9 Outside 33.2 0.41 0.39 0.311 0.560 46.36 8.7 9.1 21.3 9.9 83.4 54.7 0

10 Outside 47.2 0 0 0.336 0.459 30.30 11.8 20.6 6.7 1.4 85.4 129.5 0

11 Outside 22.4 0.50 0.07 0.259 0.489 44.25 19.8 20.6 20.0 6.0 93.1 172.0 0

12 Outside 26.2 0.28 0.36 0.352 0.443 31.99 10.9 13.4 25.1 11.6 35.3 110.2 0

13 Outside 13.5 0.10 0.17 0.397 0.432 50.75 18.8 27.8 37.9 44.0 125.2 16.0 0

14 Outside 18.6 0 0 0.319 0.544 32.14 15.2 27.5 1.8 0.2 93.6 151.1 0

15 Outside 18.5 0.33 0.33 0.317 0.533 63.63 12.6 23.4 16.9 5.2 79.4 229.8 0.2

Length, total transect line surveyed per season (km); Family group, proportion of family groups in summer; C/A ratio, chulengo/adult ratio in summer;
Suitable habitat, proportion of grasslands, and vegas; Dist centr winter, distance to the centroid of winter observations (km); Dist centr summer, distance
to the centroid of summer observations (km); Guanaco winter, kilometric abundance index (KAI) of guanacos in winter (animal/km); Guanaco summer,
KAI of guanacos in summer (animal/km); Sheep winter, KAI of livestock in winter (animal/km); Sheep summer, KAI of livestock in summer (animal/
km); Puma, relative puma abundance (KAI; tracks/km)
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(2009, 2010, 2011), season (winter, summer), and zone (with-
in and outside TdPNP), and their biologically relevant inter-
action, season × zone, in the analyses. We confirmed that
model assumptions were met and selected the best model for
each response variable based on AIC (Akaike 1974). These
statistical analyses were performed with INFOSTAT 2013 (Di
Rienzo et al. 2011).

Population abundance and density

Finally, we used program DISTANCE (version 6.0; Thomas
et al. 2010) to obtain updated estimates of population density
(D) and abundance (N) of guanacos. We estimated population
parameters separately for each year, season and zone (within
and outside TdPNP). To avoid bias related to road sampling,
we estimated guanaco abundance only for the whole study
area. We further screened our data for additional possible bias
in detection probabilities related to road survey or animal be-
havior following Thomas et al. (2010). All observations fur-
ther than 1200 m (above the range of the rangefinder) were
removed for DISTANCE analyses.

We analyzed distance data using conventional (CDS) and
multiple covariate (MCDS) methods (Buckland et al. 2001)
and considered three functions in density estimation: uniform,
half-normal, and hazard-rate (Buckland et al. 2001). We used
the cosine adjustment function for all analyses. We built
models both using exact perpendicular distances, and by
grouping perpendicular distances into intervals of 50 and
100 m in order to improve model fit. We included the number
of individuals in each sighting as a covariate since detectabil-
ity can vary depending on group size. Model selection was
based on Akaike Information Criterion (AIC; Akaike 1974).
Differences in abundance and density among years, seasons
and zones (within and outside TdPNP) were analyzed via
factorial ANOVA only for main effects using INFOSTAT
2013 (Di Rienzo et al. 2011).

Results

Factors influencing guanaco abundance, social structure,
and reproductive success

Distance to guanaco centroid and puma intensity of use were
included in the final model to explain guanaco abundance in
summer (adjusted R squared = 0.404; F2, 11 = 5.39; p = 0.023;
Table 2). During summer, guanaco abundance was negatively
related to the distance to the distribution centroid (Fig. 3a) and
negatively related to intensity of use by puma, though at a
statistical marginal level (Fig. 3b). No other factors affected
guanaco abundance during this season.

Final model to explain guanaco abundance during winter in-
cluded only one variable (distance to winter centroid), and was

significant but less explanatory than summer model (adjusted R
squared = 0.313; F1, 13 = 3.13; p = 0.070; Table 2). During

Fig. 3 Relationships of guanaco abundance with a distance to the
centroid of summer distribution, b puma abundance, and c distance to
the centroid of winter distribution. Fitted lines from linear regression are
shown

Table 2 Final GLM forward-backward stepwise regression models for
guanaco abundance during winter and summer within and outside Torres
del Paine National Park (Chile)

Guanaco abundance Estimate Std. error t value p value

Summer

Intercept 2.369 0.493 4.802 < 0.001

Distance to summer centroid − 1.119 0.401 − 2.790 0.018

Puma − 0.894 0.426 − 2.096 0.060

Winter

Intercept 2.943 1.093 2.692 0.021

Distance to winter centroid − 1.245 0.548 − 2.272 0.041
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winter, guanaco abundance was marginally and negatively relat-
ed to the distance to the centroid of the distribution (Fig. 3c), and
all other factors showed no relationshipwith guanaco abundance.

Both summer and winter centroids of observations were
located outside the TdPNP, 3 km and 400 m away from the
border, respectively. During summer, the proportion of family
groups and the chulengo/adult ratio (averaging 0.22 at a global
scale) showed no relationship with any of the considered
factors.

Social structure

After excluding undetermined groups, solitary males were the
most frequent social unit in summer (55%), followed by family
groups (26%), male groups (17%), and female groups (2%). In
winter, mixed groups were the most frequent social units (54%),
followed by solitary males (25%), male groups (15%), and fe-
male groups (6%). Family groups gathered the highest propor-
tion of animals in summer (64% of all animals), and mixed
groups in winter (94% of all animals), followed by male groups
(29 and 4% of all animals in summer and winter respectively).
Solitary males represented 6% of all animals in summer and 1%
in winter, while female groups were unfrequently observed.

Proportion of family groups varied between zones (Table 3),
and it was higher outside (mean ± SE = 0.43 ± 0.03) than within
TdPNP (0.36 ± 0.02). Proportion of male groups also differed
between zones, and it was again higher outside (0.20 ± 0.02) than
within TdPNP (0.13 ± 0.02; Table 3). On the contrary, the pro-
portion of solitary males was higher within TdPNP (0.56 ± 0.03)
than outside (0.32 ± 0.03), and it was higher in summer
(0.54 ± 0.02) than in winter (0.25 ± 0.03; Table 3). Finally,
proportion of female groups was higher in winter
(0.06 ± 0.004) than in summer (0.01 ± 0.02; Table 3).

Regarding family groups in summer, mean group size ranged
between 2 and 90 guanacos (mean ± SE = 16.6 ± 0.8; medi-
an = 11), and it did not vary between zones or years. In these
groups, number of adults ranged between 2 and 66 adults
(13.5 ± 0.9; median = 9); number of chulengos varied between
0 and 26 (3.5 ± 0.2; median = 2); and number of yearlings varied
between 0 and 8 (0.6 ± 0.08; median = 0). Typical family group
size was 38.6 animals, composed of 25.1 adults, 9.8 chulengos,
and 3.7 yearlings. During this season, the chulengo/adult ratio
showed differences among years (ANOVA: F2, 201 = 8.39,
p < 0.001) and marginal differences between zones (ANOVA:
F1, 201 = 3.79, p = 0.053). This ratio was larger in 2009 and 2010
(0.34 ± 0.03, and 0.32 ± 0.02, respectively) than in 2011
(0.20 ± 0.03), and slightly larger outside (0.32 ± 0.02) thanwithin
TdPNP (0.26 ± 0.02). Male group size, although highly variable
(mean ± SE = 13.16 ± 2.4; median = 3; range 2–210 guanacos;
typical size = 92.1) did not differ between zones, seasons, nor
years (p > 0.05). Finally, female group size (mean ± SE = 5.1 ± 1;
median = 3; range 2–25 guanacos) did not show differences
between zones, seasons, nor years (p > 0.05).

Population abundance and density

Over six seasons, 2121 groups of guanacos were sighted, with
a total of 30,515 individuals counted. Total seasonal number
of sighted animals varied from 3187 to 4561 individuals dur-
ing summer (mean ± SE = 4038 ± 743) and 5570 to 6697
individuals during winter (6134 ± 564; Table 4). In every
survey, more animals were recorded outside than within
TdPNP. Regarding the number of sightings, more groups were
consistently detected in summer than in winter (Table 4).

The estimated total abundance of guanaco ranged from
13,000 animals to 17,000 in summer and from more than
13,000 to almost 22,000 animals in winter (Table 5). Despite
this variation, estimates of guanaco abundance showed no
significant differences among years or seasons (p > 0.05).

Estimates of population density varied across years and
seasons (range summer = 10.2–25.6 individuals/km2; range
winter = 8.3–36.6 individuals/km2; Table 5), although no sig-
nificant differences were found. Differences in guanaco den-
sity between within and outside TdPNP were significant, be-
ing larger within TdPNP than outside (F1, 7 = 12.01; p < 0.01;
range within = 16.3–36.6 individuals/km2; range out-
side = 8.3–14.5 individuals/km2; Table 5).

Table 3 Factors
affecting the proportion
of each type of guanacos
social unit within and
outside Torres del Paine
National Park (Chile) in
winter and summer
during 2009–2011

Model χ2 p value

Family group

Intercept 0.07

Year 2.54 0.240

Zone 8.31 0.004

Male group

Intercept 1.77

Year 4.77 0.090

Season 1.09 0.300

Zone 9.53 0.002

Season*zone 1.87 0.170

Solitary males

Intercept 0.79

Year 1.81 0.450

Season 65.34 < 0.001

Zone 26.41 < 0.001

Season*zone 0.04 0.850

Female group

Intercept 2.70

Year 3.28 0.190

Season 13.93 < 0.001

Zone 0.13 0.720

Season*zone 3.30 0.070

GLZ with binomial distribution were used
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Discussion

Our results support the existence of a large guanaco population in
the area that shows a diffusive dispersal pattern embracing the
Torres del Paine National Park and its surroundings. Overall,
guanaco abundance declined with increasing distance to the geo-
graphic centroid of the distribution, both in summer and winter,
and showed some association with environmental variables as
expected under a late phase of the dispersal process (Skellam
1951; Darmon et al. 2007). Analysis of social structure also
reinforces this result, as the differences in the proportion of male
groups between the source and the colonization area are still
present, but other demographical indicators like the proportion
and size of family groups, or the chulengo/adult ratio point to the
presence of a firmly established population outside the protected
area.

We detected some marginal association between the spatial
patterns of guanaco abundance and puma use during summer,
which point to a population in a late-phase of dispersal. Under
this phase of dispersal, we expected a significant relationship
between guanaco abundance, proportion of families or reproduc-
tive success, and environmental factors as they are traditionally
considered crucial factors explaining ungulate abundance
(Andersen et al. 2004). However, no one of the environmental
variables different than the distance to the core of the distribution
was included neither in the winter nor the summer models, ex-
cepting the puma relative abundance during summer. This could
be explained by an early-phase of dispersal, when animal spatial
pattern and density are not environmentally restricted, but ran-
domly shaped (Greenwood 1980; Dobson 1982; Clutton-Brock
and Coulson 2002; Gaillard et al. 2008). However, the negative
relationship of guanaco abundance with puma relative

Table 5 Density (animals/km2) estimated of guanaco within and outside Torres del Paine National Park (Chile), and abundance of guanacos for the
whole study area (within TdPNP + outside TdPNP) in winter and summer during 2009–2011

Year Season Zone Selected model n D N total CV

2009 Winter Within TdPNP Hazard-rate intervals 100 m 65 17.6 13,381 29
Outside TdPNP Hazard-rate 113 10.4

Summer Within TdPNP Hazard-rate intervals 100 m 200 25.0 17,034 27
Outside TdPNP Hazard-rate intervals 100 m 191 12.3

2010 Winter Within TdPNP Hazard-rate intervals 100 m cluster size as covariablea 73 36.6 17,051 –
Outside TdPNP Hazard-rate intervals 100 m cluster size as covariablea 155 8.3

Summer Within TdPNP Hazard-rate intervals 100 m 206 25.6 15,931 27
Outside TdPNP Hazard-rate intervals 100 m 243 10.8

2011 Winter Within TdPNP Hazard-rate cluster size as covariablea 66 36.3 21,966 –
Outside TdPNP Hazard-rate cluster size as covariablea 143 14.5

Summer Within TdPNP Hazard-rate intervals 100 m 183 16.3 13,009 28
Outside TdPNP Hazard-rate intervals 100 m 219 10.2

Final distance model selected

n, number of detections; D, guanaco density (guanaco/km2 ); N, abundance estimated; CV, percent coefficient of variation of abundance estimated for
each year, season, and zone
aModels with cluster size as covariate do not provide CI (95%)

Table 4 Guanacos (and groups) recorded in each social unit sighted within and outside Torres del Paine National Park (TdPNP) in winter and summer
during 2009–2011

Year Season Zone Family group Male group Solitary males Female group Undetermined group Total/zone Total/season

2009 Winter Within TdPNP 1534 (22) 41 (6) 16 (16) 16 (3) 480 (20) 2087 (67) 5570 (225)
Outside TdPNP 1033 (41) 68 (7) 6 (6) 31 (5) 2345 (99) 3483 (158)

Summer Within TdPNP 1202 (46) 395 (23) 126 (126) 5 (2) 30 (5) 1758 (202) 4365 (462)
Outside TdPNP 1125 (81) 809 (44) 91 (91) 10 (4) 572 (40) 2607 (260)

2010 Winter Within TdPNP 2626 (41) 32 (8) 14 (14) 0 (0) 133 (11) 2805 (74) 6697 (262)
Outside TdPNP 2056 (71) 70 (7) 28 (28) 8 (3) 1730 (79) 3892 (188)

Summer Within TdPNP 888 (42) 272 (17) 122 (122) 14 (5) 174 (21) 1470 (207) 4561 (503)
Outside TdPNP 1364 (81) 244 (26) 79 (79) 2 (1) 1402 (109) 3091 (296)

2011 Winter Within TdPNP 1292 (24) 13 (5) 16 (16) 13 (2) 259 (20) 1593 (67) 6135 (223)
Outside TdPNP 1752 (41) 129 (11) 17 (17) 29 (3) 2615 (84) 4542 (156)

Summer Within TdPNP 667 (38) 311 (25) 97 (97) 6 (4) 54 (18) 1135 (182) 3187 (446)
Outside TdPNP 804 (48) 249 (26) 56 (56) 0 (0) 943 (134) 2052 (264)

Mamm Res



abundance during summer points to a primary factor driving
animal distribution, that is the avoidance of higher predation risk
areas (Acebes et al. 2013). Summer is the birth season, when
predation on chulengos is higher and guanaco try to reduce pre-
dation risk (Acebes et al. 2013). Besides, guanaco is a generalist
herbivore that can occupy habitats poor in resources and with-
stand harsh environmental conditions (González et al. 2006; Puig
et al. 2008; Acebes et al. 2013), which could have masked other
purely environmental associations. Further analyses should help
to identify other important environmental variables involved in
guanaco abundance and reproductive success (Hopcraft et al.
2010; McLoughlin et al. 2006).

Analyses of social structure offer contradictory results. On the
one hand, the reported mean and typical family group size in
summer are among the largest ever described for the species
(Puig and Videla 2007; Rey et al. 2009; Taraborelli et al.
2012). This, together with the high animal density found within
the protected area, point to a crowding effect potentially occur-
ring in the TdPNP (Sutherland and Norris 2002; Marino et al.
2016). Tight aggregation of animals is expected to increase ago-
nistic interactions among them, forcing juveniles and subordi-
nates to disperse (Greenwood 1980; Lawson Handley and
Perrin 2007). Accordingly, the proportion of male groups was
higher outside TdPNP than inside, as expected for an early-phase
dispersal population under an ideal-despotic scenario (Fretwell
1972). Male group size was similar between zones and compa-
rable with those previously observed in Torres del Paine (Ortega
and Franklin 1995).

On the other hand, the proportion of family groupswas higher
outside TdPNP than within it, which suggests a later stage of the
dispersal process with reproductive units already settled in the
expansion area. In fact, the chulengo/adult ratio during summer,
although relatively low compared with other populations (see
e.g. Acebes et al. 2013), was slightly larger outside TdPNP,
pointing again to a well-established population there.
Therefore, the population growth can be expected to continue
and this expectation is in accordance with (i) the increase in the
population reported within TdPNP with respect to that described
in previous years by CONAF (Fig. 1), and (ii) the fact that den-
sities estimated within TdPNP (16.3–36.6 guanacos/km2) are
among the highest ever reported for the species (Sarno and
Franklin 1999; Burgi et al. 2012).

The aggregated spatial distribution of animals can address
large uncertainty in DISTANCE software outcomes (Thomas
et al. 2010; Hema et al. 2017), reflected in wide coefficient of
variation for abundance estimations. Despite this, distance sam-
plingmethod is recommended against total counts or fixed-width
strip transectmethods that tend to underestimate population num-
bers (Buckland et al. 1993). Still being cautions due to road
sampling and the coefficient of variation for abundance estima-
tions, our results help illustrate the successful re-colonization of
an species whose occurrence was anecdotic 40 years ago and is
currently abundant (see alsoOlson et al. 2005; Durant et al. 2011;

Gallardo et al. 2010; Travaini et al. 2015; Hema et al. 2017). In
fact, our features point to more than a 100-fold increase in abun-
dance in this period (Franklin 1982; Sarno and Franklin 1999).

Moreover, more than half of the guanaco population inhabits
the neighboring ranches of TdPNP, though at a lower density
there than within the protected area. Even so, density reported
outside TdPNP (8.3–14.5 guanacos/km2) is also among the
highest described for guanaco populations outside protected
areas (Burgi et al. 2012; Schroeder et al. 2014). Although no
definitive conclusion about the actual origin of the living-
outside animals can be argued from our results, movements from
protected areas towards surrounding ranches after a population
growth have already been reported in other wild ungulate species
(Madhusudan 2004; Plumb et al. 2009; Kowalczyk et al. 2013;
Jung 2017), suggesting a similar phenomenon in this case, as
reported by Sarno and Franklin (1999).

From an applied perspective, the analysis of the demographic
parameters and the distribution of animals around the centroid
shown here can be useful to evaluate the state of wild ungulate
populations whose protection within protected areas has been
effective and led to populations colonizing the surrounding areas.
With this set of parameters and the reported results, it is possible
to conclude with some certainty that the guanacos outside the
protected area are already established (large numbers, large pro-
portion of family groups), and the population has the potential to
grow and continue its expansion (similar reproductive success
outside than within TdPNP). All together, they put forward the
heated situation in which landowners of surrounding private
lands will feel the guanaco as a competing species that should
be controlled. Indeed, a management program to control the
population of guanacos has recently started in the surroundings
of the National Park in order to address these complaints and
reduce the conflict with livestock farming, the most widespread
socio-economic activity in the area.
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